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Preface

Civil engineering is closely related to people’s life, and the quality of civil engineering
directly affects people’s life and personal safety and affects the development of society
to a great extent. Therefore, it is very necessary to analyze the development status
of civil engineering and to improve the problems existing in the development of civil
engineering.

This book contains the proceedings of the 10th International Conference on Civil
Engineering (ICCE 2023) which was held on December 23, 2023, as a hybrid confer-
ence (both physically and online via Zoom) at Nanchang Institute of Technology in
Nanchang, China. The conference is hosted by Nanchang Institute of Technology and
Civil Engineering Academy of Jiangxi Province, co-organized by Journal of Rock and
Soil Mechanics, Beijing Engineering Management Science Institute, Key Laboratory for
Safety of Water Conservancy and Civil Engineering Infrastructure in Jiangxi Province,
Key Laboratory of Sichuan Province for Road Engineering, Southwest Jiaotong Univer-
sity. More than 180 participants were able to exchange knowledge and discuss the latest
developments at the conference. The book contains 83 peer-reviewed papers, selected
from more than 320 submissions and ranging from the theoretical and conceptual to
strongly pragmatic and addressing industrial best practice.

The book shares practical experiences and enlightening ideas from civil engineering
and will be of interest to researchers and practitioners of civil engineering everywhere.

Guangliang Feng
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Experimental Study on Parameters
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Stiffness for Muddy Silty Clay and Silty Sandy
Soil in Yangtze Floodplain Area

Yaning Wang(B), Desheng Wei, Lei Zhai, Huilai Qin, Zheng Chen, and Yuxuan Zhu

China Construction Second Engineering Bureau Co. Ltd., Beijing 100160, China
yaningwang11@gmail.com

Abstract. To obtain test parameters for the hardening soil model with small
strain stiffness (HSS) of the muddy silty clay and silty sandy soil in the Nan-
jing Yangtze River floodplain, the following tests were conducted: consolidation
test, consolidated-drained triaxial test, triaxial loading and unloading test, resonant
column test and other common geotechnical tests. These test parameters included
reference tangent modulus Eoedref, reference secant modulus E50ref, reference
unloading and reloading modulus Eurref, failure ratio Rf, etc. A standardized pro-
cess for determining HSS model parameters of certain types of soils, including
relevant laboratory tests procedures, calculations, and analyses, has also been dis-
cussed. The test findings conclude with a summary of the model parameters for
the typical strata in the Yangtze River floodplain region, providing engineering
reference value for the deep foundation excavation and other relevant projects in
the Yangtze River floodplain area.

Keywords: Hardening Soil Model With Small Stain Stiffness · Triaxial Test ·
Oedometer Test · Resonant Column Test

1 Introduction

The soil layers in the Yangtze River floodplain area mainly consist of muddy silty
clay in the upper floodplain and silty sand in the lower floodplain, which are widely
distributed. These soils exhibit typical engineering properties such as low foundation
bearing capacity, easy deformation after disturbance, and time-consuming for stability.
In order to better understand the response behavior of these soils in engineering activities,
samples of the muddy silty clay and silty sand in this area are collected and tested in the
following three aspects:

• Physical property tests: natural gravity, liquid limit, plastic limit, plastic index;
• Mechanical property tests: consolidation test, consolidated-drained triaxial test,

triaxial loading and unloading test;
• Dynamic property test: resonant column test.

© The Author(s) 2024
G. Feng (Ed.): ICCE 2023, LNCE 526, pp. 1–15, 2024.
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2 Hardening Soil Model with Small Strain Stiffness (HSS)

The HSS model could reflect the nonlinear behavior of soil stiffness in the small strain
range, which is one of the constitutivemodels of soft soil widely utilized in the numerical
analysis of geotechnical engineering. The HSS model contains 11 standard Hardening
Soil (HS) model parameters and 2 additional small strain parameters [1], which are
specified as follows: E50

ref is the reference secant modulus, which is the secant slope
corresponding to 1/2 destructive strength under the reference confining pressure; Eoed

ref

is the compression modulus of consolidation test under reference confining pressure;
Eur

ref is the unloading and reloading modulus; m is the power index for stress-level
dependency of stiffness; c’ is the effective cohesion of soil mass; ϕ’ is the effective
internal friction angle of soil mass;Ψ is the dilatancy angle of soil mass; Rf is the failure
ratio; vur is the Poisson’s ratio for unloading and reloading; G0

ref is the initial shear
modulus under the reference confining pressure; γ 0.7 is the shear strain threshold; Pref

is the reference stress; K0 is the coefficient of lateral earth pressure at rest.

3 Test Content and Results

3.1 Soil Samples

The sampling site is located at No. 201, Yanjiang Road, Gulou District, Nanjing City,
Jiangsu Province. The samples, which consist of muddy silty clay and silty sandy soil,
were collected using thin-wall samplingmethod and preserved bywax-sealing, as shown
in Fig. 1. Themuddy silty clay on site has a thickness of 11.5 to 17.6m. It is grayish black
in color, flow plastic, sensitive to touch, with a smooth breaking section and relatively
uniform particle size, and contains a large amount of organic matter and some shellfish
fragments. The thickness of silty sandy soil on site ranges from 18 to 23.4 m. These two
corresponding soil layers are typical strata in Nanjing Yangtze River floodplain area.

Fig. 1. Thin-wall samples from Nanjing Yangtze River floodplain area.
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3.2 Physical Property Tests of Undisturbed Soil Samples

The basic physical properties of undisturbed soil include natural water content (w),
density (ρ), specific gravity (GS), Atterberg limits, etc. The test methods shall be in
accordance with the Standard for Soil Test Methods (GB/T50123–2019) [2].

Water Content Test. The natural water contents of soil samples were measured using
the drying method. 15–30 g representative samples were dried in oven for 48 h with the
temperature controlled at 60–70 °Cduring the test. The sampleswereweighed before and
after the drying process, respectively. The calculation formula of natural water content
(w) is as follows:

w = (m/md − 1) × 100 (1)

where w is water content of the soil sample (%),m is the mass of wet soil (g),md is mass
of dry soil (g).

DensityTest. The densities of soil sampleswere obtained using the cutting ringmethod.
The soil sample was trimmed into a soil columnwhich is slightly larger than the diameter
of the ring sampler using a wire saw. Then the ring sampler lubricated with Vaseline was
pressed vertically to cut the soil until the soil sample extended out of the ring sampler.
The remaining soils at both endswere cut off and leveled. The ring samplerwereweighed
before and after, respectively. The density calculation formula is as follows:

ρ = (m1 − m2)/V (2)

where ρ is the density of the soil sample (g/cm3), m1 is the total mass of wet soil and
ring sampler (g), m2 is mass of ring sampler (g), V is the volume of ring sampler (cm3),
which is 60 cm3.

Specific Gravity Test. The specific gravities of soil samples were measured using the
pycnometer method. Dry the pycnometer before filling it with a 100 ml pycnometer with
15 g of dried soil. Half-fill the bottle with pure water, then shake the pycnometer. The
following day, place the bottle on the sand bath and boil it for at least an hour. Fill the
pycnometer with pure water, and wait until the suspension on the upper part of the bottle
is clear and the temperature of the suspension in the bottle is stable. Plug the bottle
stopper to make excess water overflow from the capillary tube of the bottle stopper.
Weigh the combined mass of the bottle, water, and soil after drying the water outside
the bottle. Immediately after weighing, take a temperature reading of the water in the
bottle. Check the total mass of the bottle and the water based on the relationship that has
been drawn between the temperature and the total mass. The calculation formula is as
follows:

GS =
(

md

m1 + md − m2

)
Gwt (3)

where GS is the specific gravity of the soil particles, md is the mass of the dry soil (g),
m1 is the total mass of the bottle and water (g), m2 is the total mass of the bottle, water
and soil (g), Gwt is specific gravity of pure water at t °C, accurate to 0.001.

This test requires two parallel measurements and the allowable parallel difference is
0.02. The arithmetic mean should be used.
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AtterbergLimitsTest. TheAtterberg limits testswere conductedwith the FG-III liquid
plastic limit test equipment, as shown in Fig. 2. The cone sinking depths in the soil at
different water contents were measured, and the relationship diagram between the water
content and the cone penetration depth is drawn, as shown in Fig. 3. The water content
in the diagram corresponding to the cone penetration depth of 2 mm is the plastic limit
water content, and thewater content in the diagram corresponding to the cone penetration
depth of 17 mm is the liquid limit water content. According to the plastic limit and liquid
limit obtained from the test, the plasticity index of soil is defined as:

IP = wL − wP (4)

where IP is the plasticity index, wL is the liquid limits (%), wP is the plastic limits (%).
The liquidity index of soil is calculated according to the following formula:

IL = w − wP

IP
(5)

where IL is the liquidity index, w is natural moisture content of soil (%).
Liquid limit, plastic limit and plasticity index comprehensively reflect clay content

in soil. The plasticity index is higher when more clay is present. The liquidity index
reflects the natural state of the soil. When the liquid index is greater than 1, the soil is in
flowing state.

Fig. 2. Atterberg limits test.

The physical properties test results of muddy silty clay and silty sandy soil samples
are shown in Table 1.
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Fig. 3. Relationship between cone penetration depth and water content.

Table 1. Physical properties test results of undisturbed soil samples.

Soil
sample

General parameters Atterberg limits

Water
content
(%)

Density
(g/cm3)

Specific
gravity

Void
ratio

Plastic
limit
(%)

Liquid
limit
(%)

Liquidity
index

Plasticity
index

Wet Dry

w ρ ρd GS e0 wp wL IL IP

Muddy
silty
clay

40.1 1.81 1.29 2.71 1.094 20.7 41.4 / 21

Silty
sandy
soil

31.2 1.81 1.38 2.69 0.952 / / / /

3.3 Mechanical Property Tests of Undisturbed Soil Samples

Consolidation Test. The consolidation and compression characteristics of undisturbed
soil mainly include the compressibility coefficient, compressibility modulus, consol-
idation coefficient and other characteristic parameters. The test method to determine
these parameters should follow the steps specified in the Standard for Soil Test Methods
(GB/T50123–2019) [2]. The consolidation pressure grades are 12.5, 25, 50, 100, 200,
400, 800 and 1600 kPa, respectively. The relationship between deformation and time
under each consolidation pressure shall be measured, based on which the compression
and consolidation characteristic parameters are determined.

The consolidation test was carried out on an oedometer with a sample area of 30 cm2

and an initial height of 2 cm. The applied loads were 12.5, 25, 50, 100, 200, 400, 800,
1600 kPa, each of which lasted for 24 h. The compression deformation of the sample
under each level of load was measured, the void ratio of the sample under each level of
load was then calculated and the compression curve (e – p curve) was drawn in Fig. 4.
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The initial void ratio of the sample is calculated as follows:

e0 = ρwGS(1 + 0.01w0)

ρ0
− 1 (6)

where GS is the specific gravity of soil particles, ρw is the density of water (g/cm3), ρ0

is initial density of the sample (g/cm3), w0 is the initial moisture content of the sample
(%).

According to the compression curve (e – p curve) obtained from the test, the com-
pression coefficient and compressionmodulus were calculated. Generally, the compress-
ibility of soil is evaluated by the compressibility coefficient within the pressure range
from 100 to 200 kPa. The formula for calculating the compressibility coefficient and
modulus is as follows:

av = ei − ei+1

pi+1 − pi
(7)

where ei is the void ratio under certain pressure pi (kPa).
The compressionmoduluswithin the pressure range from100 to 200kPa is calculated

using the following formula:

Es = 1 + e0
av

(8)

Fig. 4. Relationships between void ratio and load in consolidation test of: (a) Muddy silty clay;
(b) Silty sandy soil.

The relationship between the axial load and the axial strain in the standard consol-
idation test of each sample is shown in Fig. 5. The axial deformation of each sample
increases with the increment of the axial load applied. The trend of εd is consistent with
the axial load p: the initial curve is relatively flat and the slope of the curve increases with
the increment of the axial load applied. The muddy silty clay sample generated larger
axial deformation than the silty sandy soil sample. The tangent slope of each curve at
the load (p) of 100 kPa was calculated, which is the reference tangent modulus Eoed

ref

when the reference stress Pref is 100 kPa. The consolidation test results are shown in
Table 2.
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Fig. 5. Relationships between load and strain in consolidation test of: (a) Muddy silty clay; (b)
Silty sandy soil.

Table 2. Consolidation test results of undisturbed soil samples.

Soil sample Compressibility coefficient av1−2

(
MPa−1

)
E
ref
oed (Mpa) Es1−2(Mpa)

Muddy silty clay 0.60 3.80 3.50

Silty sandy soil 0.22 8.93 9.09

Consolidated-Drained Triaxial Test. The reference secant modulus E50
ref , failure

ratio Rf and strength parameters of soil mass (c’ and ϕ’) were obtained from the
consolidated-drained triaxial test, which is conducted with triaxial shear apparatus. The
sample is 39.1 mm in diameter and 80 mm in height.

The consolidated-drained triaxial test is mainly carried out in four steps: (1) back
pressure saturation: In this study, the back pressure saturation of soil sampleswas directly
conducted under the condition that the confining pressure was always 5 kPa higher
than the back pressure; (2) B value check: The back pressure remained unchanged
while the confining pressure was increased by 30 kPa, and then the pore water pressure
coefficient B was measured. If B value is greater than 0.95, the sample is considered to
be saturated. Otherwise, the back pressure saturation should be continued until B value
is greater than 0.95; (3) Consolidation: The samples were consolidated under effective
isotropic confining pressure σ 3; (4) Shear: The shear rate was set to be 0.008 mm/min.
The test was terminated when the strain value of the sample reached 20%. During the
test, the drainage volume during consolidation, axial load, shear displacement, volume
change and other parameters were measured. Relevant calculations were conducted per
specification requirements.
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As shown in Fig. 6, the consolidated-drained triaxial tests were conducted with
confining pressure of 100 kPa to obtain the relationship between the deviatoric stress q
and axial strain εd of the samples.At the beginning of the test, the deviatoric stress of each
sample increased with the increment of the axial strain. When the axial strain reached a
certain range, the deviatoric stress tended to be unchanged or slightly decreasing. The
deviatoric stress value corresponding to the axial strain of 15% is taken as the failure
value qf and the deviatoric stress value corresponding to the stable section or peak of the
curve is taken as the asymptotic value qa. Then the failure ratio of each sample Rf can
be calculated

(
Rf = qf /qa

)
. The slope of the line connecting the origin and the point

corresponding to 0.5qf is the reference secant modulus Eref
50 of the sample.

Fig. 6. Stress strain relationship curves from consolidated-drained triaxial tests for: (a) Muddy
silty clay; (b) Silty sandy soil.

According to the obtained stress strain relationships under four different confining
pressures of 100, 200, 300 and 400 kPa, four Mohr circles and corresponding failure
envelope were drawn in Figs. 7 and 8, for muddy silty clay and silty sandy soil, respec-
tively. The intercept and slope of each failure envelope are taken as the effective cohesion
c’ and effective friction angle ϕ’. The consolidated-drained triaxial test results are shown
in Table 3.

Fig. 7. (a) Stress strain relationship curves and (b) Mohr circles for muddy silty clay.

Triaxial Loading and Unloading Test. The consolidated-drained triaxial loading and
unloading test is mainly carried out in four steps, the first three of which are the same as
the consolidated-drained triaxial test mentioned in the previous chapter. The fourth step
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Fig. 8. (a) Stress strain relationship curves and (b) Mohr circles for silty sandy soil.

Table 3. Consolidated-drained triaxial test results of undisturbed soil samples.

Soil sample E
ref
50 (MPa) Rf Effective cohesion c’

(kPa)
Effective friction angle ϕ’
(degree)

Muddy silty clay 3.53 0.96 18.3 30.2

Silty sandy soil 6.9 0.73 1.6 35.4

is to apply axial loading, unloading and reloading to the sample. The load applied for
the first time is about 40% of the expected failure deviatoric stress of the sample. When
the load is added to the target value, the axial unloading shall be carried out immediately
until the load is zero. Then the axial reloading shall be conducted until the load applied
is about 60% of the expected failure deviatoric stress of the sample. The axial loading,
unloading and reloading processes are all stress-controlled.

The consolidated-drained triaxial loading and unloading test can determine the refer-
ence unloading and reloading modulus Eref

ur of soil. Figure 9 shows the stress strain rela-
tionship curves during consolidated-drained triaxial loading and unloading tests under
the confining pressure of 100 kPa for muddy silty clay and silty sandy soil, respectively.

The deviatoric stress increased with the increment of axial strain at the initial stage
of loading, and the curve is relatively flat; During the initial unloading stage, the axial
strain slightly increased before decreasing, showing unloading rebound; During reload-
ing process, the initial stress-strain curve is very steep, indicating that the axial strain
changed little with the increment of deviatoric stress until the deviatoric stress reached
the stress level before unloading. Then the stress-strain curve became relatively flat again
and increased along the trend of the initial loading curve. In the process of unloading
and reloading, the stress-strain curve showed a hysteresis loop. The average slope of
the unloading and reloading curves, which connects the two endpoints of the hysteresis
loop, serves as the reference unloading and reloading modulus Eref

ur of the soil mass, as
shown in Table 4.
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Fig. 9. Stress strain relationship curves during triaxial loading and unloading test for: (a) Muddy
silty clay; (b) Silty sandy soil.

Table 4. Triaxial loading and unloading test results of undisturbed soil samples.

Soil sample E
ref
ur (MPa)

Muddy silty clay 23.5

Silty sandy soil 44.8

3.4 Dynamic Property Tests of Undisturbed Soil Samples

Resonant Column Test and Data Analysis. GZZ-50 resonant column test equipment,
which is shown in Fig. 10, has incorporated necessary data treatment in the instrument
program based on the basic principle of resonant column test, and can output the test
results directly. The relationships between confining pressure and maximum dynamic
shear modulus, shear strain and shear modulus, shear strain and material damping ratio
of remolded soil samples are obtained using resonant column tests.

Fig. 10. Resonant column test instrument.

It should be noted that the analysis results using different fitting methods for the
dynamic stress-strain relationships of soil are not exactly the same. In this study, values
of shear modulus and material damping ratio are obtained using resonant column test
within shear strain (γ ) less than 10–4, and fitted using Wang and Stokoe (2022) model
[3] for shear strain (γ ) greater than 10–4.
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Based on Menq (2003) [4], the relationship between the maximum dynamic shear
modulus and the effective average consolidation stress can be described using following
empirical formula:

Gmax = C · Pa ·
(

σm

Pa

)n

(9)

whereGmax is themaximumdynamic shearmodulus,C isGmax/Pa valuewhenσm/Pa =
1, n is the slope of the fitting line in log scale, Pa is the atmospheric pressure.

The vertical effective self-weight stress of muddy silty clay and silty sandy soil at the
depth of sampling is 300 kPa and 400 kPa, respectively. According to Wang and Stokoe
(2022) [3], the relationships between shear strain and shear modulus, shear strain and
material damping ratio of uncemented soils can be described using Eqs. 10 and 11,
respectively.

G

Gmax
= 1(

1 + (γ /γmr)
a)b (10)

where both “a” and “b” are the curvature parameters which control the shape of the
shear modulus reduction curve, and γmr is the modified reference strain at which G
/Gmax = 0.5b.

D = d · (γ /γD)c + Dmin

(γ /γD)c + 1
(11)

where “d” is the practical upper boundary limit of the material damping ratio, “c” is
the curvature parameter which controls the shape of the material damping increment
curve, Dmin is the material damping ratio of soil in the small-strain range and γD is the
reference shear strain at which D = (d + Dmin)/2.

According to the PLAXIS manual [1], the initial shear modulus Gref
0 of each layer

under the reference confining pressure can be obtained using following formula:

G0 = Gref
0

(
c′ cot ϕ′ − σ3

c′ cot ϕ′ + Pref

)m

(12)

Dynamic Properties of Muddy Silty Clay and Silty Sandy Soil. Based on the data
obtained from resonant column tests, the relationships between confining pressure and
maximum dynamic shear modulus for muddy silty clay and silty sandy soil are shown
in Table 5, and plotted in Fig. 11, respectively. The relationships between shear strain
and shear modulus for muddy silty clay and silty sandy soil are plotted in Fig. 12, and
the normalized shear modulus reduction curves are shown in Fig. 13. The relationships
between shear strain and material damping ratio for muddy silty clay and silty sandy
soil are plotted in Fig. 14. The small-strain stiffness input parameters are calculated and
shown in Tables 5 and 6.
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Table 5. Relationships between confining pressure and maximum dynamic shear modulus for
undisturbed soil samples

Soil sample Consolidation ratio
Kc

Confining pressure
(kPa)

Gmax (MPa) n C

Muddy silty clay 1.0 100 36.01 0.739 354.9

200 57.85

300 78.95

400 101.08

Silty sandy soil 1.0 100 79.38 0.573 788.4

200 115.72

300 147.78

400 175.64

Fig. 11. Relationships between confining pressure and maximum dynamic shear modulus for: (a)
Muddy silty clay; (b) Silty sandy soil.

Fig. 12. Relationships between shear strain and shear modulus for: (a) Muddy silty clay; (b) Silty
sandy soil.
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Fig. 13. Relationships between shear strain and normalized shear modulus for: (a) Muddy silty
clay; (b) Silty sandy soil.

Fig. 14. Relationships between shear strain and material damping ratio for: (a) Muddy silty clay;
(b) Silty sandy soil

Table 6. Small-strain stiffness additional input parameters for undisturbed soil samples.

Soil layer Confining pressure σm (kPa) G0
(MPa)

G
ref
0 (MPa)

(σm = 100 kpa)

γ 0.7 (10–4)
(σm = 100 kpa)

Muddy silty clay 300 37.04 47.44 2.9

Silty sandy soil 400 76.92 90.45 3.5

4 Summary

In this study, based on the data obtained from physical property tests, mechanical prop-
erty tests, and dynamic property test, all input parameters for the hardening soil model
with small strain stiffness (HSS) of the muddy silty clay and silty sandy soil in the
Nanjing Yangtze River floodplain area have been determined. The summary of all input
parameters for HSS model is shown in the Table 7. A standardized process for deter-
mining HSS model parameters of certain types of soils, including relevant laboratory
tests procedures, calculations, and analyses, has also been discussed. These research
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results provide a basis for the numerical simulation of engineering practice, such as deep
foundation excavation modeling, site response analysis, and other relevant engineering
calculation in the Yangtze River floodplain area.

Table 7. Summary of input parameters for HSS model.

Parameter Physical
Significance

Unit Muddy
Silty Clay

Silty
Sandy
Soil

Methods of Acquiring

E50
ref Reference secant

modulus
kPa 3.53 6.9 Consolidated-drained

triaxial test

Eoed
ref Compression

modulus
kPa 3.80 8.93 Consolidation test

Eur
ref Unloading and

reloading modulus
kPa 23.5 44.8 Triaxial loading and

unloading test

M Power for
stress-level
dependency

/ 0.61 0.56 Consolidated-drained
triaxial test

c’ Effective cohesion
of soil mass

kPa 18.3 1.6 Consolidated-drained
triaxial test

ϕ’ Effective internal
friction angle of
soil mass

degree 30.2 35.4 Consolidated-drained
triaxial test

Ψ Dilatancy angle of
soil mass

degree 0 5.4 Consolidated-drained
triaxial test

Rf Failure ratio / 0.96 0.73 Consolidated-drained
triaxial test

vur Poisson’s ratio for
unloading and
reloading

/ 0.33 0.30 Consolidated-drained
triaxial test

G
ref
0 Initial reference

shear modulus
MPa 47.44 90.45 Resonant column test

γ 0.7 Shear strain
threshold

10–4 2.9 3.5 Resonant column test

Pref Reference stress kPa 100 100 /

K0 Coefficient of
lateral earth
pressure at rest

/ 0.5 0.42 Knc
0 = 1 − sinϕ′
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Abstract. To overcome the limitations of traditional Markov bridge degrada-
tion prediction models, which fail to consider the interactions between different
component degradation mechanisms and struggle to accurately capture the true
degradation conditions of bridge components, introducing an improved version
of the traditional Markov model by incorporating the Weibull distribution. This
enhancement results in a semi-Markov model that offers a probability distribution
for predicting the technical condition of bridge components. Taking advantage of
periodic inspection data from a highway section in Shandong Province, China.
With this data, the states of bridge components are defined in the semi-Markov
degradationmodel. The improved semi-Markovmodel integrates a two-parameter
Weibull distribution and involves determining the parameters of the Weibull dis-
tribution, transition probability matrix, and state distribution vector. The semi-
Markov degradation model, in contrast to commonly used Markov degradation
models, accounts for both the state and duration of each state, resulting in sig-
nificantly more accurate predictions of the degradation process of bridge compo-
nents, achieving a prediction accuracy of 96%.The developed semi-Markov bridge
degradation model facilitates the timely detection of changes in the technical con-
dition of bridge components by updating the transition probability matrix accord-
ing to variations in the duration of each state, thereby improving the efficiency of
subsequent bridge maintenance decision-making.

Keywords: Bridge Component Degradation Model · Weibull Distribution ·
Semi-Markov · Monte Carlo · Bridge Component Condition Prediction

1 Introduction

The failure of bridge structures can result in substantial economic, social, and envi-
ronmental costs [1–3]. Therefore, it is crucial to proactively understand the degradation
patterns of bridge structural performance [4]. Long-term degradation models for bridges
play a vital role in optimizing whole-life maintenance strategies. Existing models can
generally be classified into mechanism-based models and statistical-based models.
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Mechanism-based degradation models begin by analyzing the different factors and
principles that impact the degradation of bridge structures. These models focus on the
specific deterioration mechanisms of specific bridge components. Currently, there is
significant research emphasis on predicting concrete carbonation, steel reinforcement
corrosion, chloride ion intrusion, and other related aspects. For example, Dai [5] inves-
tigated the deterioration process of steel corrosion in concrete members to predict the
life of the structure.

Statistical-based degradation models analyze historical data on structural degrada-
tion to capture the degradation patterns of bridges.By considering both the historical
and current condition of the bridge, these models can predict its future state. Currently,
the main prediction methods can be broadly categorized into deterministic models and
stochastic models. Deterministic models establish relationships between factors influ-
encing the degradation process and bridge condition levels using mathematical and sta-
tistical methods. The output of these models is represented by deterministic values and
does not involve probabilities. These models assume that the relationship between future
bridge condition levels is deterministic as time progresses [6]. Deterministic models can
be classified into methods such as linear extrapolation, regression, and curve fitting [7–
9]. For example, Zhou [10] used regression analysis to predict the technical condition
of bridges. One limitation of deterministic models is that they do not consider the inter-
action between degradation mechanisms of different bridge components, such as the
interaction between deck panels and joints [11]. On the other hand, stochastic models
account for the randomness of the bridge degradation process. They are capable of cap-
turing the stochastic nature and uncertainty associated with the degradation process. In
stochastic models, the prediction of bridge condition levels is influenced by inherent
uncertainties, such as traffic loads, weather conditions, material properties, exposure to
deteriorating agents, etc. Stochastic models create probabilistic prediction models. The
main types of stochastic models include Markov chain methods and reliability theory-
based methods. These methods represent the state levels of bridge components or parts
at a specific moment in the form of probability distributions rather than deterministic
values. Statistical-based degradation models are more suitable for simulating the current
degradation of bridges.

Stochastic models, which effectively account for the randomness of various fac-
tors, are currently the most widely used predictive models for structural performance.
Prominent bridgemanagement systems in theUnited States, such as PONTIS,BRIDGIT,
BLCCA, andBridge LCC, rely onMarkov chains as the theoretical foundation for bridge
degradation prediction models. Jiang [12], utilizing Markov chains, developed a perfor-
mance predictionmodel for bridges based on status-level data of bridge degradation from
the Indiana Department of Transportation. Pontis [13], as part of Bridge Management
System (BMS) sponsored by the Federal Highway Administration, employed Markov
chains to develop core component degradation models. In Markov chain degradation
models, the performance level of a bridge structure is defined by a set of discrete states,
and the bridge transitions from one state to another based on constant transition prob-
abilities. Thompson [14] analyzed the California bridge dataset to quantify observed
Markov transition probabilities. Similar work can be found in Puz [15], where they pro-
posed a probabilistic model for the full lifecycle performance of structures based on
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homogeneous Markov processes to calculate degradation over time. Ng [16] introduced
relaxation time homogeneity of Markov processes in a more general semi-Markov pro-
cess stochastic model. At present, most of the bridge management systems in the United
States still use Markov chain as the theoretical basis of bridge degradation prediction
model to predict the change of bridge NBI rating [17].

However, Markov models have certain limitations. Firstly, they do not consider the
age of the structure or components. Secondly, they assume that future states depend
solely on the current state and do not account for past events such as bridge maintenance.
Lastly, they may exhibit an initial rapid degradation rate. To overcome these limitations,
additional model are required to describe the time distribution of each state.

To accurately understand the degradation patterns of bridge performance and enable
scientific and precise bridge maintenance, this study relies on regular inspection data
from a highway bridge in Shandong province. Considering the time and condition of
bridge components, an improved Markov model based on the Weibull distribution is
introduced to develop a semi-Markov model that closely reflects reality. This model
is utilized to predict the distribution of technical condition levels for highway bridge
components, providing necessary support for subsequent intelligent bridge maintenance
decision-making.

2 Construction Process of Semi-Markov Bridge Component
Degradation Model

Based on the theoretical research conducted on bridge performance degradation pre-
diction in Shandong Province, the Markov model has been selected as the approach for
predicting bridge performance degradation. The semi-Markovmodel, which is an exten-
sion of theMarkov chain model, takes into account the state of the bridge and introduces
the Weibull distribution to model the duration of each state. Using existing detection
data and considering both time and state variables, the Markov model is enhanced by
incorporating the Weibull distribution.

2.1 State Division of Semi-Markov Bridge Degradation Model

After preprocessing the technical condition data of bridge components, it is necessary to
define the states of the components in the semi-Markov bridge component degradation
model. Since Standards for Technical Condition Evaluation of Highway Bridges (JTGT
H21-2011) does not provide a specific definition for the technical condition level of
components, this chapter refers to the classification threshold table for the technical
condition of bridge components in the Standards for Technical Condition Evaluation of
Highway Bridges (JTGT H21-2011) and defines five semi-Markov states as follows:

• State 1: Technical condition score [95,100]
• State 2: Technical condition score [80,95)
• State 3: Technical condition score [60,80)
• State 4: Technical condition score [40,60)
• State 5: Technical condition score [0,40)

These defined states serve as a basis for modeling the degradation process of bridge
components using the semi-Markov framework.
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2.2 The Weibull Distribution Parameters of the Duration of Each State
of the Bridge are Determined

The Standards for Technical Condition Evaluation of Highway Bridges (JTGT H21-
2011) specifies that the duration of a bridge component in a particular state follows a
random variable. T1,T2, . . . ,Tn−1 respectively represent the random variable of time of
duration which bridge components is in each state i, the duration Ti in state i is specified
to obey a two-parameter Weber probability distribution, meaning Ti Weibull(bi, 1

ai
). It

is further defined that the duration of a component in any given state follows a two-
parameter Weibull probability distribution.

Fi(t) = Pr[Ti ≤ t] = 1 − e−(ait)bi (1)

Si(t) = Pr[Ti > t] = 1 − Fi(t) = e−(ait)bi (2)

fi(t) = δFi(t)

δt
= aibi(ait)

bi−1e−(ait)bi (3)

In theEq. (1),Fi(t) represents theCumulativeDensity Function(CDF) corresponding
to the duration of time t; Si(t) represents the Survival Function (SF)，also known as
the cumulative survival rate, which refers to the probability that the component remains
in state i for a duration longer than t; fi(t) represents the Probability Density Function
(PDF) corresponding to the duration of time t; Ti→j represents the time required for the
process from state i to state j; fi→j(Ti→j), Fi→j(Ti→j), Si→j(Ti→j) represent the PDF,
CDF, and SF of Ti→j, respectively.

If the proportion of components in each state is known for each year, the parameters
ai and bi can be calculated by fitting the survival function curve that corresponds to
the duration. This fitting process allows for the estimation of the Weibull distribution
parameters. Once the parameters are determined, a transition probability matrix can
be established based on the historical data. This matrix represents the probabilities of
transitioning from one state to another in each time step. By utilizing this transition
probability matrix, it becomes possible to predict the future annual state distribution
of bridge components. This approach provides a useful framework for forecasting the
deterioration and performance of bridge components based on the available historical
data and the estimated Weibull distribution parameters.

2.3 Modeling of Semi-Markov Bridge Component Degradation Process

Determination of State TransitionMatrix. Under the assumption that the degradation
process of bridge components is unidirectional and does not allow direct transitions from
one state to another without passing through an intermediate state, a relatively simple
Markov transition probability matrix can be derived. Therefore, the degradation process
cannot jump from state 1 to state 3 without going through state 2. This leads to the
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relatively simple Markov transition probability matrix:

Pt,t+1 =

⎡
⎢⎢⎢⎢⎢⎣

pt,t+1
11 pt,t+1

12 0 0 0
0 pt,t+1

22 pt,t+1
23 0 0

0 0 pt,t+1
33 pt,t+1

34 0
0 0 0 pt,t+1

44 pt,t+1
45

0 0 0 0 pt,t+1
55

⎤
⎥⎥⎥⎥⎥⎦

(4)

In the Eq. (4), Pt,t+1
ij represents the transition probability from state i at time t to state

j at time t + 1, with i and j ranging from 1 to 5. The matrix P captures the probabilities
of transitioning between different states in the degradation process, reflecting the under-
lying dynamics of the bridge component degradation. In a semi-Markov process, the
system is in a specific state for a random duration, and the distribution of states depends
on the current state and the next state. To exclude two-state degradation, the time step
(�t) should be sufficiently small. In this chapter, we assume �t to be 1 year. If a bridge
component is in state 1 at time t, the conditional probability of transitioning to the next
state in the next time step can be represented as:

P[X (t + 1) = 2|X (t) = 1] = P1,2(t) = f1(t)

S1(t)
(5)

In the Eq. (5), f1(t) represents the probability density function (PDF) of the duration
of the component in state 1; S1(t) represents the survival function (SF), which is the
probability that the duration exceeds t. If the process is in state 2 at time t, the conditional
probability of transitioning to the next state in the next time step is:

P[X (t + 1) = 3|X (t) = 2] = P2,3(t) = f1→2(t)

S1→2(t) − S1(t)
(6)

In the Eq. (6), f1→2(t) represents the PDFwhich representing the sum of the duration
time T1→2 in states 1 and 2; S1→2(t)−S1(t) represents that probability which T1→2 < t
minus the probability which T1 < t, which is equivalent to the condition X (t) = 2.

P[X (t + �t) = i + 1|X(t) = i] = Pi,i+1(t) = f1→i(t)�t

S1→i(t) − S1→(i−1)(t)
(i = 1, 2, . . . , n − 1) (7)

All conditional probabilities Pi,i+1(t) can be calculated by the above Eqs. (4)–(7) to
generate the transition probability matrix of the semi-Markov process.

The StateDistributionVector is Determined. In a semi-Markov chain, the probability
of being in state i at time t is described by the state distribution vector D(t), which
represents the probabilities of being in each state at time t:

D(t) = {
dt
1, d

t
2, . . . d

t
n

}
(d t

i ≥ 0,
n∑

i=1
d t
i = 1 ) (8)
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In the Eq. (8), d t
i is the probability of a bridge component being in state i at time t.

The state distribution vector in time (t + k) is

D(t + k) = D(t)Pt,t+1Pt+1,t+2 . . . Pt+k−1,t+k (9)

By utilizing the transition probability matrix established in Sect. 3.4.1, the state
distribution vector for the semi-Markov degradation process can be obtained at any given
time t. By solving for the state distribution vector, the probabilities of each state at any
specific time can be determined. This information allows for further calculations such
as average duration in a particular state, state transition probabilities, and distribution of
state transition times. These calculations provide valuable insights and serve as reference
and basis for subsequent bridge maintenance decision-making.

3 Case Study

This paper takes the North Line of Shandong Expressway as a case study. There are a
total of 8 interchanges along the route, and out of which 222 bridges have been selected
Considering the completeness of historical inspection data, 40 prestressed concrete con-
tinuous girder bridges were chosen from these 222 bridges, comprising a total of 285
prestressed concrete box girder components. Inspection data from the regular inspection
reports for these 40 bridges from 2008 to 2019 have been collected, processed, and ana-
lyzed. The semi-Markov degradation model has been utilized for prediction and analysis
based on this data.

3.1 Semi-Markov State Division and Statistics

Based on the five semi-Markov states defined in Sect. 3.2, the component states are
divided and aggregated. The percentages of components in each state for each year are
calculated and summarized, as shown in Table 1.
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Table 1. The percentage of each state of the component of the prestressed reinforced concrete
bridges

Year Percentage by State

1 2 3 4 5 1–2 1–3 1–4

2008 100.00% 0.00% 0.00% 0.00% 0.00% 100.00% 100.00% 100.00%

2009 66.67% 33.33% 0.00% 0.00% 0.00% 100.00% 100.00% 100.00%

2010 36.84% 28.77% 34.39% 0.00% 0.00% 65.61% 100.00% 100.00%

2011 29.82% 22.11% 16.84% 31.23% 0.00% 51.93% 68.77% 100.00%

2012 20.00% 7.37% 31.93% 35.79% 4.91% 27.37% 59.30% 95.09%

2013 19.30% 10.18% 28.42% 36.49% 5.61% 29.47% 57.89% 94.39%

2014 18.60% 4.91% 30.18% 39.30% 7.02% 23.51% 53.68% 92.98%

2015 18.60% 10.18% 20.00% 43.51% 7.72% 28.77% 48.77% 92.28%

2016 18.25% 2.81% 24.56% 46.32% 8.07% 21.05% 45.61% 91.93%

2017 17.54% 4.21% 20.35% 47.72% 10.18% 21.75% 42.11% 89.82%

2018 14.39% 2.81% 18.25% 52.28% 12.28% 17.19% 35.44% 87.72%

2019 13.68% 1.75% 19.65% 50.18% 14.74% 15.44% 35.09% 85.26%

3.2 Modeling of Semi-Markov Degradation Processes

According to Sect. 2.3, the Matlab program for constructing the semi-Markov degra-
dation model is written, and the age of the main beam components of the prestressed
reinforced concrete bridges in Table 1 and each state percentage are substituted and
calculated, so that the Weibull distribution parameters of the duration of each state in
Table 2 can be easily obtained.

Table 2. Weibull distribution parameters and fitting degree of each state duration

States Weibill distribution parameters

ai bi SSEi Ri ARi RMSEi

States 1 0.3870 0.5745 0.0291 0.9615 0.9577 0.0539

States 1–2 0.2091 0.9990 0.0802 0.9232 0.9155 0.0896

States 1–3 0.1040 1.1127 0.0496 0.9264 0.9190 0.0704

States 1–4 0.0261 1.5009 0.0013 0.9562 0.9518 0.0112

In the Table 2, SSEi represents the sum of the squared differences between the actual
and predicted values, indicating the effect of random errors; Ri represents the multiple
determination coefficient, measuring the success of the fit in explaining the variation in
the data;RMSEi represents the square root of themean square error, which is the expected
value of the squared difference between the estimated and true parameter values.
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Comparing the goodness-of-fit values from Table 2, including SSEi, Ri, and RMSEi,
it can be concluded that the obtained goodness-of-fit. Overall, the fit is good, with
small errors and high effectiveness. Considering RMSEi as the final measure of model
accuracy, it can be inferred that the accuracy has reached above 96%. Based on these
fitting results, the Weibull distribution parameters can be further used to predict the
cumulative survival rate and corresponding probability density function distribution for
the duration of different component states of bridge elements, as shown in Figs. 1 and 2.
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Fig. 1. Prediction of the cumulative survival rate of prestressed reinforced concrete components
in each state duration
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Fig. 2. Prediction of the cumulative survival rate of prestressed reinforced concrete components
in each state duration

Based on the survival function of each state duration of the bridge components and
the corresponding probability density function distribution, the conditional probability
matrix of transformation from t to (t+ 1) year to the next state can be easily obtained from
Eqs. (5), (6), (7) and (8), for example, the conditional probabilitymatrix of transformation
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from 4th to 5th year is as follows

p4,5 =

⎡
⎢⎢⎢⎢⎢⎣

0.8154 0.1846 0 0 0
0 0.4219 0.5781 0 0
0 0 0.7155 0.2845 0
0 0 0 0.9565 0.0435
0 0 0 0 1

⎤
⎥⎥⎥⎥⎥⎦

(10)

From the probability matrix, we can obtain the state distribution vector for any
given year of prestressed concrete components along the route. Let’s assume the state
distribution vector for the first year of prestressed concrete components within the route
is:

D1 =
[
0.6667 0 .3333 0 0 0

]
(11)

The state distribution vector of the box girder components in the fifth year can be
obtained

D5 = D1 × p1,2 × p2,3 × p3,4 × p4,5

= [
0.2158 0.1074 0.2940 0.2799 0.0138

] (12)

3.3 Comparison of Semi-Markov Model and Traditional Markov Model

In this section, we will compare the accuracy of the traditional Markov model and the
proposed semi-Markov model, which have different mathematical forms and parameter
estimation methods. The accuracy of the models can be evaluated by comparing their
predictions with actual data. This can be done using various performance measures such
as mean squared error, root mean squared error, or correlation coefficients. Addition-
ally, cross-validation techniques can be applied to assess the out-of-sample predictive
performance of the models.

By conducting a comparative study of these two models, we can determine which
model provides better accuracy and prediction capabilities for the given system. The
Markov state transition probability matrix based on the data in Sect. 3.2:

p4,5 =

⎡
⎢⎢⎢⎢⎢⎣

0.4737 0.3860 0.1404 0 0
0 0.4286 0.5238 0.0476 0
0 0 0.7473 0.2527 0
0 0 0 0.9804 0.0196
0 0 0 0 1

⎤
⎥⎥⎥⎥⎥⎦

(13)

Assume that the state distribution vector of a prestressed reinforced concrete
components in the route is

D1 =
[
0.6667 0 .3333 0 0 0

]
(14)
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The state distribution vector of the components in the fifth year can be obtained

D5 = D1 × p1,2 × p2,3 × p3,4 × p4,5 = [0.1559 0.21870.4368 0.18440.0043]

Based on Fig. 3, it can be observed that the proposed semi-Markov model, enhanced
by introducing the Weibull distribution, exhibits significant improvement in accuracy
compared to the traditional Markov model. It shows a closer fit to the actual measured
data and can more accurately predict the degradation trend of bridges. This provides a
scientific basis for subsequent bridge maintenance activities, enabling the rational plan-
ning of maintenance schedules, optimization of repair processes and materials selection.
Consequently, it helps extend the service life of bridges while reducing maintenance
costs.
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Fig. 3. Comparison of semi-markov model and traditional Markov model

4 Conclusion

This study addresses the insufficient consideration of time and limited research on
component-level degradation models in current bridge condition prediction methods.
Based on the assessment scores of highway bridge component conditions and consider-
ing the impact of maintenance on these scores, a semi-Markov model is constructed to
predict the probability distribution of the condition levels of highway bridge components
over time. The main conclusions are as follows:

(1) The study divides the assessment scores of bridge component conditions into multi-
ple discrete states, referring to the boundary values for assessing degradation states
in specifications. The Weibull distribution parameters for the duration of each state
are fitted based on the realistic data. This establishes a Weibull-based semi-Markov
model for predicting the condition of bridge components.

(2) The proposed model can update the transition probability matrix based on changes
in state durations and predict the probability distribution of bridge component con-
dition levels for any future year. It can timely identify changes in component condi-
tions, provide references for subsequent bridge maintenance decisions, and improve
maintenance efficiency.
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(3) Compared to the commonly used Markov models, the proposed approach is more
realistic and comprehensive in considering the durations of different states. How-
ever, since the model requires fitting parameters for the Weibull distribution of state
durations, a larger amount of regular bridge inspection data is needed to further
improve the model’s accuracy.

Funding. Fund program: Science and Technology Project of Shandong Department of Trans-
portation (2021B51).
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Experimental Study on Back Fill Material
of a High Fill Slope
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Abstract. Aiming at the problem of high fill slope engineering in China’s air-
ports, a high fill slope project of a new airport was selected as the research object.
Through on-site engineering investigation, it was found that the backfill material
was mainly moderately weathered stone, with high strength and not easy to break,
accompanied by silty clay. The particle shapewasmainly high angular and the sur-
face was rough. In order to explore the mechanical properties of backfill materials
for high fill slope of airport, the material parameters were calibrated by indoor
screening test, stone wear and liquid-plastic limit test, natural water content test
and saturated water absorption test.

Keywords: Airport Engineering · High Fill Slope · Indoor Test

1 Introduction

With the increasing number of new and expanded civil airports in China, the available
land resources are becoming increasingly tense [1]. More airports choose to be built in
mountainous valleys, crisscrossed areas and other harsh geographical environments, and
a large number of high fill slope projects have appeared [2]. The settlement and uneven
settlement of high fill slope engineering will occur after the completion of the project,
which will seriously affect the safety of people’s lives and property [3, 4]. Therefore, it
is necessary to explore the material properties of different regions in depth. Based on
the actual project, this paper determines the engineering geological conditions of the
study area through engineering investigation, and calibrates the material parameters in
the indoor screening test, stone wear and liquid-plastic limit test, and saturated water
absorption test, laying the material parameter foundation for subsequent research.

2 Overview of Engineering Geological Conditions

A proposed airport is intended to be a dual-use facility for both military and civilian
purposes, with a total area exceeding over 4,000 acres. The construction standards for
the airport are based on the design of a feeder airport with an annual passenger capacity
of onemillion and an annual cargo capacity of 4,000 tons. The airport plans to construct a
runwaymeasuring2800m×45m,with a designed shoulderwidth of 1.5m.Additionally,
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blast pads measuring 60 m × 48 m will be situated at each end of the runway to prevent
damage from jet blasts. The airport’s flight area will be constructed to meet Grade 4C
standards, with dimensions for the clearway set at 2920 m × 300 m and dimensions for
the safety areas at the ends of the runway set at 240 m × 90 m. The site elevation, based
on the 1985 National Elevation Datum, is preliminarily established at 165 m. Finite
Element Model Establishment.

3 Construction Site Sampling

The samples are taken from the field project, and the selection results of different posi-
tions are quite different. In order tomake the collected soil samples represent the real soil
as much as possible, the soil samples are collected as much as possible at each position
to avoid the influence of uneven selection on the test results. After the soil samples are
transported back to the laboratory, they are uniformly mixed and tested. This sampling
1t. The acquisition process is shown in Fig. 1.

Fig. 1. The acquisition process

4 Tests and Results

4.1 Indoor Screening Test

Referring to the ‘Highway Soil Test Procedure’ screening test procedure, the pore size
(mm) of the coarse sieve (round hole) is selected as: 60, 40, 20, 10, 5, 2; the pore size
(mm) of fine sieve was 2.0, 1.0, 0.5, 0.25, 0.075. The total soil mass before screening
was 10,000 g, and the soil mass less than 2 mm was 710 g, and the soil less than 2 mm
accounted for 7.1% of the total soil mass. The remaining records are shown in Table 1.
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Table 1. The remaining records

Rough screening analysis Fine screening analysis

Aperture
(mm)

Cumulative
sieve soil
(g)

Soil mass
less than the
aperture(g)

Less than
the pore
diameter of
the soil
mass
percentage
(%)

Aperture
(mm)

Cumulative
sieve soil
mass (g)

Soil mass
less than
the
aperture
(g)

Less than
the pore
diameter of
the soil
mass
percentage
(%)

Percentage
of total soil
mass (%)

2 0 710 100 2.6

60 3210 6790 67.9 1 149 561 79.0 2.0

40 4385 5615 56.15 0.5 353 357 50.28 1.4

20 5509 4491 44.91 0.25 494 216 30.42 0.8

10 7574 2426 24.26 0.075 655 55 7.75 0.3

5 8590 1410 14.1

2 9290 710 7.1

When the content of particles exceeding the particle size is greater than 5%, the equal
mass substitution method is adopted. The method is to replace the content of super-
diameter particles with equal mass according to all the coarse materials allowed by the
instrument (from coarse materials with a particle size of 5 mm to the maximum particle
size). The new gradation composition can be calculated according to the following
formula. The calculation results are shown in Table 2:

pi = 100 − pm
pm − p5

(p0i − p5) + p0i (1)

Table 2. The calculation results

Aperture (mm) 60 40 20 10 5 2

Less than the pore diameter of
the soil mass percentage (%)

100 81.24 63.30 30.32 14.10 7.10

According to the coarse particle screening record (conversion algorithm), the filler
particle gradation curve is drawn, as shown in Fig. 2.
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Fig. 2. The acquisition process

From the above Fig., the 0–5 mm gradation line is smooth, the particle size is con-
tinuous, and the slope is slow. The curve of 5–20 mm began to steep, and the particle
content was the most, about from 14% to 63%. The steepness of the 20–60 mm line seg-
ment is slightly reduced. After calculation, the non-uniformity coefficient Cu is 6.172;
the curvature coefficient Cc is 1.51, which meets the requirements of Cu ≥ 5 and 1 ≤
Cc ≤ 3, and the gradation is good.

5 Stone Abrasion and Liquid Limit, Plastic Limit

Referring to the ‘Highway Geotechnical Test Procedures’ joint determination method of
liquid limit and plastic limit, representative samples were taken from coarse materials
(particle size greater than 5 mm) and fine materials (particle size less than 0.5 mm)
for stone wear and physical properties tests such as liquid limit and plastic limit. The
experimental process is shown in Fig. 3, and the experimental results are shown in
Table 3.
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Fig. 3. Stone wear and liquid plastic limit test

Table 3. Test results of stone wear and liquid plastic limit

Coarse material (particle size greater than
5 mm)

Fine material (particle size less than 0.5 mm)

Stone wear value Q: 27.4% Liquid limit wL: 23%
Plastic limit wp: 14%

6 Saturated Water Absorption Test

Refer to the ‘Highway Geotechnical Test Procedures’ standard hygroscopic moisture
content, the saturated water absorption rate of granular materials with particle sizes of
0–0.5 mm, 0.5–5 mm, and 5–40 mm is determined by grading. HT-30 saturated surface
dry mold test instrument is selected for fine materials of 0–0.5 mm, and 101A-3 electric
hot blast constant temperature drying box is selected for coarse materials of 0.5–40 mm.
After drying, soak until the water absorption is saturated, then wipe the surface dry, and
then weigh the wet mass. The saturated water absorption is:

wa = (m − ms)

ms
× 100 (2)

The test results are shown in Table 4.



Experimental Study on Back Fill Material of a High Fill Slope 33

Table 4. Saturated water absorption test results

coarse stuff (5–40 mm) coarse stuff (0.5–5mm) fine stuff (0–0.5 mm

wa: 2.2% wa: 3.0% wa: 5.7%

7 Conclusion

Through the construction site sampling and indoor screening test, the calculated non-
uniformity coefficient Cu is 6.172, and the curvature coefficient Cc is 1.51, which meets
the good grading requirements of Cu ≥ 5 and 1 ≤ Cc ≤ 3, and the grading is good.
Through the soil sample parameter test, the stone wear value of coarse material (particle
size greater than 5 mm) is 27.4%, the liquid limit of fine material (particle size less
than 0.5 mm) is 23%, and the plastic limit is 14%. The saturated water absorption rate
of coarse material (5–60 mm) is 2.2%, the saturated water absorption rate of coarse
material (0.5–5 mm) is 3.0%, and the saturated water absorption rate of fine material
(0–0.5 mm) is 5.7%.
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Abstract. The axially moving functionally graded pipe is widely used in many
fields of industry, and its vibration and stability analysis is the key to its design.
In this paper, the vibration characteristics and stability of functionally graded
pipes with axial motion are analyzed. Based on the extended Hamilton variational
principle, the dynamic equation of the pipe with internal flow velocity, material
volume fraction index and axial velocity is established. The modified Galerkin
method is used to solve the dynamic equation. The influence of the internal flow
velocity, material volume fraction index, axial velocity and acceleration on the
dynamic characteristics and stability of the system is analyzed. The characteristic
curves of volume fraction index, axial velocity, acceleration and natural frequency
are given. The results show that the natural frequency and critical velocity of the
system increase with the increase of volume fraction index, and the designed
volume fraction index can adjust the natural frequency of FGM pipeline system.
When the system has axial acceleration, the greater the acceleration, the system
will reach the critical value of axial instability in a short time.

Keywords: Functionally Graded Materials · Volume Fraction Index n · Axial
Acceleration · Critical Velocity · Natural Frequency

1 Introduction

Functionally gradient materials (FGM) [1] are composed of two or more different mate-
rials. In functionally gradient materials, power series, S-shaped function and exponential
function aremainly used to describe the changes ofmechanical properties of functionally
gradient materials in functionally gradient structures [2]. The mechanical properties and
research of functionally gradient materials are reviewed in References [2]. Its volume
fraction index changes smoothly and continuously along the preferred direction [3, 4].
In the study reported in References [5], the linear vibration of FGM pipe conveying fluid
is studied.

The results show that the stability of the pipe is significantly improved when the
conventional isotropic material is replaced by a functional gradient material (FGM).
In fact, the improved stability of FGM pipes is mainly due to their increased stiff-
ness. Deng et al. [6] analyzed the instability of multispan viscoelastic pipes made of
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functional gradient materials using the wave propagation method and the reverbera-
tion ray matrix algorithm. Tang and Yang [7] investigated the dynamics and stability
of a bi-directional FGM infused nanotube. The governing equations and corresponding
boundary conditions were obtained using Hamilton’s principle and solved by differen-
tial product method. The results showed that the bi-directional material distribution can
significantly change the critical flow rate, fundamental frequency and stability. Wang
and Liu [8] evaluated the effect of power-law exponents on the deflection and stability
of a clamped FGM pipeline by using the Sin method. An and Su [9] analyzed the linear
vibration and amplitude of a functionally graded pipeline for transporting fluids by using
the generalized integral transform method.

The dynamic response of the axial motion system under the action of moving mass
has important practical research value. Li Weiming et al. studied the dynamic response
of the simply supported beam under the continuous velocity change of the moving mass.
[10], Wang Yingze et al. studied the vibration of the barrel under the action of multiple
moving masses. [11], Liu Ning et al. studied the vibration characteristics of the axially
moving cantilever beam under the action of moving mass. [12], Wu et al. studied the
dynamic response of the axially moving beam under the moving mass based on the
finite element method. [13], CHEN et al. studied the vibration analysis of the axially
moving beam and the chord [14]. DING et al. derived several different forms of the
control equations of the axially moving beam, and analyzed the differences between
the control systems by numerical analysis. [15], Qi Yafeng, Liu Ning et al. studied the
vibration response analysis of the axially moving simply supported beam [16]. In the
above research, the influence of the axial velocity on the vibration characteristics of the
fluid-conveying pipe is rarely considered.

The article takes the axial motion functional gradient flow tube as the research object,
and the description of the mechanical properties of its material is described by a power
series, and the FGM linear Euler-Bernoulli model containing the inward flow velocity
with axial motion is established. The governing equations of the system were derived
using Hamilton’s principle. Then the Galerkin method is utilized to solve its dynamical
system. Finally, the effects of several parameters on the vibration characteristics and
stability of the axial motion functional gradient flow tube are discussed.

2 Establishment of Mathematical Models

Considering the mathematical model of the axial velocity of the FMG pipe, an analysis
model is established as shown in Fig. 1. A functionally graded axially moving pipe
with an average radius of r and a length of l, ri and ro represent the inner and outer
diameters of the pipe, U represents the velocity of the fluid, and v represents the axial
velocity of the pipe. The pipeline adopts the Euler-Bernoulli beam model. In this paper,
the power series is used to describe the effective performance change of functionally
graded materials along the thickness direction. When the mechanical properties change
in the form of power function, the effective mechanical properties of the pipeline can be
expressed as [17].

Pf = PmVm + PcVc (1)
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in which Pm, Pc is the material properties of metals and ceramics(such as Young’s
modulus and mass density), Vm and Vc are the volume fractions of metals and ceramics,
respectively, and the composition is expressed as

Vc =
(

R0 − r

R0 − Ri

)n

, Vc + Vm = 1 (2)

Among them, n is the volume fraction power-law index; the labels i and o represent
the inner and outer layers, respectively. Since the mechanical properties of the functional
gradient flow transfer pipe are in the radial direction along the pipe, the effective bending
stiffness and mass per unit length of the functional gradient material can be written as
[17, 18]

(EI)∗ =
∫

Ez2dA =
∫ 2π

0

∫ Ro

Ri
E(r)r2 sin2 θrdrdθ (3)

m∗ =
∫

ρdA =
∫ 2π

0

∫ Ro

Ri
ρ(r)rdrdθ (4)

where: (EI)∗ is the effective bending stiffness of the functionally graded tube; m∗ is the
mass per unit length of the functionally graded tube.

Fig. 1. Model of axial motion system

The dynamic modeling of the model is carried out by Hamilton principle.

δ

∫ t2

t1
(T − V )dt +

∫ t2

t1
δWdt = 0 (5)

In this study, the tube has an axial velocity, so the tube has an axial displacement.
The change rate of the deflection w(x, t) with time, that is, the calculation of the lateral
velocity and acceleration should be based on the field velocity. The change rate of the
field coordinate x with time is to calculate the derivative of the deflection to time, and
the change rate of the x coordinate must be considered. Therefore:

dw

dt
= ∂w

∂t
+ v

∂w

∂x
(6)

d2w

dt2
= ∂2w

∂t2
+ 2

∂2w

∂x∂t
v + ∂w

∂x
v̇ + ∂2w

∂x2
v2 (7)
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The fluid kinetic energy can be expressed as:

Tf = 1

2
Mf

∫ [(
∂w

∂t
+ U

∂w

∂x

)2

+ U 2

]
dx (8)

The potential energy of the functionally graded tube without considering the effect
of gravity can be expressed as:

Vp = 1

2

∫
(EI)∗

(
∂2w

∂x2

)2

dx (9)

The kinetic energy of the functionally graded pipe can be expressed as:

Tp = 1

2
m∗

∫ (
dw

dt

)2

dx (10)

By substituting Eq. (6), (8), (9), (10) into Eq. (5), the dynamic governing equations
of the system can be obtained:

(EI)∗ ∂4w

∂x4
+

(
Mf U

2 + m∗v2
) ∂2w

∂x2
+ m∗v̇ ∂w

∂x
+ 2

(
Mf U + m∗v

) ∂2w

∂x∂t
+ (

Mf + m∗) ∂2w

∂t2
= 0 (11)

3 Numerical Calculation

The vibration model of the axial power tube is a complex time-varying system, and the
natural frequency and vibration shape of the structure are constantly changing with time,
so the Galerkin method is used to approximate the solution, so the bending displacement
of the beam can be expressed as Fig. 2:

w(ξ, τ ) =
n∑

i=1

ϕi(ξ)qi(τ ) (12)

Where qi(τ )(τ=1, 2, 3...n) is the reduced generalized displacement, and ϕi(ξ) rep-
resents the the modal function of the i th order of the system and satisfies the boundary
condition. In this paper, we assume that:

ϕi(ξ) = sin(nπx/l) (13)

Substituting Eqs. (12) and (13) into Eq. (11), multiplying both sides by ϕj(ξ) at the
same time, and then integrating on the interval [0, l], we get:

Mq̈ + Cq̇ + Kq = 0 (14)

where, q = (q1, q2, q3....qn), M, C, K are mass matrix, damping matrix and stiffness
matrix, respectively.
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Fig. 2. Volume fraction Vi of inner material with different volume fraction index n change along
the radial direction

Where:

M =
[
I 0
0 I

]
C =

[
2
(
Mf U + m∗v

)
B 0

0 2
(
Mf U + m∗v

)
B

]
(15)

K =
[

(EI)∗
 + (
Mf U 2 + m∗v2

)
C∗ + m∗v̇B

0
0

(EI)∗
 + (
Mf U 2 + m∗v2

)
C∗ + m∗v̇B

]

(16)

C∗
ij =

{−(iπ/l)2 i = j
0 i �= j


ij =
{

(iπ/l)4 i = j
0 i �= j

Bij =
{

4ij
i2−j2

i + j is odd

0 i + j is even
(17)

where,C∗
ij ,
ij,Bij are thematrix elements of row i and column j. The solution of Eq. (14)

can be assumed as

q = S ∗ exp(i� t) (18)

where, S∗ = (S1, S2, S3...Sn), Substituting Eq. (17) into Eq. (14), we can get:
(
−� 2M + i�C + K

)
S∗ = 0 (19)

Equation (19) has an asymmetric solution, so the determinant of thematrix coefficient
must be 0. ∣∣∣−� 2M + i�C + K

∣∣∣ = 0 (20)

4 Numerical Results Calculation and Discussion

4.1 Example Verification

The equation is dimensionless

∂4η

∂ξ4
+

(
u2 + V 2

)∂2η

∂ξ2
+ ∂2η

∂τ 2
+ γ

∂η

∂ξ
+ 2

(
u
√

β + V
√

δ
) ∂2η

∂τ∂ξ
= 0 (21)



Vibration and Stability Analysis 39

where:

u =
√

M

(EI)∗
UL V =

√
m∗

(EI)∗
vL β = M

M + m∗ δ = m∗

M + m∗ γ = v̇
m∗

(EI)∗
L3

(22)

When σ = 0, V= 0, δ=0, γ=0, the model is a pipe conveying model without
considering gravity and internal and external damping. In this state, the natural frequency
and crit0ical flow velocity of different flow velocity U are calculated (Tables 1 and 2).

Table 1. Comparison of dimensionless natural frequencies [19]

U ω numerical results Literature Results

U = 0 ω1 9.8696 π2

ω2 39.4784 4π2

Table 2. Comparison of dimensionless critical velocity [19]

Ucr Present results Literature Results

The first modal frequency 3.14 π

The second-order modal frequency 6.28 2π

Table 3. Study material parameters

Material ρP

(
Kg/m3

)
E(GPa) G(GPa)

SiC 3210 440 188

Ti-6Al-4V 4515 115 44.57

It can be seen from the results of the above table that whenU = 0, the dimensionless
natural frequencies of the first two orders are 9.8698 and 39.4784, which are consistent
with the results of Reference [19].Therefore, the program has certain accuracy in solving
the complex frequency of the system. When β=0.1, the dimensionless critical flow
velocities corresponding to the first-order modal frequency and the second-order modal
frequency are 3.14 and 6.28, which are consistent with the results of Reference [19], and
the correctness of the algorithm is verified.

4.2 Example Analysis

Here, Deng [11] wave propagation method and reverberation ray matrix algorithm are
selected to solve the computational parameters of themulti-span viscousmultifunctional
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gradient flow tube, and the materials of the functional gradient are selected to be com-
posed of SiC and Ti-6Al-4V. Since the material of the functional gradient changes into a
gradient in the direction of the thickness, so in the functional gradient tube, the volume
fraction of the SiC decreases from the outer surface gradually until it is reduced to zero.
The volume fraction of the Ti-6Al-4V gradually decreases from the inner surface until
it is reduced to zero.

Figure 3 depicts the variation of the natural frequency with the volume fraction
index n. The system frequency increases with the increase of the volume fraction index,
and the frequency is strongly affected by the volume fraction index when the volume
fraction index n is between 0 and 10, and it is gradually reduced by the volume fraction
index after n is greater than 10, and the frequency is almost unaffected by the volume
fraction index when n = 50. From Table 3, it can be known that the Young’s modulus
of SiC is much larger than that of Ti-6Al-4V, and it can also be seen from Fig. 1 that
when the volume fraction index is less than 10, the content of SiC changes faster with
the increase of the index n, which has a larger effect on the dynamic properties of the
system. When the volume fraction index n is greater than 10, Vi is gradually reduced by
the influence of the index n. When the index n tends to infinity, Vi is almost unaffected
by the index n. Therefore, we can conclude that the natural frequency of the functional
gradient conveying pipeline is more sensitive to the volume fraction index n in the stage
of lower flow velocity. As the volume fraction index n increases, its effect on the intrinsic
frequency and stability of the pipe decreases. After the index n > 50, it has almost no
effect on the dynamics of the functional gradient pipeline.

Fig. 3. Variation of natural frequency with functional gradient fractional index n

Figure 4 shows the change of the first three natural frequencies of the functionally
gradedmaterial tubewith the flow rate under the action of different volume fraction index
n. In the form obtained in this paper, the imaginary part Im(ω) of the frequency is the
vibration frequency of the pipeline, and the real part Re(ω) of the frequency represents
the growth or attenuation of the vibration response. The stability of the system can be
determined by the real and imaginary parts of the natural frequency. When Im(ω) > 0,
Re(ω) = 0, the system is in a stable state; When Im(ω)=0, Re(ω) < 0, the system is in
static instability. When Im(ω)<0, Re(ω) < 0, , the system is in dynamic instability. It
can be seen from the fig.(a) that when n = 0, the first-order modal instability occurs at
U = 29.3m/sWhen the flow rate continues to increase toU = 58.6m/s, the first-order
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(a) n=0                        (b) n=0 

(c) n=1                           (d) n=1 

(e) n=50                         (f) n=50 

Fig. 4. Relationship between natural frequency and flow velocity under different volume fraction
index

modal frequency and the second-order modal frequency overlap. The imaginary part of
the frequency is positive and the real part of the frequency is negative, indicating that the
system has a coupled dynamic instability. It can be seen from Fig. 4 (c) that when n = 1,
the first-order modal instability occurs at. It can be seen from Fig. 4 (e) that when n =
10, the first-order modal instability velocity U = 55.5m/s. It can be seen from Fig. 4
(g) that when n = 50, the first-order modal instability velocity occurs at U = 56.9m/s.
In different volume fraction index n, when U < 59.8m/s, the system does not occur
dynamic instability. The above analysis shows that the volume fraction index n of the
functionally graded material has a great influence on the natural frequency and critical
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flow velocity of the system. The natural frequency and critical flow velocity of the system
increase with the increase of the volume fraction index n. In practical engineering, the
natural frequency of the system can be changed by adjusting the volume fraction index
n, which has important guiding significance for the application of FGM in practical
engineering.

(a) The 1st-order modal frequency        (b) The 2nd-order modal frequency 

(c) The 3rd-order modal frequency     (d) The 4th-order modal frequency  

Fig. 5. Variation of the first four modal frequencies of the system with velocity and n

Figure 5 is the first four natural frequencies of the system with the change of the
fluid flow rate and the volume fraction index n. It can be seen from the Fig. 5(a) that
when.WhenU = 15 m/s, n = 0, the frequency of the first-order modeω=2.6643, when
U = 0 m/s, n = 3.4, the frequency of the first-order mode ω=4.115, that is, the point
with the largest frequency appears in the place where the flow velocity is low and the
volume fraction index is small, while the point with the smallest frequency appears in
the place where the flow velocity is high and the volume fraction is small.

Figure 6 depicts the change of the critical velocity of the system with the volume
fraction index n. It can be seen from Fig. 6 that when the volume fraction n < 10, the
volume fraction index n has a great influence on the critical velocity. When n > 10, the
volume fraction index n is smaller for the critical flow velocity and gradually tends to a
fixed value.

It can also be concluded from Fig. 6 that the critical flow rate of the system increases
from U = 29.3 m/s when n = 0 to U = 56.9 m/s when n = 50, and the critical flow
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rate increases by 51.5%. In practical engineering applications, the critical flow rate of
the system can be improved by adjusting the volume fraction index n.

Fig. 6. Variation of critical velocity with functional gradient fraction exponent n

Fig. 7. First frequency comparison between functionally Graded materials and conventional
materials

Figure 7 is a comparison of the mechanical properties of functionally graded materi-
als and materials commonly used in engineering. From Fig. 7, we can see that function-
ally graded materials can improve their mechanical properties compared to conventional
engineering materials. Compared with aluminum, the mass per unit length of the func-
tionally graded material increases, and its critical flow rate also increases. Compared
with steel, the mass per unit length of functionally graded materials is reduced, but the
critical flow rate is increased. Therefore, functionally graded materials can improve the
stability of the system, which has important guiding significance for the selection of
materials in engineering.

Figure 8 shows themodal frequencieswith timewhen the systemhas an axial velocity
of v= at. InFig. 8, it canbe seen thatwhen the acceleration is large, the critical value of the
axial motion of the system is reached faster for the same time with a large acceleration.
The stability of the system can be determined by the real and imaginary parts of the
intrinsic frequency. When Im(ω) > 0 and Re(ω) = 0, the system is in a stable state;
while when the acceleration is larger, the time for the intrinsic frequency of the system
to converge to 0 is shorter, i.e., the larger the acceleration is, the system is more prone to
destabilization with the change of time. By calculating different volume fraction indices
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n, it is observed that the larger the volume fraction index, the slower the time for the
intrinsic frequency of the system to converge to 0 under the same conditions, i.e., the
time for the occurrence of instability is suppressed.

(a) n=0 

(b) n=1 

(c) n=50 

Fig. 8. Variation of modal frequency with time under different accelerations

5 Conclusion

In this paper, the vibration characteristics of a functional gradient axial kinematic tube are
investigated. The critical flow rate and intrinsic frequency of the system are discussed
with respect to the volume fraction index n. Both the critical flow rate and intrinsic
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frequency of the system increase with the increase of the volume fraction index n, and
the critical flow rate and intrinsic frequency of the system are more affected when n <

10. That is, in practical engineering applications, under the condition of knowing the
external excitation frequency, the excitation frequency can be avoided by adjusting the
volume fraction index n, so as to reduce the vibration and improve the stability of the
system. And through the comparison of mechanical properties of conventional materials
and functional gradient materials, it can be found that the functional gradient materials
can improve the stability of the system than conventional engineering materials, which
is an important guidance for the selection of materials in engineering. When the system
exists an acceleration of axial motion, the larger the acceleration, the system will reach
the critical value of axial motion tends to be destabilized in the shorter time, and the
increase of the volume fraction index n will inhibit the time for the system to reach the
critical velocity, i.e., the stability of the system can be changed by changing the volume
fraction index n.
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Abstract. To study the variation patterns of the temperature field in seasonal
frost region airport subgrades, this research establishes a heat conduction equa-
tion with phase change latent heat as an internal heat source. During the freezing
and thawing processes in seasonal frost regions, a numerical simulation model
of airport subgrades is developed, with thermal characteristic parameters of the
soil as research variables. The study focuses on investigating the characteristic
changes in the temperature field of seasonal frost region airport subgrades, ulti-
mately obtaining the variation patterns of shallow temperature within the natural
subgrade and surface temperature.

Keywords: Airport Engineering · Temperature Field · Numerical Simulation

1 Introduction

Seasonal frost in temperature fluctuations can pose safety hazards to the stability of
airport subgrades, making the composition, structure, and mechanical properties of soil
in seasonal frost regions more complex than ordinary soils [1]. Cheng [2] analysed
the embankment temperature field using both steady-state and transient thermal analy-
sis methods, explaining the solution process of the embankment temperature field and
proposing research ideas for frozen soil embankments. Feng [3] conducted numerical
simulations of the highway embankment temperature field using Finite Element Method
(FEM), and the results showed that the temperature change in the embankment lags
behind the air temperature change. The aforementioned studies have proposed various
methods for analysing the temperature field characteristics of frozen soil embankments,
but research on modelling methods based on thermal characteristic parameters is rela-
tively limited. Building upon existing theoretical research, this paper utilizes COMSOL
finite element software to analyse the characteristic changes in the temperature field of
a natural embankment.
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2 Theoretical Analysis

2.1 Fundamentals of Temperature Field Description

Temperature Field.The temperature field is a collection of temperatures at various points
in space that describe the thermal distribution of the studied object at a specific moment.
It is typically represented as a function of both space and time, and its expression is as
follows:

T = f (x, y, z, t) (1)

where T represents temperature in degrees Celsius (°C); x, y, z are spatial coordinates
in a Cartesian coordinate system; t stands for time.

Temperature Gradient.For the studied object, within the same temperature field at a
specific moment, temperatures are equal on the same isothermal surface. Heat transfer
occurs between different isothermal surfaces, with the maximum heat transfer and tem-
perature change occurring in the normal direction. The temperature change along the
normal direction is commonly referred to as the temperature gradient (grad T), as shown
in the following equation:

gradT = ∂T

∂n
n (2)

where ∂T/∂n represents the temperature directional derivative in the normal direction; n
stands for the unit vector in the normal direction, with x, y, z components.

Fourier’s Law. According to Fourier’s theorem, the heat flux vector and temperature
gradient can be combined to establish the following equation:

qn = −λ
∂T

∂n
(3)

where λ is the thermal conductivity coefficient (W·m − 1·K − 1).

2.2 Governing Temperature Field Equation

Based on Fourier’s Law, to calculate the heat flux vector, it is necessary to determine the
temperature gradient, as illustrated in Fig. 1. In this study, by employing the first law
of thermodynamics (the law of energy conservation and transformation), a connection
between temperatures at various points within an object is established. The heat gener-
ated by frozen soil phase change is treated as a heat source, ultimately leading to the
formulation of the soil thermal conduction equation.

Due to the fact that the temperature and moisture of the airport pavement subgrade
change primarily in the vertical direction due to freeze-thaw cycles and settlement, it
can be treated as a two-dimensional problem. Neglecting the influence of factors such as
moisture evaporation, the non-steady-state heat conduction equation can be expressed
using Eq. (4):

ρC(θ)
∂T

∂t
= λ(θ)∇2T + L · ρI

∂θI

∂t
(4)
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Fig. 1. Thermal Conduction Within the Unit Cell

where C represents the specific heat capacity of the soil (J.kg−1.K−1); ρ represents
the density of the soil (kg.m−3); λ represents the thermal conductivity coefficient
(W.m−1.K−1); L represents the latent heat of water phase change, usually taken as
334.5 J/m3; ρI represents the density of ice (kg.m−3); θI represents the volumetric
content of ice (%).

Since the subgrade soil within the pavement is in a negative temperature state, the
water inside the soil consists of both ice and pore water. Due to the different densities
of unfrozen water and ice, the unfrozen water content is defined as follows:

θI = (θ − θu) · ρ1

ρw
(5)

where θ represents the volumetric water content (%); θu represents the volumetric
unfrozen water content (%); ρw represents the density of water (kg m−3).

The migration and redistribution of moisture in the soil, as well as the distribution of
heat and temperature, are interrelated. Considering the water-heat coupling issue during
soil freeze-thaw processes [4], the latent heat of phase change is treated as an internal
heat source in the established heat conduction equation:

ρCvs
∂T

∂t
= λ∇T 2 + LρI

∂ωI

∂t
(6)

∇ represents the spatial differential operator; ρ is the density of soil in kg m−3; ρI is
the density of ice in kg m−3; Cvs is the specific heat capacity of soil in J·(kg °C)−1; λ is
the thermal conductivity of soil inW·(m °C)−1;ωI is the ice content in soil, expressed as
a percentage; L denotes the latent heat of phase change, taken as 335,000 J kg−1; t stands
for time in seconds; and T represents the temperature of the soil in degrees Celsius.
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3 Finite Element Model Establishment

3.1 Geometric Parameters

The numerical simulation analysis is performed using a full cross-sectional two-
dimensional model as shown in Fig. 2. The airport runway has a width of 45 m, with
15 m-wide shoulders on each side. Therefore, the model length is set to 75 am, and the
depth is taken as 30 m below the natural ground surface.

Fig. 2. Numerical Model Geometry Dimensions.

3.2 Basic Parameters

This study adopts soil thermal characteristic parameters as the representation parame-
ters for the temperature field model. The soil thermal characteristic parameters include
the specific heat capacity and thermal conductivity of the soil. From a perspective of
material composition, Xu [5] proposed a method for determining thermal characteristic
parameters with mass-weighted average properties. Applying the step function to the
additive model, we obtain the following expression:{

C = ρdCs + ρwCwθu + ρiCiθi

Cs = Csf + (Csu − Csf )H (T )
(7)

{
λ = ρdλs + ρwλwθu + ρiλiθi

λs = λsf + (λsu − λsf )H (T )
(8)

where Cu and Cf represent the specific heat capacity of unfrozen and frozen soil, respec-
tively, measured in J kg−1 ·K−1; Csu and Csf denote the specific heat capacity of the
unfrozen and frozen soil skeleton, respectively, measured in J kg−1 K−1; λu and λf
stand for the thermal conductivity of unfrozen and frozen soil, respectively, measured in
W m−1 K−1; λsu and λsf represent the thermal conductivity of the unfrozen and frozen
soil skeleton, respectively, measured in Wm−1 K−1; θ , θu, and θi refer to the total water
content, unfrozen water content, and ice content, respectively, expressed as a percentage;
Cw and Ci indicate the specific heat capacity of water and ice, respectively, measured
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in J kg−1 K−1; ρd, ρw and ρi represent the density of soil, water, and ice, respectively,
measured in kg m−3.

In the additive model, the relevant parameters of water and ice vary at a relatively
small rate with changes in the external environment and can be treated as constants. The
values are given in the Table 1 below:

Table 1. Values of Parameters in the Additive Model.

ρw ρi Cw Ci λw λi

1000 kg·m−3 918 kg·m−3 4200 J·kg−1·K−1 2100 J·kg−1·K−1 0.63 W·m−1·K−1 2.31 W·m−1·K−1

The initial moisture content is 18.7%. However, the specific heat capacity and ther-
mal conductivity of the soil skeleton primarily depend on the mineral composition and
organic matter content, and are temperature-dependent [6]. The measured values of
similar soils may also vary.

3.3 Boundary Conditions

Zhu [7] proposed the “attachment layer principle,” which replaces the complex subgrade
surface with a stable “attachment layer” as the upper temperature boundary condition.
The expression is shown as follows.

T (t) = 9.22 + 16.37 sin(
2π t

365
+ π

2
) + 0.032t

365
(9)

4 Analysis of the Natural Subgrade Temperature Field

In this section, a natural subgrade with a depth of 30 m and a width of 75 m is taken as
an example. The temperature boundary conditions, soil material parameters, and initial
temperature conditions determined in the previous section are applied to establish the
temperature field model of the natural subgrade. Figures 3 and 4 show the temperature
field contour maps of the subgrade.

Fig. 3. . Fig. 4. .

It can be observed that the significant variation of the natural subgrade temperature
field throughout the entire freeze-thaw cycle mainly occurs within the depth range of −
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5 m. Beyond the −5 m depth range, the subgrade soil temperature remains around 10–
12 °C, and the 0 °C isotherm extends to approximately −2 m depth below the ground.
Next, we focus on studying the temperature field variation within the depth range of −
5 m of the natural subgrade, as shown in Table 2.

Table 2. Pattern of Temperature Variation.

Location Surface Composition −0.5 m −1 m −1.5 m −2 m −3 m

Maximum
Temperature
(°C)

26.46 24.13 22.23 20.39 19.12 16.94 14.10

Minimum
Temperature
(°C)

−6.26 −3.83 −1.70 −0.40 0.47 2.46 5.96

Temperature
Amplitude (°C)

16.36 13.98 11.97 10.40 9.33 7.24 4.07

The variation pattern of the 0 °C isotherm with respect to time is obtained, as shown
in Fig. 5.

Zero °C isotherm position (unit:m)

data

 Zero °C isotherm 1
 Zero °C isotherm 2

Fig. 5. The distribution of the 0 °C isotherm in the natural subgrade.

As depth increases, there is a lag phenomenon in temperature fluctuations. The tem-
perature variation pattern of the shallow layer of the natural pavement subgrade is similar
to that of the surface temperature. With increasing depth, the influence of atmospheric
temperature gradually diminishes, and the geothermal curve becomes smoother. The
maximum surface temperature is 26.46 °C, and the maximum temperature at a depth
of −5 m is 14.10 °C, decreasing by 12.36 °C. The minimum surface temperature is



Analysis of Temperature Field Characteristics 53

−6.26 °C, and the minimum temperature at a depth of −5 m is 5.96 °C, increasing
by 12.22 °C. The amplitude of surface temperature and the temperature at a position
5 m below the surface over an annual cycle are approximately 16.36 °C and 4.07 °C,
respectively, with a decrease of 12.29 °C in temperature amplitude.

By the end of November 2021, the surface temperature started to become negative.
Around December 15th, the 0 °C isotherm line was at a depth of about −0.4 m under-
ground. As the external temperature continued to drop, by January 15th, 2022, the 0 °C
isotherm line had reached a depth of about −1.2 m in the natural pavement subgrade.
With the ongoingmigration of the freezing front into the subgrade, the 0 °C isotherm line
continued to descend. By February 15th, 2022, the 0 °C isotherm line had descended to a
depth of about−1.46m, and the frozen part within the subgrade continued to increase. By
March 10th, 2022, the external temperature had risen to positive values. A second 0 °C
isotherm line appeared within the subgrade, with the first 0 °C isotherm line at a depth
of about −1.6 m underground. At this point, the frozen soil was sandwiched between
two warm soil bodies, resulting in bidirectional melting with a relatively rapid rate. By
April 1st, 2022, this was the moment of maximum freezing depth for the year, with the
freezing depth being approximately −1.81 m. By April 10th, 2022, as the temperature
increased, the internal soil continued to warm. With the external environmental temper-
ature continuously rising, the two 0 °C isotherm lines coincided, and the temperature
inside the frozen soil was projected to transition entirely to a positive temperature state,
resulting in the disappearance of the 0 °C isotherm line within the soil.

5 Conclusion

With increasing depth, there is a lag phenomenon in temperature fluctuations. The tem-
perature variation pattern in the shallow layer of the natural subgrade is similar to that
at the surface, but as the depth increases, the temperature variation curve tends to be
smoother. During the cold season, when the atmospheric temperature is lower than the
temperature of the natural subgrade, the surface temperature of the subgrade starts to
decrease.When it reaches the freezing point, freezing begins at the surface and gradually
extends to the interior of the subgrade, causing the 0 °C isotherm to gradually descend
with freezing time. During the warming period, the atmospheric environment returns to
positive temperatures, leading to a gradual recovery of the surface temperature of the
subgrade. The thawing of the surface frozen soil begins, and due to the fact that the
lower part of the frozen soil remains at positive temperatures, the thawed soil during
the warming period will be sandwiched between two positive-temperature soil masses,
leading to bidirectional thawing.
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Abstract. A novel approach for predicting slope debris flow risk is proposed to
address the issue of single-factor data modeling in current slope debris flow risk
prediction. The DA-TCN-BiGRU approach combines the dual attention mech-
anism, temporal convolutional network, and bidirectional gated recurrent unit.
Based on the slope debris flow simulation platform, rainfall, soil shear wave veloc-
ity, surface displacement, soil pressure and soil moisture data are collected. The
data warning features of debris flow risk are captured using the TOSIS entropy
method, and the risk level of the slope debris flow is represented based on this.
Compared to similar models, this model achieves better slope debris flow risk
prediction results.

Keywords: Slope Debris · Risk Prediction · Attention Fusion · Temporal
Convolution Network · Bidirectional Gated Recurrent

1 Introduction

Slope debris flow is a common natural disaster in mountainous and hilly areas. They are
typically formedby themovement of a large amount of sediment and rockon steep slopes.
Slope debris flow is characterized by their rapid flow, high velocity, high volume, high
concentration, and destructive nature. The complex generation process of slope debris
flows involves the interaction of a number of variables, including rainfall, terrain, soil
properties, vegetation cover, and human activity [1]. Themain triggering factor for debris
flows is usuallywater,with rainfall being themost significant. Currently, researchers both
domestically and internationally mainly predict the possibility of debris flow occurrence
through rainfall forecasts, often using a critical rainfall threshold for a specific area to
achieve prediction.

Through analyzing historical data of the Huanren Reservoir watershed, Chusheng
Xing and others proposed a method of multi-model integrated rainfall forecast for the
future 1–3 days in the Huanren Reservoir watershed using artificial neural network
(ANN), extreme learningmachine (ELM), and support vectormachine (SVM)prediction
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models [2]. This study demonstrates the feasibility of using machine learning models
for multi-model integrated rainfall forecast and shows that it can improve the accuracy
of short-term rainfall prediction. Tang et al. gathered 254 debris flow data and daily
cumulative rainfall data in the study area and used the long short-term memory (LSTM)
method to anticipate short-term rainfall [3]. Theyused a statistical classification approach
to define the rainfall warning threshold for debris flows. By comparing the predicted
valueswith the threshold, theywere able to determine thewarning level and the likelihood
of debris flow occurrence, thus creating an integrated warning method. Pradeep [4] have
proposed a new lightweight weather prediction model based on the structure of Time
Convolutional Neural Networks (TCN) and LSTM. This model can be used to forecast
the weather for a selected fine-grained geographical location for up to 9 h. Hirschberg J
[5] and others used 17 years of rainfall records in the Swiss Alps region and 67 instances
of mudslides to determine the critical rainfall threshold. They employed a random forest
model (RF) for prediction, which improved the extraction of mining and development
information from the data and enhanced the accuracy of the warning performance.

Traditional methods of studying slope debris flows rely heavily on the collection and
analysis of geological, hydrological, andmeteorological data, as well as the construction
of empirical and statistical models [6]. For instance, empirical and statistical methods
typically use factors such as rainfall and terrain as predictive indicators, and use empirical
formulas or statistical models to make predictions and issue warnings.

The integration of various sensors with suitable prediction models is a successful
strategy to obtain more accurate slope debris flow prediction, overcoming the drawbacks
of conventional techniques. In this study, a new approach for slope debris flow prediction
is proposed, focusing on threemain aspects. First, tests simulating the occurrence of slope
debris flows were carried out, gathering five different types of sensor data to examine the
precursor warning characteristics of the data, and utilizing the TOPSIS entropy approach
to determine the danger level of slope debris flows. Second, a brand-new technique for
forecasting slope debris flow is presented. It is dubbed DA-TCN-BiGRU and integrates
the dual attention mechanism, temporal convolutional neural network, and bidirectional
gated recurrent unit. Last but not least, the model is tested using data from a slope debris
flow, and experimental findings show that the suggested model outperforms comparable
models in terms of accuracy in warning detection and prediction.

2 Slope Debris Flow Simulation Platform

Slope debris flows are fluids with a mixed phase composition of water and solids, and
the production process is highly intricate. Heavy rainfall is an external trigger for the
onset of slope debris flows, but steep topography and the availability of solid materials
are inherent elements that also contribute to their occurrence [7].

The platform for simulating slope debris flows was built with the intention of sim-
ulating actual slope debris flows. Figure 1 shows a physical representation of the slope
debris flow simulation platform, which consists of a rainfall simulation device, sensor
measurement device, and soil loading test box. The system for simulating rainfall creates
the necessary amount of strong rainfall for the occurrence of slope debris flows. The soil
loading test box replicates mountainous terrain, and its hydraulic support and lifting rods
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can be adjusted at different angles to represent the range of possible mountain slopes
seen in nature.

Fig. 1. Slope debris flow simulation experimental platform

Six sensors, including a tipping-bucket rain gauge, a ground displacement sensor, a
soil pressure sensor, a shear wave velocity sensor, and two soil moisture sensors, have
been mounted in the experimental platform that we are using to simulate debris flow on
slopes. Figure 2 depicts the sensors’ mounting locations.

(a)Diagram for installing sensors from the side        (b)Top view of the schematic for installing 

sensors

Fig. 2. Schematic of sensor installation on slope debris flow simulation platform

3 Methodology

3.1 Topsis-Entrory Method

Sensors are used to continuously track a number of factors, such as rainfall, shallow soil
moisture content, deep soil moisture content, surface displacement, and soil shear wave
velocity, during the slope debris flow simulation process.
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There are many methods for risk assessment of debris flow sensor data on slope. In
this study, TOPSIS entropy method [8] was adopted to obtain the risk degree of debris
flow on slope.

Fig. 3. TOPSIS-ENTRORY calculation flow chart

Figure 3 depicts the flowchart demonstrates how to handle sensor data using the
TOPSIS entropy approach. First, the sensor data of slope debris flow is subjected to a
simple preprocessing. Then, the normalized data is used to calculate the weight pij and
entropy value ej using the following formulas:

pij = xij/
N∑

i=1

xij (1)

ej = − 1

lnN

N∑

i=1

pij ln pij, ej ∈ [0, 1] (2)

Calculate the information entropy for each data and compute the information utility
value, as shown in Eq. (3).

dj = 1 − ej (3)

To determine the magnitude of the weights for the sensor data, the following steps
can be followed:

ωj = dj/
N∑

j=1

dj (4)

Normalizing and standardizing the data, and constructing a weighted matrix as
follows:

zij = xij/

√√√√
N∑

i=1

x2ij (5)
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z∗ij = zij · wj (6)

Find the optimal solution z∗+
ij and the worst solution z∗−

ij and determine the optimal

distance D+
i and the worst distance D−

i . Construct the similarity Ci as follows:

{
z∗+
ij = max(z+1 , z+2 , z+3 , · · · , z+i )

z∗−
ij = max(z−1 , z−2 , z−3 , · · · , z−i )

(7)

⎧
⎨

⎩
D+
i =

√∑
j (z

∗
ij − z∗+

ij )2

D−
i =

√∑
j (z

∗
ij − z∗−

ij )2
(8)

Ci = D−
i /(D+

i + D−
i ) (9)

3.2 Models

Temporal Convolutional Network. Convolutional Neural Networks (CNNs) are com-
monly used in image processing, while CNNs used for time-series prediction are called
Time Convolutional Neural Networks (TCNs). Due to the size of their convolutional ker-
nels, traditional CNNs are unable to successfully extract features before and after tem-
poral information from sequential input. In 2018, Shaojie Bai [9] et al. used CNNs with
dilated convolutions in sequence prediction modeling, allowing CNNs to have a causal
convolutional temporal constraint model that captures longer dependency relationships.
TCNs have a bigger receptive field as a result. TCNs have a more straightforward and
effective model structure. TCNs have also been expanded by numerous academics to
include multivariate time-series prediction.

The TCN is composed of multiple residual blocks [9]. In each residual block, the
output of the convolutional layer is added to the input of the residual block and fed into
the next residual block. To adjust the width of the residual tensor, a 1x1 convolution is
added to perform this operation. As a result, the receptive field width of TCN is twice the
size of the original causal layer. Therefore, the size of the receptive field can be obtained
using Eq. (10).

r = 1 +
n−1∑

i=0

2(k − 1)bi = 1 + 2(k − 1)
bn − 1

b − 1
(10)

n =
[
logb

(
(l − 1)(b − 1)

2(k − 1)
+ 1

)]
(11)

In the above equation, the variables k and b stand for the size of the convolutional
kernel and the dilation base, respectively, and both satisfy the constraint k, b. According
to Eq. (11), where n denotes the quantity of residual blocks and l denotes the input
tensor’s relationship to that quantity. The residual block’s input and output are kept
equal in length by the 1 × 1 convolutional process, and the output is protected from
future information by the dilated causal convolution.
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Bidirectional Gated Recurrent Unit. For processing and making predictions with
regard to sequential data, the Gated Recurrent Unit (GRU) is a condensed version of the
LSTM neural network [10]. Figure 4 illustrates the GRU organizational structure.

rt = sigmoid
(
Wr

[
ht−1, xt

])
(12)

zt = sigmoid
(
Wz

[
ht−1, xt

])
(13)

ĥt = tanh
(
W

[
rt � ht−1, xt

])
(14)

ht = (1 − zt) � ht−1 + zt � ĥt (15)

1

1th th

ˆ
thtztr

tx

Fig. 4. The structure of GRU

The specific equations are shown in Eqs. (12) and (15), The GRU’s update gate is
represented by zt , while its reset gate is represented by rt . The activation function is
the sigmoid function, while the hyperbolic tangent activation function is represented by
tanh. The equivalent weight matrices are Wr, Wz, and W.

The output in conventional GRU simply depends on the previous input and hidden
state at each time step. However, the Bidirectional Gated Recurrent Unit (BiGRU) con-
siders both the previous and future inputs and hidden states of each time step in the input
sequence. In BiGRU, the forward GRU determines the time intervals from the start to
the finish while the backward GRU determines the time intervals from the finish to the
start. The output of the complete sequence is created by concatenating the outputs from
the two directions [11].

Figure 5 depicts the formula for BiGRU is similar to GRU, but it calculates the
forward and backward GRU outputs separately. The updated BiGRU equation is as
follows:

�ht = GRU
(
xt, �ht−1

)
(16)

←
h
t

= GRU

(
xt,

←
h
t+1

)
(17)
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Fig. 5. The structure of BiGRU

ht = [�ht,←−h t] (18)

Attention mechanism. Attention mechanism was initially used in image tasks to
weight important features of the image[12]. The computation of attention weights can
be thought of as a query in a key-value pair. The attention mechanism essentially obtains
a weight matrix through this procedure. The first step is to determine how comparable
the query (Q) and the keys (K) are. This can be done by taking the vectors’ dot products.
The weights must then be normalized in order to produce weights that may be used
immediately. The weighted summation of the weights and values is done in the third
step to get the attention values.

αt = softmax(QTK) = exp(QTK)∑
j
exp(QTK)

(19)

a =
∑

t

αtVt (20)

Q = WqiXt (21)

K = WkiXt (22)

V = WviXt (23)

In Eqs. (19) and (20), αt represents the attention weight at time t, Softmax is the
activation function, α is the weighted sum of weights and variables, Q, K, and V respec-
tively represent the query, key, and value of the attention mechanism. By using Eqs. (21)
and (23), Wqi, Wki, and Wvi are the corresponding weights.

DA-TCN-BiGRUModel. Figure 6 shows the model architecture. A time series data
set made up of slope debris flow serves as the model’s input. The hidden layer’s data
at time t-1 and the data from n sensors at time t are inputs to the input stage attention
mechanism (I-Attn), which outputs the attention weights at time t. I-Attn is sent through
TCNafter going through a residual block framework.The attentionmechanism following
TCN (T-Attn) is then created by multiplying the weight vector produced by the attention
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Fig. 6. The structure of DA-TCN-BiGRU

mechanism by the output of TCN. The final prediction value is then output after being
passed via a BiGRU layer.

A sliding window is used to implement this model’s dynamic sliding prediction in
order to accommodate dynamic data., as illustrated in Fig. 7, since sensor data in the
real experiments of slope debris flow is returned to the host computer in the form of a
continuous array. The result of Fig. 7 is the slope debris flow danger degree for upcoming
time steps To, using an input of 6-dimensional sensor data of length Ti. Each time step
causes the sliding window to advance, producing the predicted value.

Fig. 7. Sliding window of slope debris flow sensor data
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4 Simulation Experimental Data and Model Validation of Slope
Debris Flow

4.1 Simulation Experimental Data and Analysis

During the entire simulation process of slope debris flow slope, sensors are used to
monitor the process. For experimental purposes, the debris flow simulation platform
configures the rainfall circumstances as pre-rainfall and strong rainfall.

Early rainfall: The rainfall intensity is set at 10 mm/h, and it will last for a total of
60 min, divided into 2 stages of raining for 60 min and then stopping for 60 min.

Heavy rainfall: The rainfall intensity is set at 100 mm/h, and it will last for a total of
30 min, divided into 2 stages of raining for 30 min and then stopping for 60 min.

During simulated rainfall, the sediment box was maintained at a 30 angle using
a hydraulic lifting rod. The monitoring system collected data every 1 s, resulting in
approximately 20,000 data points. These data will be used for modeling slope debris
flows.

Fig. 8. Experimental data and risk degree of slope debris flow

Figure 8 depicts the curve that was plotted based on the dataset of debris flow slope
that was acquired. The technique of debris flow analysis and its link to various sensor
data led to the following conclusions:

• Rainfall is a triggering factor for the occurrence of slope debris flows. Its variation
directly affects the change in soil moisture content.

• During thefirst stageof rainfall, the initial infiltration capacity of the soil is greater than
or equal to the rainfall intensity. This causes the rainfall water to gradually penetrate
into the ground, increasing the moisture content in the shallow soil layer. Eventually,
the shallow soil layer becomes partially saturated, and the moisture content does
not change further. However, in the deeper soil layer, the initial moisture content is
higher than that of the shallow soil layer due to the presence of groundwater. As the
rainfall continues and the intensity increases, the infiltration capacity of the surface
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soil gradually approaches or becomes lower than the rainfall intensity. This leads to
the formation of surface water pooling, resulting in surface runoff and triggering soil
erosion and movement.

• As the moisture content of the entire soil layer changes, the shear strength of the soil
also changes. The shear wave velocity represents themagnitude of soil shear strength.
When the soil moisture content does not reach the critical moisture content, there is a
positive correlation between soil shear strength and shear wave velocity. In contrast,
there is a negative correlation between soil shear strength and shear wave velocity
when the soil moisture content reaches the critical value. Before surface displacement
occurs, the shear wave velocity shows a clear upward trend and the soil pressure also
increases, both of which serve as precursory warning features for slope debris flow.

• Before the slope enters the stage of sliding flow, the soil moisture content reaches
saturation and no longer shows a significant increasing trend. With the occurrence
of heavy rainfall, the soil enters the stage of sliding and becomes in a flowing state.
As the surface soil is eroded and washed away by surface runoff on the slope, the
soil becomes loose, forming channels, and further accelerating the flow velocity of
water, promoting the rapid movement and transportation of soil until the soil reaches
stability and forms a deposition area at the bottom.

• The risk level of slope debris flow is determined using data from slope debris flow
sensors, using the TOPSIS entropy weight method. This method takes into account a
combination of surface displacement, soil pressure, shear wave velocity, and rainfall
intensity, providing a comprehensive assessment of the hazard level. It highlights
the presence of early warning signs and can provide advanced indication of the risk
situation that slope debris flow may encounter.

4.2 Model Test

The DA-TCN-BiGRU model has been extensively described in Sect. 3 of this paper.
The DA-TCN-BiGRU model was compared against the LSTM, GRU, TCN, BiGRU,
and Bidirectional Long Short-Term Memory (BiLSTM) models in order to assess its
performance. The performance was evaluated using metrics such as Root Mean Square
Error (RMSE) [13], Mean Absolute Error (MAE) [13], and Mean Absolute Percentage
Error (MAPE) [13], and the specific equations are shown in Eqs. (24) and (25).

MAE = 1

N

N∑

i=1

∣∣y
∧

i − yi
∣∣ (24)

RMSE =
√√√√ 1

N

N∑

i=1

(y
∧

i − yi)2 (25)

MAPE = 100%

N

N∑

i=1

∣∣∣∣
y
∧

i − yi
yi

∣∣∣∣ (26)

Model running environment: R5-5600G CPU,Windows 11, NVIDIAGeForce GTX
1070 GPU, 16GB RAM, Python 3.6, Keras 2.6.0, TensorFlow 2.6.0. Model testing with
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slidingwindows comes in twoflavors.One kind predicts a data length of 10 given an input
data length of 100. The other method type predicts a data length of 50 given an input data
length of 100. These two categories reflect different input data lengths and prediction
lengths. The following settings are made for the DA-TCN-BiGRU model: filters = 32,
batch size= 128, kernel size= 8, and gru_units= 16. It’s vital to remember that Softmax
serves as the attention mechanism’s activation function. The TCN model’s parameters
are as follows: filters = 32, batch size = 128 and kernel size = 8. The depth is set to 32
layers for the LSTM, GRU, BiLSTM, and BiGRU models, while the number of units is
set to 16. Adam is the optimization method, ReLU is the activation function, and 0.001
is the starting learning rate. The loss function will determine how to change the learning
rate. To prevent overfitting, a regularization dropout of 0.2 is applied. Each model is
tested 20 times, and the average performance metrics for each model are calculated and
summarized in the following table:

Table 1. Study of different prediction lengths for deep learning models

Models Metric Input-Prediction

100–10 100–50

LSTM RMSE 0.03545 0.07657

MAE 0.03237 0.07141

MAPE 3.83105 8.41730

GRU RMSE 0.04912 0.06035

MAE 0.04493 0.05730

MAPE 5.31827 6.82432

BiLSTM RMSE 0.04647 0.05624

MAE 0.04129 0.05256

MAPE 4.85380 6.23408

BiGRU RMSE 0.03661 0.04909

MAE 0.03360 0.04649

MAPE 3.97548 5.53723

TCN RMSE 0.02569 0.03653

MAE 0.02106 0.03274

MAPE 2.47684 3.90941

DA-TCN-BiGRU RMSE 0.01364 0.02739

MAE 0.01067 0.02502

MAPE 1.23066 2.98312

Table 1 shows that the DA-TCN-BiGRU model outperforms other prediction mod-
els in terms of both “100–10” and “100–50” sliding windows, and it exhibits steady
performance.
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5 Conclusion and Discussion

The prediction of debris flow risk on slopes is a cross-disciplinary researchfield involving
geotechnical engineering, computer science, and other disciplines. In this study, we
conducted simulated experiments on slope debris flows and obtained four types of sensor
data. Through the TOPSIS entropy method, we obtained an objective measure of the
risk of debris flow on slopes, which characterizes the risk of debris flow occurrence by
effectively combining factors from both the atmosphere and the ground. To address the
nonlinearity and high complexity of datamodeling in debris flow predictionmethods, we
propose theDA-TCN-BiGRUpredictionmodel,which considers the impact of important
information on the prediction and effectively extracts features from the sensor data.
Through comparative experiments, it can be concluded that the DA-TCN-BiGRUmodel
has certain effectiveness and feasibility in predicting debris flow risk on slopes, and it
has certain engineering practical significance.

Acknowledgments. The authors would like to acknowledge the financial support given to
this work, with the support of National Key Research and Development Program Project
2022YFC3003403, Zhejiang Key Research and Development Program Project 2021C03016.

References

1. He, K., Liu, B., Hu, X., et al.: Rapid characterization of landslide-debris flow chains of
geologic hazards usingmulti-method investigation: case study of the Tiejiangwan LDC. Rock
Mechanics And Rock Engineering 55(8), 5183–5208 (2022)

2. Huang, J.,Hales, T.C.,Huang,R., et al.:Ahybridmachine-learningmodel to estimate potential
debris-flow volumes. Geomorphology 367, 107333 (2020)

3. Oh, C.-H., Choo, K.-S., Go, C.-M., et al.: Forecasting of debris flow using machine learning-
based adjusted rainfall information and RAMMS model. Water 13(17), 2360 (2021)

4. Hewage, P., Behera, A., Trovati, M., et al.: Temporal convolutional neural (TCN) network for
an effective weather forecasting using time-series data from the local weather station. Soft
Comput. 24(21), 16453–16482 (2020). https://doi.org/10.1007/s00500-020-04954-0

5. Hirschberg, J., Badoux, A., Mcardell, B.W., et al.: Limitations of Rainfall Thresholds For
Debris-Flow Prediction In: An Alpine Catchment . Copernicus Gmbh (2021)

6. Cheung, D.J., Giardino, J.R.: Debris FlowOccurrence Under Changing Climate AndWildfire
Regimes: A Southern California Perspective. Geomorphology 422, 108538 (2023)

7. Yang, Z., Zhao, X., Chen, M., et al.: Characteristics, dynamic analyses and hazard assessment
of debris flows in Niumiangou valley of Wenchuan county. Appl. Sci. 13(2), 1161 (2023)

8. Zhang, D., Yang, J., Li, F., et al.: Landslide risk prediction model using an attention-based
temporal convolutional network connected to a recurrent neural network. IEEE Access 10,
37635–37645 (2022)

9. Bai, S., Kolter, J.Z., Koltun,V.: An empirical evaluation of generic convolutional and recurrent
networks for sequence modeling. Arxiv Preprint Arxiv: 180301271 (2018)

10. Ma, C., Xu, X., Yang, J., et al.: Safety monitoring and management of reservoir and dams.
Water 15(6), 1078 (2023). https://doi.org/10.3390/w15061078

11. Dogani, J., Khunjush, F., Seydali, M.: Host load prediction in cloud computing with dis-
crete wavelet transformation (DWT) and bidirectional gated recurrent unit (Bigru) network.
Comput. Commun. 198, 157–174 (2023)

https://doi.org/10.1007/s00500-020-04954-0
https://doi.org/10.3390/w15061078


Use of Temporal Convolutional Network 67

12. Vaswani, A., Shazeer, N., Parmar, N., et al.: Attention is all you need. In: Advances in Neural
Information Processing Systems, vol. 30 (2017)

13. Wang, W., Lu, Y.: Analysis of the mean absolute error (MAE) and the root mean square error
(RMSE) in assessing rounding model. OP Conf. Ser.: Mater. Sci. Eng. 324, 012049 (2018).
https://doi.org/10.1088/1757-899X/324/1/012049

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

https://doi.org/10.1088/1757-899X/324/1/012049
http://creativecommons.org/licenses/by/4.0/


Deformation Analysis of Deep Buried Soft Rock
Tunnel and Adaptive Control Measure of TBM

Construction

Maochu Zhang1,2,3(B), Tianyou Yan2,3, Guoqiang Zhang2,3, and Jianhe Li2,3

1 Changjiang Design Group Co., Ltd., Wuhan 430010, Hubei, China
mczhangucas@163.com

2 Changjiang Survey, Planning, Design and Research Co., Ltd., Wuhan 430010, Hubei, China
3 Key Laboratory of Water Grid Project and Regulation of Ministry of Water Resources,

Wuhan 430010, Hubei, China

Abstract. This study focuses on the deformation mechanism of deep buried soft
rock tunnel and adaptive prevention and control measures for TBM construction.
For the case of large deformation in deep buried soft rock tunnel, the maximum
resistance of support measures such as steel arches, anchor rods, and shotcrete is
determined based on the support plan. Based on the determination of surrounding
rock types, deformation monitoring data, and support resistance, the convergence
constraint method is used to theoretically invert the mechanical parameters of
deep buried soft rock, and combined with relevant standard parameter values
for verification, reasonable mechanical parameters for deep buried soft rock are
obtained. Based on the finite element method, open TBM excavation simulation is
conducted for tunnel, and the mechanical response of surrounding rock is studied.
The reasons for support structure failure are analyzed, and adaptive prevention
and control measures for soft rock deformation are studied.

Keywords: Deep Buried Tunnel · Soft Rock · Deformation Analysis · TBM ·
Control Measure

1 Introduction

With the advancement of national water network and transportation power construc-
tion, China has become the country with the highest demand and difficulty in tunnel
construction in the world [1]. A large number of water diversion tunnels with burial
depths of more than 1,000 m and lengths of tens of kilometres have been planned and
constructed in China. In the central Yunnan water diversion project, the length of the
tunnel reaches 611.99 km, and the maximum burial depth reaches 1450 m [2]. The total
length of the Hanjiang to Weihe river water diversion tunnel is 98.26 km, with a maxi-
mum burial depth of 2012 m [3]. In the construction of the water diversion project from
Three Gorges reservoir to Hanjiang river, the total length of the water diversion tunnel is
194.8 km, and the maximum depth of the tunnel is 1,182 m [4]. Deep buried long tunnels
are playing an increasingly important role in major infrastructure projects in China.
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Deep buried long tunnels are subject to alignment constraints, andmost of them have
to pass through mountainous areas with complex geological and tectonic backgrounds,
and face a lot of engineering geological problems such as high ground stress, rock burst,
and large deformation of the soft rock, etc., which are extremely risky for engineering
construction. Among them, there are more and more engineering examples of large
deformation tunnels with soft surrounding rockmass extruded under high ground stress,
which seriously restrict the progress of the tunnel construction. During the construction
process of the soft rock tunnel section, due to the weak self bearing capacity of the
surrounding rock and the short self stabilization time, the surrounding rock during the
stress adjustment stage after excavation exhibits characteristics such as fast deformation
speed, large deformation amount, and long duration, resulting in a large total deformation
amount and a high force on the support structure. In severe cases, it can lead to support
failure [5].

In order to study the deformation mechanism of deep buried soft rock, predict the
magnitude of soft rock tunnel deformation, and study the adaptive prevention and control
measures of TBM construction, a theoretical inversion of mechanical parameters of
deep buried soft rock is conducted based on the convergence-confinement method. Then
reasonable mechanical parameter values of deep buried soft rock are obtained. Based
on the finite element method, the simulation of the tunnel excavation with open TBM
is carried out, and the mechanical response of surrounding rock and the magnitude of
deep buried soft rock deformation are studied. Through analysis of the causes of support
structure failure, study on adaptive prevention and control measures for soft rock tunnel
deformation is carried out.

2 Theoretical Inversion of Mechanical Parameters for Deep Buried
Soft Rock Tunnel

2.1 Theoretical Inversion Principles Based on the Convergence-Confinement
Method

TheConvergence-Confinementmethod is a theory andmethod that applies elastic-plastic
theory and rockmechanics to underground engineering to explain the interaction between
surrounding rock and support. Its principle is shown in Fig. 1. The pressure of surround-
ing rock decreases with the increase of deformation of the tunnel, and the surrounding
rock has been deformed to a certain extent when support measures are taken.

The elastic-plastic analysis method for the deformation and pressure of surrounding
rocks in circular tunnels is first proposed by Fenner [6], and then improved by Kastner
[7]. The classical pressure theory and bulk pressure theory cannot effectively describe
the mechanical behavior of deep buried tunnel after excavation. Currently, elastic-plastic
pressure theory is commonly used in engineering. This paper adopts themodified Fenner
formula based on elastic-plastic theory to study the interaction between surrounding rock
and support [8].

up = Mr0
4G

(
Pi + c cot ϕ

(P + c cot ϕ)(1 − sin ϕ)

) sin ϕ
1−sin ϕ

(1)
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Fig. 1. The principle of Convergence Constraint Theory.

where: up is the plastic deformation of the tunnel (m), Pi is the support resistance (MPa),
r0 is the excavation radius of the tunnel (m), c is the cohesion of the rock mass (MPa), ϕ
is the angle of internal friction of the rock mass (°), G is the shear modulus of the rock
mass (GPa), and P is the average stress (MPa).

2.2 Calculation of Support Resistance

Open TBM excavation tunnels generally use steel arches, shotcrete and anchor rods
as support measures. According to Eq. (1), it can be seen that the plastic deformation
of the tunnel is closely related to the support resistance, therefore, it is necessary to
calculate the support resistance that can be provided by the various support measures,
and on this basis, the relevant rock mechanics parameters can be inverted based on the
monitoring deformation of the surrounding rock. In soft rock large deformation tunnel,
the maximum support force that can be provided by each support measure is calculated
by the following formula.

The support force of the anchor:

P1,max = Tb
ScSl

(2)

where: P1,max is the maximum support force of the anchor (MPa), Tb is the average
pullout force of the pullout test (MN), Sc is the annular spacing of the anchor (m), and
Sl is the longitudinal spacing of the anchor (m).

The support force of the steel arches:

P2,max = σysAs

sr0
(3)

where: P2,max is the maximum support force of steel arch, σys is the yield strength of
steel arch, As is the cross sectional area of steel arch, s is the spacing of steel arch, and
r0 is the radius of tunnel.

Shotcrete support force calculation based on backwall cylinder theory:

P3,max = 1

2
Sc

[
1 − r2

(r + t)2

]
(4)
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where: P3,max is the maximum support force of shotcrete, Sc is the compressive strength
of shotcrete (MPa), t is the thickness of shotcrete, and r is the inner diameter of shotcrete.

Therefore, the total support resistance of anchor, steel arch and shotcrete is calculated
as:

Pmax = P1,max + P2,max + P3,max (5)

2.3 On-Site Monitoring Information

A deep buried hydraulic tunnel in Southwest China experienced serious soft rock defor-
mation during TBM construction, and the supporting structure was severely damaged
due to the tunnel deformation, as shown in Fig. 2. When the tunnel undergoes large
deformation of the soft rock, monitoring is carried out on the cross-section and arch
deformation, and the monitoring results are shown in Figs. 3 and 4.

Fig. 2. Soft rock tunnel deformation causing distortion of steel arch frames.

Design support line

Actual support line

Fig. 3. Monitoring deformation of soft rock
tunnel section.

Fig. 4. The monitoring deformation of arch
displacement.

According to the on-site monitoring data, within a short period of time (3 days)
of TBM excavation, the maximum deformation of soft rock increased by 12 cm. After
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22 days of adopting support measures for the soft rock tunnel, the surrounding rock
deformation became stable, reaching amaximumdeformation of 37 cm.Thedeformation
amount and degree of soft rock are relatively high.

2.4 Parameter Theory Inversion and Validation

The initial support parameters of the tunnel are listed in Table 1. According to each
support parameter, the maximum support force that can be provided by each support
measure is calculated by Eqs. (2), (3) and (4), and the total support resistance Pmax is
obtained by Eq. (5), Pmax = 1.35 MPa.

Table 1. Support parameter table.

System anchor spacing(m) Steel arch frame Sprayed concrete layer

Type Spacing(m) Type Thickness

1.25 I20b 0.4 C25 20

After determining the relationship between support force and deformation, with
monitoring deformation as the target value, the soft rock strength index is inverted. The
ϕ value is determined according to class V surrounding rock, and then the c value is
back calculated. Finally, the mechanical parameters of soft rock are obtained as shown
in Table 2. The short-term strength parameters are the inverse parameters of TBM exca-
vation during shield tail support. As the tunnel deformation increases, the surrounding
rock around the tunnel becomes relaxed, and the mechanical parameters of the rock
mass gradually deteriorate. The long-term strength parameters are soft rock parameters
inverted based on monitoring data.

Table 2. The inversion of rock mass mechanical parameters table.

Inversion stage Buried depth(m) Severe(kN/m3) ϕ(°) c(MPa) E(GPa)

short-term 1168 22 35.0 1.3 4.0

long-term 1168 22 28.0 0.54 1.4

In order to verify the reasonableness of the mechanical parameters of the soft rock,
according to the M-C criterion rock equivalent strength can be obtained from Eq. (6),
brought into the inversion of c, ϕ value, the equivalent rock strength of the soft rock is
calculated to be 1.8 MPa.

σcm = 2c cosϕ

1 − sin ϕ
(6)

According to the relevant Chinese regulation [9], the internal friction angle of class V
surrounding rock: 21.8 ≤ ϕ ≤ 28.8, 0.05 ≤ c ≤ 0.30, the integrity coefficient of fracture
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rock mass Kv ≤ 0.15, the saturated uniaxial compressive strength of the tested rock:
10 MPa ≤ Rb ≤ 20 MPa. Taking Kv = 0.15, then the rock mass equivalent strength is
calculated: 1.5 MPa ≤ Rc ≤ 3 MPa.

Rc = KvRb (7)

where: Kv is the integrity coefficient of the rock mass and Rb is the saturated uniaxial
compressive strength of the rock.

The equivalent compressive strength of the rock mass obtained according to the
strength index of the rock mass determined by the inversion is similar to the equivalent
rock mass strength obtained by the method suggested by the code, so the mechanical
parameters of the theoretical inversion have a high reliability.

3 Adaptive Prevention and Control Measures for Open TBM
Excavation of Deep Buried Soft Rock Tunnel

3.1 The Simulation of the TBM Excavation Based on Finite Element Method

When predicting large deformation of soft rock and determining support measures, it
is necessary to compare and analyze multiple schemes. Due to the large calculation
amount of three-dimensional models, it is not convenient to the design and comparison
of multiple schemes. RS2 is a powerful elastic-plastic finite element analysis software,
which is suitable for underground rock excavation calculation. Therefore, this paper
relies on deep buried soft rock tunnel and uses two-dimensional finite element software
RS2 for modeling and calculation. The load release rate is used as the basic indicator to
simulate tunnel TBM excavation, and the deformation response and adaptive prevention
and control measures of soft rock tunnel are studied.

When the tunnel is excavated, the surface of the tunnel will not immediately undergo
complete deformation. Due to the unloading effect generated by nearby excavation, the
rock in front of the excavation face has already deformed before excavation. As the
excavation progresses, the face of the tunnel continues to move forward, and the stress
in the surrounding rock changes continuously, causing the tunnel wall to continue to
deform. Usually, the tunnel does not reach its “two-dimensional” deformation state until
the excavation face is moved a few diameters in front of it. As shown in the schematic
diagram of Fig. 5.

For tunnelswith poor surrounding rock conditions, the influence of the plastic charac-
teristics of the surrounding rock on the deformation of the tunnels should not be ignored,
and the Vlachopoulos-Diederichs tunnel deformation curves [10] can be considered in
the plastic zone of the surrounding rock (see Fig. 6), therefore, this curve is selected as
the reference curve for the longitudinal deformation characteristics of the tunnel in this
paper.

The spatial effect of three-dimensional excavation is achieved by controlling the
stress release coefficient of the surrounding rock, and different support reactions are
provided to the excavation surface at different excavation steps to achieve stress release
of the surrounding rock. The displacement ratio method built-in in RS2 software is used
to calculate the support reaction coefficient of the surrounding rock when supporting
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Tunnel excavation direction
Radial deformation of tunnel face

Radial deformation of tunnel

Shield tail support

Fig. 5. Tunnel excavation deformation diagram.
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Fig. 6. Vlachopoulos-Diederichs
characteristic curve of longitudinal
deformation of tunnel.

measures are taken. As shown in Fig. 6, the ratio of the distance from the face to the
excavation radius of the tunnel during support is taken as the horizontal coordinate
(s = l/r0), and the ratio of the radius of the unsupported plastic zone to the radius of the
tunnel (t = rp/r0) is taken as the value of the displacement-dependent curve.

3.2 Soft Rock Excavation Unloading Response

The 2D numerical model built using 2D finite element software is shown in Fig. 7. The
tunnel deformation before the installation of support measures is calculated using the
Vlachopoulos-Diederichs method. The maximum tunnel wall displacement umax away
from the tunnel face and the radius of the plastic zone away from the tunnel face are
obtained based on finite element analysis.

Rockmass

Bolt

Steel arch frame

and shotcrete

Tunnel

Fig. 7. Two-dimensional analysis model of
tunnel cross-section.

Fig. 8. The depth of plastic zone after tunnel
excavation.

According to the results of numerical calculation, when TBM excavation and bor-
ing, using short-term strength parameters. When the load is completely released, the
maximum deformation of the surrounding rock is 13 cm, and the length of the open
TBM shield body is taken as 6 m, so the distance from the excavation face to the shield
tail installing steel arch and other support measures will be 6 m. The excavation radius
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of the tunnel is 4.85 m. Thus, the ratio of the distance from the excavation face to the
excavation radius of the tunnel during support is calculated as 1.24 (s). The distribution
of the plastic zone in the surrounding rock after excavation is shown in Fig. 8. The radius
of the unsupported plastic zone is 10.12 m, and the ratio of the radius of the unsupported
plastic zone to the radius of the tunnel is calculated to be 2.08 (t).

According to the value of s and t, with reference to the longitudinal deformation
characteristic curve of the tunnel (Fig. 6), the ratio of the shield tail rock deformation to
the maximum deformation of the surrounding rock is 0.70, from which the deformation
of the shield tail rock is calculated to be 9.1 cm. Based on the curve of the relationship
between the load release coefficient and the deformation of the arch top in Fig. 9, it is
determined that the load release coefficient at the support of the shield tail is 0.04.
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Fig. 9. The curve of the relationship between load release coefficient and arch deformation after
tunnel excavation.

Table 3. Surrounding rock response after tunnel excavation.

Tunnel location Vault Floor Left wall Right wall

Deformation(cm) 79.1 81.1 77.1 79.4

During the excavation and support process of the tunnel, the deformation vectors
of the surrounding rock around the tunnel all point towards the inside of the tunnel. As
shown in Table 3. The deformation displacements of the top arch and bottom plate are
79.1 cm and 81.1 cm respectively. The convergence displacement of the side wall is
77.1–79.4 cm, and the depth of the plastic zone reaches 9.58 m.

Figure 10 shows the stress diagram and yield state of the support structure. It can
be seen that the overall axial force of the steel arch and shotcrete combination support
is 4545 kN, and yield phenomenon occurs. The system anchor rods have all undergone
tensile failure, with a maximum axial tensile force of 10 kN after yielding.
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(a)System anchor force cloud diagram and 

yield state

(b)Stress diagram and yield state of steel arch 

frame

Fig. 10. Stress cloud diagram and yield state of support structure.

3.3 Principle of Support and Effect of Retractable Steel Arches

The retractable steel arch support system permits the installation of steel arches with
sliding devices near the tunnel surface with minimal deformation of the tunnel. The
sliding joints will allow further deformation of the tunnel before the arches are subjected
to axial loads. There will be no axial forces in the steel arch until the locking strain is
reached, but the steel arch will resist bendingmoments until the locking strain is reached.
This system will prevent extreme deformation in the tunnel, but will also prevent failure
of the steel arch by ensuring that the supports are not subjected to very high stresses.

A retractable arch is used, with two retractable locking joints are set around the steel
arch frame. The sliding gaps of the steel arch within each retractable joint are d1 and
d2, with a total retractable space of d1 + d2. The schematic diagram of the principle of
retractable arch frame is shown in Fig. 11.

For a steel arch with two sliding gaps, the strain calculation during locking is as
follows:

�L

L
= d1 + d2

2πr
(8)

where: ΔL is the sliding gap of the steel arch, which is composed of sliding gaps d1 and
d2, m; L is the circumference of the steel arch, m. The sliding gap of the steel arch is the
sliding gap of the steel arch, which is composed of sliding gaps d1 and d2.

The finite element analysis software is used to carry out numerical simulation study
on the support of retractable steel arch for the water transfer tunnel through the deep
buried soft rock cave section. The calculationmodel and conditions are the same as those
in Fig. 7.

The calculated values of the surrounding rock response of the tunnel excavated with
retractable steel arch support are listed in Table 4, and the influence law of the retractable
arch frame structure is shown in Figs. 12 and 13.

From Figs. 12 and 13, it can be seen that the tunnel excavation is supported by a
retractable steel arch, the deformation displacement of the top and bottom of the tunnel
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device
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Fig. 11. Schematic diagram of the principle of retractable arch frame

Table 4. The response of surrounding rock supported by retractable steel arch frame after tunnel
excavation.

Tunnel location Vault Floor Left wall Right wall

Deformation(cm) 115.0 117.0 112.0 115.0

(a)The cloud map of tunnel surrounding rock 

deformation 

(b)The cloud diagram for plastic 

differentiation of tunnel surrounding rock

Fig. 12. The response of soft rock excavation using scalable steel arch support.

is 115 cm and 117 cm respectively, and the convergence displacement of the side wall
is 112–115 cm, and the depth of the plastic zone reaches 14.16 m.

In the short-term parameter working condition, the force of steel arch is 0, which
indicates that the reserved deformation gap has not been used up, and there is still space
for expansion and contraction of steel arch. After the use of retractable steel arch support,
the maximum displacement of soft rock tunnel arch in the long-term parameter working
condition is 115 cm, which is higher than that observed in the case of no sliding gap
displacement of 79.1 cm, but much smaller than that in the case of no liner displacement
of 163 cm.Comparedwith themaximumaxial force of 4545 kN for the steel archwithout
sliding gap, the maximum axial force of the retractable steel arch with sliding gap is only
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Fig. 13. Support structure stress.

1041 kN, and the maximum stress is 202.45 MPa, which is less than the yield strength
of the steel arch, so the structural safety can be ensured.

4 Conclusion

For the case of large deformation in deep buried soft rock tunnel, theoretical inversion of
mechanical parameters of deep buried soft rock is carried out based on the convergence-
confinement method. The simulation of the open TBM excavation is carried out based
on finite element method. Themechanical response of the surrounding rock and research
of adaptive preventive and control measures are investigated. The following conclusions
can be obtained:

(1) Through the analysis of monitoring data on the deformation section of soft rock
tunnel, it can be concluded that deep buried soft rock is prone to large deformation
due to its low strength and high stress environment.With the excavation of the tunnel,
at a lower strength stress ratio, the soft rock is prone to large deformation, and the
magnitude and scale of deformation are relatively high. There are obvious temporal
and spatial effects on the deformation of soft rock tunnel. As TBM is excavated
forward, the stress on the support continues to increase, ultimately leading to failure.

(2) The Convergence-Confinement method based on elastic-plastic theory can quickly
deduce the mechanical parameters of deep buried soft rock based on the maximum
resistance provided by the support structure, combined with the classification of
surrounding rock and deformation monitoring data. The rationality of parameter
values has been verified by relevant specifications.

(3) In the soft rock tunnel section excavatedwith openTBM,when the support structures
are used at the shield tail, the deformation of the surrounding rock is relatively small,
and the depth of the plastic zone is not large. As TBM continues to excavate, the
support time and the distance from the excavation face increase, the deformation of
the soft rock increases, the depth of the plastic zone deepens, and the mechanical
properties of the rockmass continue to deteriorate. The stress on the support structure
continues to increase until it is destroyed.

(4) The use of retractable steel arch can effectively ensure the safety of the support
structure by dissipating the plastic energy of the surrounding rock and releasing
the deformation of the surrounding rock through sliding gaps, thereby reducing the
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surrounding rock pressure acting on the support structure. This measure has reliable
connection performance and good energy consumption ability, and can be applied
in open TBM excavation of soft rock tunnels.
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Abstract. In order to explore influencing factors of stability of laterite subgrade
slope under the action of dry and wet cycle, the indoor direct shear tests of com-
pacted laterite under different dry andwet cycles were carried out, and the strength
parameters were obtained. The stress correctionmethodwas introduced to analyze
the influence of the number of dry and wet cycles on the strength of laterite and the
influence of stress correction on the analysis results. Based on the results of direct
shear tests, Geostudio finite element software was used to simulate the stability
and influencing factors of laterite soil subgrade slopes of different heights under
different dry and wet cycle times. The results show: (1) The shear strength of lat-
erite decreased with the increasing of the number of dry and wet cycle times, and
the shear strength index of laterite after stress correction was added comparedwith
the before correction. (2) With the increasing of the times of dry and wet cycles,
the slope stability coefficient gradually decreases as an exponential function. The
stability coefficient after correction is increased compared with before correction,
and it have great significance to improve the reliability of direct shear test data by
using stress correction method in landslide treatment and filling engineering. (3)
The stability coefficient of the subgrade slope decreases monotonically with the
increase of slope height, and the smaller the slope height of the slope, the better
the overall structural stability.

Keywords: Compacting Laterite · Dry-Wet Cycle · Direct Shear Test · Stress
Correction · Slope Stability

1 Introduction

With the continuous improvement of China’s traffic network, highway engineering as
an important facility to promote the development of local economy, its construction
scale is expanding day by day, and the stability of roadbed slope directly affects the
smooth passage and safety of highway [1]. Periodic dry-wet alternation will cause the
weakening of the strength parameters of the subgrade soil mass, resulting in the decline
of the slope anti-sliding ability. When the sliding force of the slope soil mass is greater
than its anti-sliding force, the slope will slide and lose stability, thus inducing landslide
accidents [2–4]. In recent years, many scholars have conducted a series of studies on the
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influence of dry and wet cycling on the stability of soil slopes through laboratory tests
and finite element simulation software. Lian [5] et al. studied the creep characteristics
and long-term strength parameters of loess after dry-wet cycle by triaxial creep tests,
which the correlation between the failure mechanism of loess landslide and the creep
behavior and structure of loess after dry-wet cycle (creep tests) and SEM tests was
discussed in detail. Ma Jiangping [6] analyzed the influence of wet and dry cycles on
soil mechanical properties of roadbed slope by dry and wet cycle indoor tests and direct
shear tests.WangDeyong [7] studied the stability characteristics of cut slope considering
the strength variation of granite residual soil under the condition of dry-wet cycle using
numerical software.

In light of the above study, the rainfall evaporation cycle causes the erosion of fine
particles of the roadbed, which will reduce the stability of the roadbed slope and affect
its long-term service performance. Therefore, it is necessary to study the influence of dry
and wet cycling on the stability of laterite roadbed slope. In this paper, the direct shear
tests of laterite under different dry andwet cycles are carried out, and the stress correction
method is introduced to obtain the change law of laterite shear strength under dry andwet
cycles before and after stress correction. Then, the stability of laterite roadbed slope is
analyzed by using the direct shear test results before and after correction, and the rule of
slope stability safety factor varying with the number of dry-wet cycles is discussed. The
research results of this paper have certain theoretical reference significance for landslide
control and subgrade filling projects.

2 Test Scheme

2.1 Test Soil Sample

The test soil was taken from a roadside site of a highway in Nanchang City. According to
the indoor soil tests, the basic physical properties of red soil were determined as shown
in Table 1.

Table 1. Basic physical properties of red soil.

Natural
moisture
content(%)

Natural dry
density(g·cm−3)

Plastic
limit(%)

Liquid
limit(%)

Plastic limit
index Ip

Specific
gravity(g·cm−3)

21 1.7 21 49 28 2.7

2.2 Experimental Methods and Equipment

The red soil was crushed, dried and screened, and the ring knife sample with 21% water
content and a dry density of 1.7 g/cm3 was prepared by static pressing the sample. The
dry and wet cycle times were controlled as 0,1,3,5, and the dry and wet cycle of the
sample was realized by combining wetting and drying. Dry and wet cycle method: the
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prepared ring knife sample was soaked in water for 4 h (this is “wet”); The humidified
sample is then dried to initial mass in the oven and then stopped drying (this is “dry”).
After completion, seal curing for 24 h tomake themoisture inside and outside the sample
evenly distributed. The ZJ strain controlled direct shear instrument was used to perform
fast shear tests on the samples that completed the controlled dry and wet cycles. The test
results are listed in Table 2.

Table 2. Shear strength of laterite under different dry-wet cycles.

Vertical pressure (kPa) Shear strength (kPa)

0 times 1 times 3 times 5 times

100 120.21 63.33 36.21 32.23

200 151.68 102.38 57.26 43.99

300 183.91 132.72 76.22 62.57

400 213.3 151.3 87.22 78.12

3 Analysis of Shear Strength Index of Red Soil Sample Under Dry
and Wet Cycle

In the process of direct shear test, with the increase of shear displacement, the effective
shear area gradually decreases (see Fig. 1), and the distribution of shear stress and normal
stress on the shear plane also gradually changes. The whole direct shear test is a dynamic
process, so there will be certain errors in the index of soil shear strength obtained by
direct shear test [8, 9].

Fig. 1. Shear process diagram

According to the single-point area stress correction theory of direct shear test [10],
stress correction expressions (1) and (2) were used to correct the shear strength data in
Table 2 to obtain more accurate shear strength indicators. The results are reported in
Table 3.

τ ∗ = ατ
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σ ∗ = σ + CRβ

β = h(1 − α)

�L
n

(2)

where, α is the shear stress correction coefficient; x is the staggered distance of the upper
and lower shear boxes; r is the radius of the sample in the shear box; β is the correction
factor of normal stress; C is the dynamometer coefficient; R is the dynamometer meter
reading; h is the height of the sample on the upper part of the shear box (10mm); �L is
shear displacement.

Table 3. Modified shear strength of laterite under different dry and wet cycles.

Number of D-W cycles Corrected stress (kPa) Normal stress (kPa)

100 200 300 400

0 σ* 72.95 165.87 258.62 352.01

τ* 131.02 165.33 200.46 232.50

1 σ* 85.75 176.96 270.14 365.96

τ* 69.03 111.60 144.66 164.92

3 σ* 91.85 187.12 282.85 380.38

τ* 39.47 62.41 83.08 95.07

5 σ* 92.75 190.10 285.92 382.42

τ* 35.13 47.95 68.20 85.15

By collating the direct shear test data of the samples corresponding to the vertical
stresses at all levels before and after stress correction under different dry and wet cycles,
the relationship between the shear strength of red soil samples under different stress
conditions before and after correction can be obtained, as presented in Fig. 2.

Table 3 and Fig. 2 show that the normal stress on the corrected effective shear plane is
less than before the correction, and gradually increaseswith the increasing of the times of
dry and wet cycles, while the shear stress on the corrected effective shear plane is greater
than that before the correction. It can be seen from the changes of the shear strength with
the number of dry and wet cycles under different normal stresses that the shear strength
under different stress conditions decreases as a whole with the increasing of the number
of dry and wet cycles, that is, the shear strength is negatively correlated with the number
of dry and wet cycles, which is consistent with the existing test results[11].

As shown in Fig. 3, the dry-wet cycles led to a continuous decrease in the shear
strength parameters. After five dry-wet cycles, the cohesion decreased by 74.23 kPa
and the internal friction Angle decreased by 8.42°. Among them, the first dry-wet cycle
cohesion decays the most, from 89.4 kPa in the initial state to 38.87 kPa, and then
the variation decreases. The reason is that under the action of dry and wet circulation,
damage cracks occur in the soil, and the cracks destroy the integrity and continuity of
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Fig. 2. Shear strength of laterite before and after correction.

the red clay, greatly weaken the bond strength of soil particles, and cause the cohesion
of the soil to drop sharply.

Fig. 3. The cohesiveness of red soil changed with the number of dry and wet cycles before and
after correction.

In addition, the shear strength index of soil after the single-point area stress cor-
rection is improved compared with that before the correction. Taking the dry-wet cycle
as an example, the cohesion and friction Angle of soil are increased by 17% and 16%
respectively compared with that before the correction, indicating that there is a large
error in the data of the shear strength index in the direct shear test without correction.
The application of stress correction can improve the accuracy of the soil shear strength
index obtained by the direct shear test. The reliability of stability analysis of laterite
subgrade slope is improved.

4 Influence of Wet and Dry Cycles on the Stability of Laterite
Roadbed Slope

4.1 Numerical Analysis Model

The dry and wet cycle has a significant effect on the shear strength of laterite, and also
affects the stability of laterite roadbed slope. In order to further study the influence rule of
laterite roadbed slope stability under the condition of dry and wet cycling, the test results
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were applied toGeostudio finite element analysis software,which used simplifiedBishop
method for slope stability analysis, to calculate and analyze the simplified roadbed slope
based on an example.

The top width of the roadbed is 12m, and the height of the roadbed is H. According
to the requirements of the Code for Design of Roadbed (JTG D30-2015) that the height
of the lateritic roadbed slope should not exceed 10m, the slope platform is set as 2 m,
the slope rate of the first grade roadbed side is 1:1.5, and the rest is 1: 1.75 (as shown
in Fig. 4), respectively simulate the slope stability of the common slope height of 8 m,
9 m, 10 m three horizontal standards.

Fig. 4. Slope calculation model.

The bottom of the model is fixed and the soil layers on both sides are subject to
horizontal constraints. The constitutive model adopts the Moore-Coulomb model. The
model is divided into two layers, the upper layer is filled with compacted red soil,
the lower layer is natural foundation, and the material of each layer is assumed to be
homogeneous.

4.2 Calculation Parameters

According to the data obtained from the indoor dry and wet cycle tests and the relevant
literature consulted, the mechanical parameters of each layer of the slope are shown as
Table 4, where cn and φn are the cohesion-force and internal friction Angle of the soil
during the NTH cycle.

Table 4. Mechanical parameters of each layer.

Cohesion (kPa) Internal friction Angle (°) Unit weight (KN·m−3)

Laterite subgrade Cn φn 20

Natural foundation 200 28.4 23.5
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4.3 Analysis of Calculation Results

The strength parameters of red soil under the action of dry and wet cycles are substituted
into the above compacted red soil roadbed slope model for stability analysis. The most
dangerous sliding surface of red soil roadbed slope with a height of 10m under different
dry and wet cycles is illustrated in Fig. 5. From the Figure, as the number of dry and wet
cycles increases, the position of the most dangerous sliding surface moves to the edge
slope surface.

Fig. 5. The most dangerous slip plane with a height of 10 m in the dry and wet cycle downhill
slope.

From the test data, it is obtained that the stability coefficient of laterite roadbed slope
at different slopes varies with the number of dry and wet cycles, as illustrated in Fig. 6.
It can be seen from the calculation results in the Figure, before the dry-wet cycle, the
slope is in a stable state as a whole, and the stability coefficient is greater than 4, so
the slope is relatively safe at this time, while the stability coefficient begins to decline
after the dry-wet cycle. Taking the slope height of 8m as an example, the safety factor
of the slope becomes 3.010, 1.674 and 1.283, respectively, after the first, third and fifth
times of wetting and drying. The slope coefficients decreased by 49.6%, 72% and 78.5%
respectively after one, three and five times of wetting and drying. It can be seen that
the damage effect of dry and wet cycles on soil stability increases with the increase of
cycles.

The combination of rainfall and evaporation is one of the important reasons for
slope instability in laterite roadbed. The cyclic action of rainfall and evaporation not
only destroys the structural bond between soil particles, but also causes the erosion
of laterite structure, which leads to the gradual reduction of the strength of soil in the
roadbed slope. During the evaporation process, water escapes, solid particles keep the
same size, move and rearrange, which reduces the void space and hardens the soil to
produce shrinkage cracks (see Fig. 7). The formation of cracks exposes the deep soil to
the atmosphere and expands the channel of water infiltration and evaporation, which is
an important prerequisite for slope instability. In the rainfall stage, continuous rainfall
forms runoff, which flows into the inclined body along the crack, has the function of
scouring, carrying fine particles, softening the soil, and making the crack cut deeper
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Fig. 6. The stability coefficient of laterite subgrade slope changes with the dry-wet cycle.

into the soil. In addition, under the action of continuous rainfall, the soil body weight
increases, the sliding force increases, and the shear strength decreases, which ultimately
leads to the landslide and instability failure of the roadbed slope[12] Therefore, in order
to ensure the stability of the roadbed slope during the operation period, it is necessary
to do a good job of slope waterproofing and regular site survey to find cracks and seal
them in time to prevent rainwater from pouring into the roadbed slope and reducing the
soil strength, thus causing landslides.

Fig. 7. Diagram of soil shrinkage and cracking.

Figure 6. Also shows that with the increase of the number of dry and wet cycles at
different slope heights, the stability coefficient of laterite roadbed slope presents a trend
of first rapid and then slow decline, and the change law of this coefficient with the dry
and wet cycles can be described by exponential function (3), and the fitted correlation
coefficient R2 is greater than 0.99.

Fs = eA+BN+CN2
(3)

where: Fs is the stability coefficient; N is the number of dry and wet cycles; A, B and C
are the fitting parameters of the exponential function.

The slope model with slope height of 10m was used to calculate and analyze the
change of stability coefficient of red soil subgrade slope under different dry-wet cycles
before and after stress correction, and the results are shown in Fig. 8. According to the
Fig. 8, the stability coefficient of homogeneous laterite subgrade slope after correction
changes with dry-wet cycles similar to that before correction. The stability coefficient



88 R. Xie et al.

decreases rapidly under the first three dry-wet cycles, and then the decreasing speed
slows down and gradually tends to be flat or slightly decreases. In addition, the stability
coefficients obtained after modification are increased by 17.2%, 16.9%, 13.5% and
12.9% respectively. Therefore, using stress correction method to improve the reliability
of direct shear test data is of great significance in landslide control and fill engineering.

Fig. 8. The stability coefficient of laterite subgrade slope changes with the dry-wet cycle before
and after correction.

The variation of the stability coefficient of laterite roadbed slope with different slope
heights is shown in Fig. 9. From the Fig., the stability coefficient of roadbed slope
decreases monotonically with the increase of slope height, that is, it decreases with
the increase of slope height. The smaller the slope height of the slope, the better the
overall structural stability. With the increase of slope height, the stability coefficient of
the roadbed slope decreases from 1.283 to 1.099, and the slope will become unstable
and fail. This is mainly because with the increase of slope height, the corresponding
slope soil body weight increases, and the sliding force along the slope side gradually
increases. In order to maintain the stability of the slope, the anti-sliding force is also
required. Therefore, when the side slope height increases, the original balance between
sliding force and anti-sliding force is destroyed, which leads to the reduction of the
safety factor of slope stability.

Fig. 9. Variation of stability coefficient of laterite subgrade slope with different slope heights.

5 Conclusions

In this paper, direct shear tests are carried out on the laterite samples that are made by soil
taken from the site inNanchang city, and the accuracy of the strength parameters obtained
by tests is improved by stress correction method. Then, the test results are applied to
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the numerical analysis model for the stability analysis of laterite roadbed slope, and the
influence of dry and wet cycling on strength parameters and slope stability is discussed
and analyzed. The following conclusions are obtained:

• Under different stress conditions, the shear strength of laterite decreases as a whole
with the increase of the times of dry and wet cycles, and the shear strength index of
laterite after stress correction is improved compared with that before correction. The
stability coefficient calculated by the stress correction method is increased compared
with that before correction. Therefore, using stress correction method to improve the
reliability of direct shear test data is of great significance in landslide control and fill
engineering.

• With the gradual increasing of the number of dry and wet cycles, the stability coef-
ficient of the slope decreased significantly, and the overall stability of the laterite
roadbed slope showed a downward trend, along with the slope tended to become
unstable after 5 dry and wet cycles.Therefore, in the remediation and treatment of
laterite subgrade slope and other projects, the relevant parameters should adopt the
value of attenuation after multiple dry andwet cycles, otherwise the safety and quality
of the project cannot be guaranteed enough.

• The stability coefficient of roadbed slope decreases monotonically with the increase
of slope height, and the smaller the slope height of the slope, the better the overall
structural stability.
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Abstract. During the continuous uplift of the Qinghai-Tibet Plateau, the genetic
mechanism of giant ancient landslides in the deep-cutting rivers has attracted
widespread attention. The formation of giant ancient landslides is closely related
to the evolution history of rivers. Using the methods of field investigation and
numerical simulation, the formation and evolution process of the Zhenggang giant
ancient landslide of theLancang river upstream is studied. The correlation between
the landslide formation and the valley evolution is analyzed. The toppling defor-
mation body evolution of a giant ancient landslide and its genetic mechanism
is studied. The results show that the bank slope unloading caused by the down-
cutting of the river is the main effect factor of the landslides occurrence. The
structure of soft and hard inter-bedded, and rainfall infiltration are all important
influencing factors. The bank slope unloading caused by the down-cutting of the
river promoted the bending and toppling of the steep rock mass. The giant ancient
landslide takes the toppling fracture zone as the slip zone slipped.

Keywords: Qinghai-Tibet Plateau · Zhenggang Ancient Landslide · Toppling
Deformation Body · Genetic Mechanism · Bank Slope Unloading

1 Introduction

The Qinghai-Tibet Plateau is uplifted by the collision and compression of the Indian and
Eurasian plates. Many large-scale landslides have occurred in the deep-cutting rivers,
which genetic mechanism has attracted more and more attention [1–3]. The formation
of the landslide is closely related to the evolutionary history of the river. The formation
mechanism of giant rock ancient landslides is studied by combining the method of
field investigation and numerical simulation. The relationship between the occurrence
of landslides and the evolution of the valley is analyzed. The formation process and
mechanism of the toppling deformation bodies transformed into landslides are studied.
The results show that the weak interlayer parallel to the slope direction is the main cause
of the landslide. It is also affected by the factors such as the strength of the rock mass,
the degree of the bank slope unloading, and rainfall infiltration [4–6]. The down-cutting
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of the river leads to the slope unloading toward the empty direction. The front edge of
the toppling deformation body is eroded and loses part of the anti-sliding force, which
causes the steeply dipping rock layer to gradually topple. The slip zone evolved from the
toppling fracture zone is the decisive factor for the formation of giant ancient landslides
[7, 8]. Construction excavation and continuous rainfall will further induce landslides [9,
10].

During the continuous uplift of theQinghai-Tibet Plateau,many rivers cutting deeply,
such as the Lancang river, Nujiang River, and Jinsha River [8, 11, 12]. Under the interac-
tion of internal and external dynamic geological processes, the topography of the study
area has changed significantly. Climate, lithology, valley deep-cutting, and other factors
are all important factors influencing the occurrence of large-scale landslides. Existing
studies have shown that the shape of the river and the profile of the river play a key role
in the process of large-scale landslide formation. During the continuous and rapid uplift
of the Qinghai-Tibet Plateau, the complex geological environment and climate change
have caused large-scale geological disasters along the river [13–15].

With global climate change, the frequency of extreme weather events has gradu-
ally increased, leading to frequent occurrences of geological disasters. Due to the rain-
fall infiltration effect, the landslides induced by rainstorms occur frequently. With the
increase of pore water pressure during rainfall, the effective stress of rock and soil mass
decreases significantly. The shear strength of the slope is weakened [16–18]. Most of the
landslides occur that attributed to rainfall. The cracks caused by strong rainfall and bank
slope unloading are considered to be important interlayer surfaces of bedding landslides
[2, 19, 20]. Slope ridges are affected by hydrostatic pressure, and the rise of groundwater
level on the sliding surface is a favorable trigger for the occurrence of landslides. It has
been found that most of the landslides are closely related to human engineering activities
such as engineering excavation and mining [21–23]. Large-scale landslides along the
Lancang river and other rivers have received widespread attention.

In the Lancang river, there are also several large-scale landslides of different scales,
such as Gendakan landslide, front toppling deformation body, Meilishi 4# landslide,
Meilishi 3# landslide, etc. [24, 25]. It is very effective to make full use of river profile
and river topography to infer the influence of internal and external dynamic geological
action on a landslide. Existing studies on the causes of large-scale landslides along
the river show that the landslide process has an important relationship with geological
environmental conditions, geological age, and valley evolution. However, there are few
studies on the relationship between the giant ancient landslide that evolved from the
toppling deformation and the evolution of the river [3, 7, 26, 27].

The purpose of this study is aim to investigate the formation process of landslides,
river cutting process and discuss the relationship between landslides and valley evolu-
tion. Through field investigation and numerical analysis, the boundaries of landslides,
the causes of landslides, and the formation mechanism of giant ancient landslides are
determined. At the same time, the controlling factors of landslides are studied. The
research results are helpful to describe the landslide process related to the evolution of
rivers. The flow chart of the research method is as follows: The “Regional Geologi-
cal Background” section describes the geological background of the landslide area. The
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“ZhenggangLandslide” section describes the basic characteristics and deformation char-
acteristics of the landslide. “Numerical analysis of the formation and evolution process
of Zhenggang landslide” describes the toppling deformation process of the slope in the
process of valley down-cutting. In the “Discussion” section, the incubation process of
the toppling deformation of steeply inclined layered rock mass and the evolution process
and genetic mechanism of giant ancient landslides are discussed in depth. “Conclusion”
Partially concluded (Fig. 1).

Fig. 1. Research methodology flowchart.

2 Regional Geological Background

The study area is located on the left bank of the Lancang river upstream, about 3–4 km
long and 1–2 km wide. The strong unloading of rock masses occur during the rapid
down-cutting process of rivers. The valley is in the shape of a “V” (Fig. 2). The elevation
of the mountain top is about 4000–6000 m. The maximum height difference is about
1500–3200 m. The terrain is high in the north and low in the south. The mountains
spread out in a north-south direction as a whole. The slopes on both sides of the Lancang
river are relatively steep, generally ranging from 20° to 45°. Some sections of the river
are relatively wide, with well-developed terraces, and generally ranging from 10–25°.
The three major rock types, sedimentary rock, magmatic rock, and metamorphic rock,
are exist in the study area. The strata are mainly Devonian (D), Carboniferous (C), and
Triassic (T). The lithology is mainly basalt sandwich slate, andesite, quartz sandstone,
metamorphic sandstone, mudstone, and a small amount of thin limestone.

The study area is located in the HengduanMountains in the southeast of the Qinghai-
Tibet Plateau. Thedamsite of theGushuiHydropowerStation is located in the earthquake
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intensity area of VII. The annual average temperature in the study area is 4.7 °C. The
annual average rainfall is 633.7 mm. According to on-site investigations, the following
four-level terraces have developed in the Lancang river section in the area:

1) First-level terrace: It is the modern riverbed of the Lancang river (the annual water
level is 2070–2078 m above sea level), mainly composed of sand and gravel deposits
on the floodplain.

2) Second-level terrace: The elevation difference from the current river surface is about
15m, developed on the left bank of the upstreamof the landslide. The terrace elevation
is 2080 m (front edge)–2100 m (rear edge). The exposed width is about 40 m. It is
composed of sand gravel layer and silt fine soil. A base terrace formed by a dual
structure, the middle and rear part of the terrace passes through 214 National Road.

3) Third-level terrace: The elevation is about 2130 m. The height difference from the
current river surface is about 60 m. It is the most complete terrace, and it is more
developed on the opposite bank of the landslide (the left bank of the river).

4) Fourth-level terrace: only remains in this landslide area, with a development elevation
of 2250–2280 m.

The bank slope unloading along with the terrace formation during valley cutting is
a crucial factor for the formation of Zhenggang landslide.

Fig. 2. The typical landslide in the study area (a. the location of Zhenggang landslide; b. Second-
level terrace Pebble layer; c. First to fourth-level terrace; d. Full view of Zhenggang landslide).

3 Zhenggang Landslide

3.1 Basic Characteristics and Zone

The Zhenggang landslide deposits are located in the east of the Zhenggang mountain
beam, about 900 m away from the Gushui Hydropower Station dam site upper. The
maximum vertical length of the landslide is about 1010 m. The maximum horizontal
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width is about 1100 m. The top elevation is about 2720 m. The bottom elevation is
about 2170 m. The thickness of the landslide accumulation body is about 15–60 m. The
average thickness is about 26.9 m. The volume is about 4750 × 104 m3. It is a giant
rocky ancient landslide. The landslide accumulation body is affected by the erosion and
down-cutting of Zhenggang gully. The old landslide accumulation body is divided into
Zone I and Zone II (Fig. 3). The size of zone II is larger than that of zone I, all of which
are long tongue-like with a wide bottom and a narrow top. The overall morphology is
“M” shaped.

The landslide deposits in Zone I have an elevation of 2180 m–2650 m. The left side
is bounded by the No. 8 gully. The right side is bounded by Zhenggang gully. The front
edge is relatively steep, with a slope of about 40°, and an elevation of about 2000 m at
the front edge. The middle part tends to be gentle, with a length of about 430 m, a width
of about 390 m, and an overall slope of about 10°. The rear edge has a steep wall of
landslide with a slope angle of about 42°.

The distribution elevation of the landslide deposits in Zone II is 2180 m–2730 m.
The left side is bounded by the Zhenggang gully. The right side is bounded by Yagong
gully. The front edge is steep, with a slope of about 40°. The middle part tends to be
gentle, with a length of about 190 m, a width of about 450 m, and an overall slope of
about 10°. The back scarp at the rear edge is obvious, with a slope of about 30°.

Fig. 3. Deformation characteristics and zoning of Zhenggang landslide (c, e. Tension cracks in
the landslide accumulation zone I; a, d. Tension cracks in the landslide accumulation zone II).

3.2 Material Composition

The material composition of Zhenggang landslide can be divided into residual slope
accumulation layer, ice-water accumulation layer, collapse slope accumulation layer,
bottom slip accumulation layer, and slip zone soil.

1) The residual slope layer is mainly crushed sandy soil and silt, with a small amount
of rock. The content of crushed rock and rock is about 30%–40%. The diameter is
about 1 cm–10 cm.

2) The ice-water accumulation layer can be divided into two layers, mainly composed of
blocks, gravel, sand, and silt. The diameter of the blocks in the block and crushed rock
layer is about 5 cm–25 cm. The diameter of the crushed rock is less than 5 cm. The
gaps are filled with sandy silt and a small amount of clay. The overhead phenomenon
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is obvious and loose. The diameter of the gravel in the gravel sand and silt layer is
about 2 cm–3 cm. The gaps are mainly filled and cemented by sand, silt, and clay.
The degree of compaction is good.

3) The collapsing layer is mainly composed of gravel soil mixed with sandy gravel soil.
The diameter of gravel is about 0.5 cm–2 cm. The content is about 20%–30%. The
diameter of block stone and crushed stone soil are about 6 cm–30 cm. The content
of block stones is about 45%–55%. The content of crushed stone is about 20%.

4) The bottom-slip accumulation layer includes blocks, gravel soil, and broken rock
mass. The diameter of the block and gravel soil is about 10–40 cm, and the maxi-
mum can reach 100 cm–300 cm. Broken rock masses are mostly blue-gray metamor-
phic sandstone, gray-brown slate, and light gray limestone. Locally it has a layered
structure, and the fractured rock mass at the trailing bed attitude is N25°–30°W,
SW � 20°–40°.

3.3 The Landslide Structural Characteristics

According to the PD1704 survey results of the landslide accumulation body in Zone I,
it can be known that 0 m–4.5 m is the residual slope accumulation layer; 4.5 m–9.0 m
is the collapse slope accumulation layer; 9.0 m–32.6 m is the bottom slip accumulation
layer; and 32.6 m–68 m is the bottom slip accumulation layer.

According to the PD144 survey results of the landslide accumulation body in Zone II,
it can be known that: 0m–4.3m is the residual slope accumulation layer; 4.3m–16.0m is
the collapse slope accumulation layer; 16.0 m–107.5 m is the bottom slip accumulation
layer; and 107.5 m–133.3 m is the bedrock: the lithology is limestone, which is broken,
and the bed attitude is S29°–35°E, SW� 0°–20°; 133.3 m–159.0 m is the bedrock: the
lithology is layered slate, and the bed attitude is N32°W, SW � 5°; 159.0 m–176 m is the
bedrock: the lithology is gray-green basalt, SN, W � 55°, which is relatively broken and
in the shape of fragments.

3.4 Characteristics of the Slip Zone

1) The slip zone of the landslide accumulation body in Zone I is exposed at 73.7m on the
right wall of PD1704. The slip zone soil is gray and brown clay, which is plastic. The
fine particles in the slip zone soil are sub-circular. Larger particles are sub-circular to
sub-angular. The diameter of gravel is about 0.5 cm–1 cm. The composition is slate.
The thickness is about 10 cm–20 cm, it is a dark gray clay interlayer. The bed attitude
of the slip surface is N25°W/NE � 20°–25° (Fig. 4a).

2) The slip zone of the landslide accumulation body in Zone II is exposed in the PD144
right wall 70–80 m. The thickness is about 7 cm. The clay content in the zone is
relatively high. There are some white calcite bands in the zone. The bed attitude is
140°� 14°. The upper part of the sliding zone is mainly breccia gravel soil with a
particle size of about 1 cm–10 cm. The lower part of the sliding zone is crushed stone
soil, which is gray and brown overall, with a coarse-grain content of about 20%–30%,
and a particle size of about 6 cm–10 cm. The rock composition is sandstone and slate
(Fig. 4b).
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Fig. 4. Characteristics of the sliding belt (a. PD1702 at 26 m on the right wall; b. PD144 at 90 m
at the adit).

3.5 Zoning Deformation Characteristics

According to the results of on-site survey, combined with the structural and deformation
characteristics of the landslide, the Zhenggang landslide I zone is divided into a strong
deformation area at the front edge, a strong deformation area on the right side, a strong
deformation area in the middle, and a strong deformation area at the rear edge. The
Zhenggang landslide II zone is divided into the front edge and its left strongly deformed
area, the rear edge and its right strongly deformed area, and themiddle strongly deformed
area.

Zone I deformation characteristics

a) The strong degeneration area at the front edge of Zone I is dominated by the deforma-
tion and destruction of the overburden on the slope surface. Thematerial composition
of the overburden is broken stone soil. The lithology of the broken stone parent rock
is mainly slate, limestone, and sandstone. The deformation zone is eroded by the
Zhenggang gully and the Lancang river.

b) In the strong deformation zone on the right side of Zone I, four tension fractures and
one shear fracture develop at the right boundary of the middle part. Three tension
fractures I-1, I-2 and I-3 are inclined to Zhenggang gully. The strikes are approx-
imately 160°. The 1-4 tension cracks intersect with the Zhenggang gully. The I-5
shear cracks develop along the boundary line of the basement in the I area.

c) Neither of the two tensile fractures I-6 and I-11 and two shear fractures is open which
developed in the strong deformation zone in the middle of Zone I.

d) The strongly deformed area collapsed down along with the gully at the rear edge of
Zone I, and the elevation is 2510 m. The collapsed area is mainly the overburden
of the slope surface. The material composition is broken stone soil. The collapsed
section is steeply. It can be seen that the upper overburden and the lower sliding bed
are obviously staggered. Compared with the recent strong deformation area, this area
has been strongly deformed since the last time. Now it has entered into a relatively
stable period (Fig. 3c, e).

Zone II Deformation Characteristics

a) The front edge of zone II and the strongly deformed area on the left side are dominated
by the overburden on the slope surface. The material composition is mainly crushed
rock soil.With tensile cracks, II-1 developed and local collapsed II-9.Multiple nearly
parallel secondary tension cracks.
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b) There are three shear fractures II-2, II-4, II-6, and pull trough II-3 in the back edge
of zone II and the strongly deformed zone on the right side. II-2 is located at the rear
edge of zone II near the right boundary bedrock ridge, with an elevation of 2500 m,
extending in an arc shape, intersectingwith themain sliding direction of the landslide,
and an angle less than 30°. II-3 elevation is 2560 m, and the main sliding direction
of the landslide is 45°. II-4 and II-6 are nearly parallel and perpendicular to the slope
direction.

c) There aremanynearly parallel shear fractures II-5 in themiddle of the strong deforma-
tion zone of Zone II, with an elevation of 2480m, obvious signs of shear deformation,
step-like, extending direction perpendicular to the main sliding direction of the land-
slide. The material composition is mainly gravel soil and cultivated soil which is
loosely structured (Fig. 3a, d).

4 Numerical Analysis of Zhenggang Landslide Formation
and Evolution Process

4.1 Model and Parameters

For the toppling deformation process of steeply inclined layered rock mass study, this
paper uses UEDC4.0 version for modeling analysis. UDEC software adopts the dis-
crete element method, which is often used in the research of jointed slopes and tunnel
excavation. The modeling process is completed with the aid of Auto CAD software etc.
The length of this model is about 1600 m. The height of this model is about 850 m.
The boundary displacement is constrained. There is no horizontal displacement on both
sides and no vertical displacement at the bottom. The influence of weak joints on the
slope is considered in this model. Because the slope rock layer toppling deformation
under gravity, the model stress field only considers gravity (Fig. 5).

Fig. 5. Two-dimensional discrete element model of Zhenggang landslide.

According to the results of on-site investigation and indoor test, referring to simi-
lar projects, and comprehensive local experience values, the physical and mechanical
parameters of the rock and soil mass of the calculation model are determined as follows
(Table 1).
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Table 1. Physical and mechanical parameters of Zhenggang landslide.

Stratigraphic
code

r (kN/m3) C (Pa) ϕ (°) Bulk modulus
(Pa)

Shear modulus
(Pa)

tensile
strength (Pa)natural natural natural

Slip belt 21.0 2.6E+4 29 5.6E+07 1.2E+07 4.5E+04

Sliding body 22.0 5.0E+4 31.0 8.3E+07 1.8E+07 5.0E+04

P1j 26.8 1.5E+6 54.8 1.2E+10 7.6E+09 2.0E+07

T3hn 26.7 1.7E+6 54.5 9.6E+09 6.0E+09 1.0E+06

F1 Fault 19.0 1.0E+5 21.3 9.0E+08 2.4E+08 1.5E+05

Structural
plane

C (KPa) ϕ (°) normal stiffness
(MPa/m)

tangential stiffness (MPa/m)

Joints oft
plane

200 24 9500 19000

350 22 8000 17000

4.2 Numerical Calculation Results

(1) When the model calculates to 20000 steps, the layered rock mass in the middle of
the slope and the front edge basalt show no obvious deformation. The anti-dipping
rock layer at the foot of the slope is slightly deformed. The shallow anti-dip layered
rockmass at the rear edge develops micro-cracks that are nearly parallel to the plane.
The entire rear edge is in a weak toppling creep stage (Fig. 6).

Fig. 6. The degree of toppling deformation at 20000 steps.

(2) When the model calculates to 36000 steps, the tensile cracks at the rear edge of
the slope begin to develop. And then the tensile-shear fracture surface formed. The
toppling and creep of the anti-dipping rock mass further intensely. The middle lay-
ered rock mass begins weakly stretched. The cutting layer also begins to develop.
The anti-dipping rock mass at the foot of the slope bends and topples strongly in
the direction of the river. The massive basalt on the front edge produces a shear-slip
along the existing structural inside planes (Fig. 7).
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Fig. 7. The degree of toppling deformation at 36000 steps.

(3) When the model calculates to 82000 steps, there is an obvious relaxation phe-
nomenon between the front basalt blocks. The shear-slip surface tends to be partially
connected. The front slope surface develops local slumping. The middle and rear
edges rock mass is violently toppled and broken. The fracture surface has tended to
penetrate. The scale of the surface cracks has increased significantly. The overbur-
dened rock mass is gradually formed, which belongs to extremely strong toppling
(Fig. 8).

Fig. 8. The degree of toppling deformation at 82000 steps.

(4) When the model calculates to 280000 steps, an integrated slip surface has been
formed in the bank slope. The whole overburdened rock mass downward slides
gradually, and finally forms a landslide. The internal slip surface of the front-edge
massive basalt is provided by the self-developed along-slope structural surface and
gentle toppling crack. The internal slip surface of the middle-rear edge anti-dipping
rock mass is developed from its toppling fracture surface. When the partial slip
surface is penetrated, the entire slip surface of the landslide is formed. In addition,
the middle and rear edge of the falling overburden developed partially connected
fracture surfaces, which provided the possibility for the secondary sliding of the
landslide in the later stage (Fig. 9).
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Fig. 9. The degree of toppling deformation at 280000 steps.

5 Discussion

5.1 The Steeply Dipping Layered Rock Mass Toppling Formation Process

1) Slight toppling deformation stage: it was in the early wide valley stage of the Lancang
river, with relatively low and gentle valley slopes on both sides of the river.

2) Toppling-bending creep stage: as the river further undercuts, the stress release
increases. The rock mass begins to topple and deform toward the empty direction.
The layered rock mass that has undergone toppling deformation produces relative
displacement along the horizontal direction of the potential shear-slip structure. The
bending-tension deformation is intensified. The bending of the rock mass gradually
increases and accumulates the tensile strain generated in the layer. Under the com-
bined action of the gravitational bending moment and lateral slip, when the accumu-
lated tensile stress exceeds the tensile strength of the rock mass, it is accompanied
by the further dislocation of the interlayer rock mass. The shear fracture surface
appears which intensifies the toppling-bending deformation. At this stage, the slope
body appears layer-wise tensile failure, and apparently. There aremulti-level toppling
crack grooves and anti-slope sills.

3) The stage of strong bending and near-through fracture: after valley formation, the
unloading effect of the rock formation is enhanced. The shear slip of the cut layer
continues to develop. The self-weight bending moment continues to increase. The
slope gradually undergoes gravitational deformation toward the horizontal and empty
direction. Obvious tensile cracks began to appear in the stress concentration area at
the middle and rear of the slope. The toppling deformation has developed to the stage
of toppling and toppling fracture stage. The rock strata-undergoes strong shear-slip
dislocation along with the layer. At the same time it combines with the dominant
structural surface to form a shear-slip surface. Macroscopically, the tensile crack
tends to penetrate, and resulting in shear-slip.

4) Slipping instability stage: when the rock strata bend at a large angle in the root,
the slope will undergo creep bending and tearing under the action of gravity. The
bending and fracture surface will penetrate under the effect of gravity. A penetrating
slip surface outside the gently inclined slope will be formed. The slope will slip and
lose stability, then forming a giant landslide.
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5.2 The Giant Ancient Landslide Formation and Evolution Process

1) In the early stage of toppling deformation, the river is wide and the valley slope is
small. The rock mass has almost no obvious toppling deformation.

2) Early toppling deformation, the acceleration of the crustal uplift speed. The intensified
river downward cutting, forming high and steep valley slopes. The rock mass began
to cause obvious toppling deformation toward the river.

3) The river cutting further accelerates and the rock mass toppling deformation is inten-
sified, forming a series of toppling fracture planes in the rock mass. Strong toppling
deformation and toppling overburden area are formed in a certain depth of the slope.
The collapsed section of the site is further expanded and penetrated. Eventually, a
continuous failure surface is formed, and a landslide occurs.

5.3 The Genetic Mechanism of the Toppling Deformation Body Evolving
into a Giant Ancient Landslide

For theZhenggang landslide, the underlying basaltwith a thickness of about 400mshould
constitute the foundation of the entire slope, which is the resistance body of the overlying
and deformed rock mass. However, the shear outlet of the zhenggang landslide is located
inside the basalt. The investigation found that the basalt is many shear dislocation zones
formed in the early structural process (Fig. 10).

1) The weak layer zone 1 outside the inclined slope is bluish-gray, about 0.5–1 m thick,
composed of clay breccia, with a particle size of 1–3 cm, sub-angular, and its bed
attitude is 20–30° � 25–30°.

2) The weak layer zone 2 outside the inclined slope is blue-gray, yellow-brown, about
30–40 cm thick, composed of clay breccia, with a particle size of about 0.5–2 cm,
and sub-angular.

3) The weak layer zone 3 outside the inclined slope, the bed attitude is 20–30°� 25–30°.
The thickness is about 20–30 cm. The upper layer is yellow-brown. The lower layer is
blue-grey, composed of clay breccia. The particle size is 0.5–2 cm, second Angular.

4) The weak layer zone 4 outside the inclined slope is about 40–50 cm thick, composed
of yellow-brown clay breccia, with a grain size of 0.5–3 cm, sub-angular, and the
rock mass between the two layers is extremely broken and loose, with development
in between 2–5 cm thick soft layer belt.

The existence of the weak zone makes it possible for the overlying toppling and
fractured rock mass to appear shear dislocation along the weak zone. However, because
these weak layers are not exposed on the surface, their extension length is not com-
pletely connected. Therefore, only limited to this, the overturning rock mass may still be
insufficient to remove the basalt to form a landslide. Further investigation found that the
basalt unloading zone. In addition, two groups of gently-dipping structural surfaces are
also developed in the rock body (Fig. 11). (1) The gentle slope outside of the unloading
crack (bed attitude 45° � 10°–20°). (2) The gentle slope inside of the unloading crack
(bed attitude 240° � 10°–30°). The two groups of unloading cracks all have a gentle dip
angle. The tendency of the first group unloading cracks direction is the same as the
main sliding direction of the landslide, which provides a good channel for the upper
overburdened rock mass to be cut out from the front edge.
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Fig. 10. Shearing dislocation zone of adit (a. The weak layer zone 3; b. The weak layer zone 4).

Fig. 11. a. The isometric map of the poles of the gently-dipping structural plane in the basalt; b.
Rose diagram of basalt gently dipping structural surface strike.

The formation mode of the giant ancient landslide in Zhenggang is as follows, the
upper part of the slope is along the gradually penetrating toppled rock mass. The lower
part is along with the soft layer in the basalt along the slope. The front edge is cut
out along the gently-dipping unloading fissure. The formation mechanism of the giant
ancient landslide in Zhenggang is as follows, the Lancang river is eroding rapidly and
formation many high-steep bank slopes. The steep-dip layered rock mass of the bank
slope bends and topples towards the valley under the action of gravity and the pressure
of the overlying rock mass. With the continuous erosion of the valley, the layered rock
mass bending and toppling phenomenon intensified. The rock mass at the rear edge of
the bank slope falls strongly. When the toppling deformation develops to a through slip
surface in the layered rockmass, the overburdened rockmass will slide along the through
slip surface, and finally forms a giant landslide (Fig. 12).

6 Conclusion

Based on the above analysis, the following understanding can be drawn:

1) The giant rocky ancient landslide in the Lancang river is jointly affected by regional
structure and valley down-cutting. The weak layer structure is produced by complex
tectonic geology. During the valley down-cutting, the structural surface of the slope
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rock mass is produced by time-dependent creep effects. The front edge erosion leads
to the collapse of the steeply inclined layered rock mass.

2) The multi-level down-cutting of the river is closely related to the evolution process of
the river. The cutting force along the river makes the slopes on both sides steep, the
slope stress redistributes, and the slope surface deformation. The deformation process
of the toppling deformation body is divided into, the micro-pumping deformation
stage, the toppling-bending creep stage, the strong bending, the cracknear-through
stage, and the slipping instability stage.

Fig. 12. Schematic diagram of formation mechanism of Zhenggang landslide.

3) The steeply inclined layered rockmass structure of the bank slope is the main internal
factor for the toppling deformation body evolution into a giant ancient landslide. The
down-cutting of the river is the main external factor. The through surface formed by
the connection of the toppling fracture zone is the decisive factor for the occurrence
of giant ancient landslides. The intensely valley erosion promotes the process of
toppling deformation, which leads to the concentration of shear stress on the rock
layer. Rainfall infiltration reduces the strength of the weak layer and accelerates the
occurrence of sliding. TheZhenggang giant ancient landslide belongs to the slip-shear
type.
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Abstract. Geological conditions along the Mabian-Zhaojue section of Leshan
-Xichang Expressway are complicated, and during the construction process, land-
slides and geologic hazards are frequent under the influence of engineering exca-
vation disturbance. In view of the deformation, damage and development and
evolution of soil slope under excavation disturbance widely existed along Leshan-
Xichang Expressway, taking the soil accumulation body slope on the left side of
the section from ZK125 + 654 to ZK125 + 775 along the route as the research
object, the potential deformation and damagemechanism and the stability of exca-
vation support were analyzed by using FLAC 3D software. The results show that
under the unsupported excavation condition, the slope is mainly dominated by
creep-slip deformation of the slope surface; under the unsupported rainstorm con-
dition, the slope undergoes large-scale destabilization damage with excavation.
In the excavation and support process, as well as in the rainstorm condition after
the completion of support, the stability of the slope as a whole and the support
structure are better. The slope is a creep-slip-pulling earth slide in which the rock
and soil bodies on the surface of the slope body are sheared off at the potential
shear sliding surface in the slope body under the multiple effects of engineering
disturbance, rainfall and gravity, and the slope body as a whole is subjected to
unloading and traction at the leading edge and squeezing and pushing at the trail-
ing edge, and then it slides along the circular arc shaped shear sliding surface in
the accumulation body.

Keywords: Soil Accumulation Slope · Flac 3D · Deformation Damage
Mechanism · Stability Analysis

1 Introduction

The Western Sichuan Plateau Gradient Zone is located on the eastern edge of the
Tibetan Plateau and is an area with extremely complex topographic and geological
conditions in China. The region has steep topography, high seismic intensity, fragile
geological environment and frequent geological disasters. Influenced by the complex
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topography and geological structure of the Western Sichuan Plateau Gradient Zone,
landslides, avalanches and mudslide disasters have developed along the highways in the
region, which have serious impacts on their normal operation and traffic safety. The
Lexi Expressway is located at the edge of the Western Sichuan Plateau Gradient Zone.
During the construction process, due to the influence of excavation disturbance, land-
slide disasters occur frequently along the route, and slope management has become an
urgent problem to be solved in the construction of the expressway. Therefore, it is very
important to study the whole process of deformation-sliding evolution of slopes under
engineering disturbances so as to take timely and effective management measures for
slopes.

The deformation and failure mechanism and stability analysis of slopes is a clas-
sical research direction in engineering geology [1–3]. Domestic and foreign scholars
have done more research on this issue and have achieved rich research results. On the
basis of analyzing the geological environmental conditions, structural characteristics,
and deformation and fracture characteristics of slopes, Li et al. analyzed the instability
mechanism and stability of soil-like slopes [4]. Li W G proposed a mechanical model
for the instability and failure of soil slopes based on the theory of elasticity, and obtained
the ultimate length of soil slopes in the ultimate equilibrium state [5]. Li A H classified
bedding slope according to slope lithology, rock combination characteristics, rock dip
angle, and rock thickness, and summarized 8 deformation and failure modes of bedding
slope [6]. Dong used similarity experiments to study the deformation, development, and
failure process of soft and hard interlayer anti tilting slopes, and analyzed the influence
of different soft and hard lithology on the tilting deformation process and failure law
through 3DEC [7]. Zhang K Y used the finite element strength reduction method to
calculate soil slopes, analyzed the variation law of unit stress states at typical positions
on the sliding surface, established the relationship between unit stress states and the
overall stability of the slope, proposed unit instability criteria, and applied the proposed
criteria and program to conduct finite element numerical simulation of the progressive
failure process of the slope [8]. Wang G S studied the impact of the progressive failure
process of slopes on stability, proposed a new contact element model to simulate the
contact friction state on the sliding surface, and conducted numerical simulation and
stability analysis of the progressive failure process of slope [9]. Wu and Hsieh simulated
the debris movement and deposition process of slope in the Taiwan Chi-Chi earthquake,
and better realized the damage pattern of the actual slope after the earthquake [10]. Zhao
B Q Used the SLOPE/W module in Geostudio software to analyze the evolution law of
bedding rock slopes controlled by weak interlayers from local failure to overall failure
sliding [11]. Zeng Y W combined the finite element method with the limit equilibrium
method to study the stability analysis of slope and analyzed the relationship between sta-
bility and deformation of slope [12]. Liu X R combined shaking table test and numerical
simulation method to analyze the deformation destabilization mechanism and stability
of down-gradient slope in the ThreeGorges reservoir area [13]. Zhang JX used FLAC3D
to simulate the deformation and damage process of rocky slope with weak interlayers
under different working conditions, analyzed the deformation and failure mechanism of
the slope, and put forward the corresponding management countermeasures accordingly
[14].
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Existing research has focusedmore on the deformation characteristics and instability
mechanisms of slopes, and there is less research on the deformation, failure, and devel-
opment evolution of slopes disturbed by engineering along highways. This article selects
the high slope of soil accumulation along the ZK125 + 654–ZK125 + 775 section of
the Lexi Expressway. Based on on-site geological investigation and relevant rock and
soil experimental data collection, a calculation model for excavation stability of soil
accumulation slope is established. The three-dimensional numerical simulation analysis
method is used to simulate the evolution characteristics and stability of slope deforma-
tion and failure under various working conditions such as unsupported excavation and
supported excavation. This can provide a theoretical basis for the layout of subsequent
monitoring points and the evaluation of support schemes for the slope.

2 Lexi Expressway ZK125 + 654–ZK125 + 775 Section Slope
Introduction

2.1 Slope Engineering Geological Conditions

The proposed Layimu Interchange of Mabian to Zhaojue section of Leshan to Xichang
Expressway is located inLayimuVillage, LayimuTownship, ZhaojueCounty, Liangshan
Prefecture, Sichuan Province. The slope is located in the site of Layimu Interchange,
near the exit end of Layimu Tunnel, on the left side of the section with pile number
ZK125 + 654–ZK125 + 775, as shown in Fig. 1.

Fig. 1. Accumulation Slope of ZK125 + 654–ZK125 + 775 Section of Lexi Expressway

The slope is located in southwest Sichuan Hengduan mountain system northeast
edge of Daliangshan high mountain, Sichuan basin to the southwest mountain transition
zone. The mountains in the area are mostly oriented north-south, between the ridge and
valley, the site is a middle mountain area in the erosion tectonics, the valley is “V” type,
the highest peak near the Longtoushan, the elevation of up to 3500 m.



110 L. S. Wu et al.

The site is located in the middle and lower part of the left slope of Xigou (a tributary
of Zhuhe River), with a gentle transverse slope and a slope angle of 10–25°, with local
areas reaching 40–60°. The slope surface ismainly composed of colluvial gravel and silty
clay containing gravel, with locally exposed bedrock and underdeveloped vegetation.
There are a large number of residential buildings distributed at the lower part of the
slope.

The stratigraphy of the site mainly consists of Cenozoic Quaternary new avalanche
slope accumulation (Q4

c+dl)gravelly soil, pulverized clay and Mesozoic Triassic Lower
Feixianguan Formation (T1

f ) siltstone, the section is shown in Fig. 2.

Fig. 2. Profile of Accumulation Slope (Modified by Sichuan Provincial Highway Planning,
Survey, Design and Research Institute)

2.2 Slope Disposal Measures

This slope is a fifth grade slope, with a slope ratio of 1:1.25 for the second to fifth grade
slopes. The width of the first grade slope platform is 5.5 m, the width of the second grade
slope platform is 10 m, and the width of the third and fourth slope platforms is 5 m.
According to the design documents, a comprehensive treatmentmethod of setting anchor
cable piles on the outer side of the cutting ditch platform, setting pressure grouting steel
anchor pipe frame beams after the slope grading slows down, and setting steel pipe piles
on the slope platform for support and protection is adopted.

(1) Steel anchor pipe frame beam

The slope is protected by 4× 3 m pressure grouting steel anchor pipe frame, and the
frame girder is cast-in-place C30 concrete, with a beam width of 40 cm and a thickness
of 50 cm, and the beam is set up with an expansion and contraction joint every 15–20 m,
with a joint width of 2 cm, and filled with asphalt sisal wadding. The steel anchor pipe
is made of ϕ70 × 5 mm steel pipe with a length of 15 m.
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(2) Steel Pipe Piles

Three rows of steel pipe piles are set up in the first and third level slope platforms
respectively, with an outer diameter of 140 mm and a length of 23.9 m, which are laid
out in plum blossom type. The steel pipe is made of No.3 steel with yield strength not
less than 240 MPa and tensile strength 380–470 MPa.

(3) Pile slab wall

Anti-slip piles are laid at 15.25 m from the left side of the highway center line, the
designed pile diameter is: pile width × pile height = 2.5 m × 3.5 m, pile length is
32–34 m, anchoring section is 21–23 m, pile top elevation is 1660.79–1661.79 m, pile
spacing is 5.5 m, there are 16 piles in total, which are poured with C30 concrete, and
the retaining plate is hung outside between the piles. The prestressing anchor cable in
the anti-slip pile adopts 6 bundles of ϕ15.2 mm low relaxation strand (1860 MPa).

3 Model Establishment and Parameter Selection

3.1 Establishment of Calculation Model

By using Rhino6.0 software and Griddle built-in plugins, a three-dimensional mesh
model of the slope was established using three cross-sectional views, one plan view,
and one elevation view of the left accumulation slope of ZK125 + 654–ZK125 + 775
as references. The model was imported into FLAC 3D 6.0 software for calculation and
analysis. The model has a length of 302 m, a width of 291 m and a height of 116 m,
with a total of 946,921 meshes. There are four types of rock and soil mass in total:
crushed stone soil, clay, strongly weathered silty mudstone, and moderately weathered
silty mudstone, calculation using the Mohr-Coulomb elastoplasticity criterion. The left
and right sides of the X-axis and the front and back sides of the Y-axis of the model are
set as normal displacement constraints, the upper surface is set as a free interface, and
the ground surface is set as a fixed constraint. The specific model diagrams are shown
in Figs. 3 and 4.

Fig. 3. Slope model in initial state
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Fig. 4. Slope model after excavation and support

3.2 Calculation Parameter Selection

Based on the preliminary investigation data of the slope, the geotechnical test data of
on-site drilling and sampling, and then through the experience of analogy and reference
to the neighboring areas in the same region and other comprehensive considerations [15,
16], the basic physical and mechanical parameters of the geotechnical body involved in
the calculation model are shown in Tables 1 and 2.

Table 1. Physical and mechanical parameters of the foundation of the geotechnical body

Rock formation Operating condition Weight (KN/m3) Cohesive force (KPa) Friction angle (°)

Gravelly soil Natural 20 50 35

Ssaturated 25 30 21

Silty clay Natural 20 55 30

Saturated 23 33 18

Strongly weathered silty
mudstone

Natural 24 150 30

Saturated 26 90 18

moderately weathered silty
mudstone

Natural 25 220 35

Saturated 27 176 28

Table 2. Physical and mechanical parameters of geotechnical bodies

Rock formation Operating
condition

Elastic modulus
(MPa)

Poisson’s ratio Shear modulus
(MPa)

Bulk modulus
(MPa)

Tensile strength
(MPa)

Gravelly soil Natural 100 0.31 38.17 87.71 -

Rainstorm 80 0.33 30.08 78.43 -

Silty clay Natural 120 0.30 46.15 100.00 -

(continued)
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Table 2. (continued)

Rock formation Operating
condition

Elastic modulus
(MPa)

Poisson’s ratio Shear modulus
(MPa)

Bulk modulus
(MPa)

Tensile strength
(MPa)

Rainstorm 96 0.32 36.36 88.89 -

Strongly
weathered silty
mudstone

Natural 400 0.28 156.25 303.03 0.48

Rainstorm 400 0.28 156.25 303.03 0.489

moderately
weathered silty
mudstone

Natural 550 0.26 218.25 381.94 0.82

Rainstorm 550 0.26 218.25 381.94 0.82

The relevant parameters of the support structure are mainly obtained through the
design documents, as shown in Tables 3, 4 and 5. The rainstorm condition adopts the
calculation method of parameter reduction, and the parameter values are selected based
on the investigation report, the data of neighboring areas in the same region [16], and
“the Technical Specification for Building Slope Engineering” GB50330-2013 combined
with the site conditions.

Table 3. Mechanical parameters of steel anchor pipe and anchor cable

Density (kg/m3) Cross-sectional
area (m2)

Elastic modulus
(MPa)

Yield strength
(MPa)

Mortar bond
strength (MPa)

Mortar stiffness
(MPa/m)

7.81E+03 6.53E−03 2.05E+05 500 20 1000

Table 4. Mechanical parameters of steel pipe pile

Density (kg/m3) Cross-sectional
area (m2)

Elastic modulus
(MPa)

Yield strength
(MPa)

Mortar bond
strength (MPa)

Internal friction
angle of mortar (°)

7.85E+03 2.54E−02 2.50E+05 240 20 50

Table 5. Mechanical parameters of frame beams and pile-slab walls

Supporting
structure

Density (kg/m3) Elastic modulus
(MPa)

Poisson’s ratio Bulk modulus
(MPa)

Shear modulus
(MPa)

Frame beam 2.5E+03 3.0E+04 0.3 2.50E+04 1.15E+04

Anti-slide pile 3.0E+03 5.0E+04 0.2 2.78E+04 2.08E+04

Retaining
plate

2.5E+03 3.5E+04 0.2 1.94E+04 1.46E+04



114 L. S. Wu et al.

4 Analysis of Deformation and Failure Process of Unsupported
Excavation State of Slope

4.1 Natural Slope Characterization

The pre-excavationmorphology of the slopewas selected as the first stage of deformation
characterization, and the slope model was subjected to initial ground stress equilibrium
and its displacement and shear strain increments were obtained as shown in Fig. 5.

(a) Initial state slope displacement cloud maps (unit: m)

(b) Cloud maps of initial state slope shear strain increment

Fig. 5. Cloud maps of slope simulation in initial state

It can be seen that the overall stability of the accumulation slope in the initial state
is very high, and the safety reserve is good, Fs = 1.61. There is no obvious shear strain
increment zone or plastic zone within the slope. If only subjected to gravity, the slope
will not experience large-scale overall instability and failure in the future for a long
period of time.

4.2 Characteristics of Deformation and Failure of Unsupported Excavation State
of Slope

In order to investigate the potential deformation damage mechanism and mode of this
slope, an unsupported excavation model was set up. The simulation cloud maps under
each step of excavation are shown in Fig. 6.
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(a) The first step of unsupported excavation

(b) The second step of unsupported excavation 

(c) The third step of unsupported excavation 

(d) The fourth step of unsupported excavation

Fig. 6. Cloud maps of slope displacement after unsupported excavation in the first–fifth steps and
under rainstorm condition (unit: m)
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(e) The fifth step of unsupported excavation

(f) The fifth step of unsupported excavation rainstorm condition

Fig. 6. (continued)

After the first step, second step, third step and fourth step excavation of the slope, the
displacement of the rock and soil body of the slope under the action of gravity mainly
occurs around the excavation surface, and themaximumdisplacement values are 1.82 cm,
3.64 cm, 5.10 cm, 5.00 cm, respectively. Comparing with the cloud diagram of the slope
displacement under the initial state, the maximum displacement of the slope body of the
slope after excavation is shifted from the top of the slope to the excavation platform,
and with the excavation proceeding, its distribution pattern is almost the same, and the
range has increased. After the fifth step of excavation of the slope, the increase of its
maximum displacement value becomes larger than before, increasing nearly three times,
with themaximumvalue of 14.56 cm, and the distribution range of the slope displacement
cloud map increases slightly further. The distribution range of the maximum value of
displacement is significantly increased to include the entire shallow surface layer of the
excavation profile. The stability coefficients Fs of the five excavations are 1.53, 1.47,
1.32, 1.11, and 1.03, respectively, indicating that the slope is continuing to develop in a
direction that is not conducive to stability.

After the slope excavation under the rainstorm condition, the value of slope defor-
mation changed dramatically compared with the previous excavation condition, and the
maximum displacement value of the rock and soil body changed from 14.56 cm to 10 m,
an increase of nearly 100 times. The stability coefficient Fs = 0.97 and the slope is
unstable. From the contour map, the displacement distribution range is more concen-
trated, in the three-dimensional map is concentrated in the whole excavation surface, in
the topography of the circle closed, the contour in the profile map is concentrated in the
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back of the excavation surface is distributed in the form of a circular arc, presenting the
characteristics of the landslide, from the map there are two slip surfaces formed, one of
which will be included in the whole excavation surface, and the other is distributed in
the back of the third, fourth, and fifth level slopes, and the amount of the sliding body
displacement is greater on this slip surface.

4.3 Analysis of Slope Deformation and Failure Mechanism

Through on-site investigation, data collection and analysis of the slope, and comprehen-
sive numerical simulation calculation results, a deep understanding of the left accumula-
tion slope of ZK125+ 654–ZK125+ 775 has been obtained, and its potential instability
failure mode and deformation mechanism have been determined:

(1) Natural slope period

The slope is mainly composed of three types of lithologies: gravelly soil, silty clay,
and silty mudstone. The silty mudstone is divided into two types: strongly weathered
and moderately weathered. Gravel soil and silty clay are interbedded, with a thickness
of about 60 m. The underlying silty mudstone is a typical soil accumulation slope.
According to the excavation exposure, the accumulation on the slope is relatively loose,
and rainfall and engineering disturbance are unfavorable factors for the stability of the
slope.

(2) Excavation period from first step to fourth step

In actual construction excavation, support and excavation are carried out simultane-
ously, and even support is carried out before excavation. In order to explore the potential
deformation and failure mechanism of the slope and identify the locations with high
potential risks, an unsupported excavation mode is set up. After the first to fourth steps
of excavation, due to the unloading effect, small-scale tensile cracks and plastic zones are
formed locally behind the excavation surface. As the slope toe is excavated, the plastic
zone and cracks expand, but no large through cracks or plastic zones are formed. The
slope is still in a creep period, and the slope soil continues to shear and creep towards
the excavation direction under gravity. At this time, there is no controlled sliding surface
in the slope body, and the slope is still stable.

(3) Fifth step excavation period

After thefifth stepof unsupported excavation, the displacement and shear strain incre-
ment of the slope have significantly increased, and the plastic zone has also expanded
significantly. The plastic zone of the first level slope has developed to a certain depth,
and at the same time, the plastic zones of all levels of slopes are also tending to connect.
Under the action of excavation unloading and gravity, the creep of the surface layer of
the slope tends to accelerate, and the surface of the slope sinks. At the same time, the
tensile cracks at the rear edge also accelerate to develop deeper and have a trend of
continuity.

Based on the above analysis, the potential deformation and failure mechanism and
mode of the left side accumulation slope of ZK125 + 654–ZK125 + 775 are defined
as a creep tension type soil landslide where the geotechnical body on the surface of the
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slope are sheared off at the potential shear sliding surface under the multiple effects of
human engineering disturbance, rainfall, and gravity. The slope is pulled by the front
edge unloading and pushed by the rear edge, sliding along the circular arc shear sliding
surface in the accumulation, The deformation and failure process is shown in Fig. 7.

(a) Natural slope period (b) The first-fourth steps of unsupported 

excavation

(c)The fifth steps of unsupported excavation

(d) Excavation and rainstorm period

Fig. 7. Schematic diagram of slope deformation and failure mechanism

5 Analysis of Deformation and Failure Process of Slope Support
Excavation State

5.1 Characteristics of Deformation and Failure of Supported Excavation State
of Slope

According to the design documents, the fifth step of excavation requires excavation and
pouring of anti-skid piles. After the anti-skid piles are formed, the soil is excavated and
retaining plates are applied step by step during the excavation project. This process is
complex and difficult to replicate using simulation software. Therefore, this process is
directly set as the fifth step of excavation and support for calculation and analysis. The
simulated cloud maps is shown in Fig. 8.
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(a) The first step of supported excavation

(b) The second step of supported excavation

(c) The third step of supported excavation

(d) The fourth step of supported excavation

Fig. 8. Cloud maps of slope displacement after supported excavation in the first–fifth steps and
under rainstorm condition (unit: m)
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(e) The fifth step of supported excavation

(f) The fifth step of supported excavation and rainstorm condition

Fig. 8. (continued)

The maximum displacement after the first step of support is 0.92 cm, which is dis-
tributed below the fourth level slope platform and in themiddle and lower part of the fifth
level slope. The maximum values after the second, third, fourth, and fifth steps of exca-
vation support are 3.23 cm, 4.17 cm, 5.19 cm, and 5.44 cm, respectively. Compared with
the pre support cloud maps, after excavation and support, the displacement distribution
range and maximum value distribution range in the 3D cloud map under each excavation
step are significantly reduced, and they are no longer connected like when there is no
support; This feature is also present in the profile, where the displacement contour line
is divided from a continuous patch distribution into shallow surfaces concentrated on all
levels of slopes and slope platforms. The stability coefficients Fs of the five excavations
are 1.59, 1.57, 1.56, and 1.54, respectively, indicating that the slope has high stability
and will not experience large-scale instability failure.

Under the rainstorm condition, the displacement distribution range in the three-
dimensional map after the fifth step of excavation is similar to that without support, but
the value is less than 1% of that without support. The distribution pattern of displacement
contour lines in the profile map is also significantly different from that without support,
still maintaining the distribution characteristics of natural working conditions, and there
is no obvious convergence of displacement contour lines into strips. This indicates that
the surface displacement and deep displacement of the slope have significantly decreased
compared to before support. The stability coefficient Fs = 1.42, and the slope stability
is good, no different from that under the natural condition.
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5.2 Analysis of Deformation Characteristics of Support Structures

The displacement cloud maps of the support structure under the multi-step excavation
steps of the slope is shown in Fig. 9.

(a) The first step of supported excavation    (b) The second step of supported 

excavation 

(c) The third step of supported excavation   (d) The fourth step of supported excavation 

(e) The fifth step of supported excavation    (f) The fifth step of supported excavation 

and rainstorm condition

Fig. 9. Cloud maps of supporting structure displacement after supported excavation in the first–
fifth steps and under rainstorm condition (unit: m)

During the excavation and support process, the maximum displacement of steel
anchor pipes and prestressed anchor cables is about 3.6 cm, with a very small distri-
bution range; The maximum displacement of the frame beam is about 5 cm, and the
distribution range of the maximum value is small, and the overall displacement distri-
bution is relatively uniform; The maximum displacement of the steel pipe pile is 2 cm,
which is mainly distributed in the shallow surface area of the fourth level slope platform
and the middle of the second level slope platform, and gradually decreases around them,
with the overall distribution still relatively uniform; The overall maximum displacement
of the pile sheet wall is 5.4 cm, with the maximum value mainly distributed in the upper
part of the retaining plate between piles A7 # and A11 #. The overall displacement dis-
tribution is centered around this and gradually decreases towards the surrounding areas.
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The deformation of the entire support structure is relatively small and evenly distributed,
resulting in good support effect.

6 Conclusions

The deformation and failure mechanism and support stability of the left accumulation
slope of ZK125 + 654–ZK125 + 775 were analyzed through numerical simulation
methods, and the following conclusions were obtained:

(1) Under natural conditions, unsupported excavation of slopes will not cause large-
scale instability and failure, mainly due to creep deformation on the surface of the
slope. The overall impact of excavation from the first to fourth steps on the slope
is relatively small. After excavation in the fifth step, the creep range of the slope
increases, the creep speed accelerates, and the slope is in an unstable state.

(2) The potential deformation and failure mechanism and mode of the slope are that
under themultiple influences of human engineering disturbance, rainfall, and gravity,
the geotechnical body on the surface of the slope are sheared off at the potential shear
sliding surface inside the slope. The slope is pulled by the front edge unloading and
pushed by the rear edge, resulting in a creep pull fracture type soil landslide sliding
along the arc shaped shear sliding surface in the accumulation body.

(3) During the excavation and support process, the slope will not experience overall
or local instability and failure; Under the rainstorm condition after the support, the
slope still has a high safety reserve and high stability. This support structure has a
good support effect on the slope of the accumulation body.

Funding. This study is supported by the Research on Key Technologies for the Construction and
Operation of DaLiangshan and Xiaoliangshan Highways (Grant No. 2021-ZL-15).
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Abstract. In response to the problem of salt corrosion on highway concrete struc-
tures in high-altitude areas, this article studies the effects of water cement ratio,
admixtures, and admixtures on the salt corrosion resistance of concrete through
salt freezing cycle tests and salt freezing erosion resistance tests. The results indi-
cate that under the conditions of meeting the workability of concrete, when the
water cement ratio is below 0.4, the resistance to salt freezing and erosion is excel-
lent. When the air content of concrete is between 0 and 3.8%, the salt freezing
resistance and corrosion resistance of concrete increase with the increase of air
content. When the air content exceeds 3.8%, the impact of the increase of air con-
tent on its performance decreases. It is advisable to use silica fume as the active
mineral admixture for concrete in the admixture. If fly ash or mineral powder is
used as the mineral admixture, the curing period must be extended.

Keywords: Road Engineering · Salt Corrosion Resistance · Mineral
Incorporation

1 Introduction

In the infrastructure construction ofChina in recent decades, cement concrete has become
themost important buildingmaterial in the world due to its low cost, easy to obtain mate-
rials locally, and good integrity and modelability [1, 2]. Small concrete components of
road ancillary facilities such as curbs and anti-collision piers also use this material. This
type of component does not withstand large loads such as vehicles, and therefore does
not generate significant internal forces. Therefore, high-strength concrete is not required.
However, due to the damage caused by freeze-thaw, salt corrosion, and other conditions,
the surface peeling and other diseases of hydraulic concrete occur prematurely, result-
ing in a short service life and poor durability, resulting in an astonishing frequency of
replacement of curbstones [3, 4]. Especially in high-altitude areas, during winter snow-
fall or freezing weather, deicing salt is usually sprayed for fast and open traffic. Coupled
with factors such as freeze-thaw cycles and ultraviolet radiation, roadside structures are
particularly corroded, and their appearance and functionality are far from reaching their
lifespan [5].
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This article relies on theSichuan JiumaExpresswayproject,which is located in a high
altitude area (over 3000m) with a minimum temperature of−26.6 °C, an average annual
temperature difference of 52.1 °C, and an average annual freeze-thaw cycle of 118 times.
The concrete structure undergoes significant seasonal freeze-thaw cycles, with frequent
alternations of positive and negative temperatures not only accelerating the freeze-thaw
failure of concrete, but also leading to the superposition of freeze-thaw and shrinkage
cracking damage, Further leading to difficulty in ensuring strength and durability. The
article studies the effects of concrete water cement ratio, admixtures, and admixtures on
the interface structure and pore structure of concrete, studies better corrosion resistance
design of concrete, enhances its service life, and reduces later maintenance costs.

2 Raw Materials and Testing

2.1 Raw Materials

PO 42.5 cement is selected, and its technical performance is shown in Table 1.

Table 1. Physical and Mechanical Properties of Cement

project
Specific 

surface area
m2/kg

Standard 
consistency

%
stability

se�ng �me
(min)

flexural tensile 
strength
(MPa)

compressive 
strength
(MPa)

Ini�al se�ng Final set 3d 28d 3d 28d

Specifica�on 
requirements - - 90 600 4.5 7.5 17 42.5

cement 353 27.6 209 267 6.5 9.4 36.1 54.8

The fine aggregate is river sand, with a fineness modulus of 2.87 and a silt content
of 0.9%. Which meets the requirements of Zone II grading in the national standard
“Building Sand” (GB/T 14684-2001).

The coarse aggregate is 4.75–26.5 mm continuously graded limestone crushed ston.
Water reducing agent JG-2 is a high-efficiency water reducing agent, and the air

entraining agent is a triterpenoid saponin air entraining agent.
The Class I fly ash used in the fly ash test meets the requirements of Class I fly

ash. The physical properties and chemical composition of Class I fly ash are shown in
Tables 2 and 3. The physical performance indicators of silicon powder are shown in
Table 4.

2.2 Test Methods

According to the requirements of GB/T50080-2002 “Standard for Testing the Perfor-
mance of Ordinary ConcreteMixtures” for air content testing, a direct reading air content
tester is used for measurement.

This article considers the dual effects of plateau climate and deicing salt environment,
and designs an indoor accelerated test (salt freezing test) for the coupling effect of
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Table 2. Physical properties of fly ash

Density/(g*cm-3) 45um sieve
residue/%

Water
demand
ratio/%

Loss on
ignition/%

Moisture
content/%

Mass fraction
of sulfur
trioxide/%

≤12 ≤1.0 ≤5.0 ≤95 ≤3.0

2.8 10.8 0.1 2 94 0.3

Table 3. Chemical Composition of Fly Ash (Unit:%)

w(silica) w(alumina) w(iron
oxide)

w(calcium
oxide)

w(Sulfur
Trioxide)

w(Potassium
oxide)

w(Sodium
oxide)

w(magnesium
oxide)

52.54 33.62 7.05 3.56 0.68 0.5 0.31 0.36

Table 4. Physical Properties of Silicon Powder

45umsieve
residue/%

Specific surface
area/(m2/kg)

activity
index/%

loss on
ignition/%

moisture
content/%

silicon
dioxide
mass
fraction/%

1 18000 121 1.6 0.7 92

corrosive salt and freeze-thaw cycles. At present, there are significant differences in
the preparation of specimens, the contact method of salt solution, the selection of salt
solution concentration, the setting of freeze-thaw system, and the evaluation parameters
of salt freezing and erosion damage between domestic and foreign concrete salt freezing
test methods. By comparing and studying domestic and international standards, it is
summarized that there are several main ways of contact between specimens and salt
solutions: (1) specimens are completely immersed in salt solutions for salt freezing
cycles, such as the test specifications for harbor concrete; (2) The test piecewas immersed
in a salt solution for 4–6 mm on one side for salt freezing cycle testing. For example,
the CDF test method was proposed by the TC117-FDC Professional Committee of the
European International Federation of Materials Testing Laboratories (RILEM); (3) The
surface of the test piece is covered with a 4-6mm thick salt solution for salt freezing
cycle testing, such as the Swedish SS137244 (Boras) method and the American ASTM
C672 method.

Considering the objective and reasonable simulation of the destructive effect of deic-
ing salt on concrete structures, aswell as the simple, accurate, and easy operationmethod,
the salt freezing cycle test was carried out by immersing the specimen in a salt solution
for 4–6 mm on one side. The specific schematic diagram and equipment are shown in
Fig. 1. The solution is a 4% NaCl salt solution, and the computer control system can
control the limit temperature (+20 °C ~ −40 °C) and the rate of temperature rise and fall
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(cooling rate greater than 10 °C/h) inside the chamber. At the same time, corresponding
software is used to automatically collect the temperature of the test chamber and the
surface of the specimen. Each freeze-thaw cycle of the specimen is 6 h, and the frozen
specimen is 3.5 h. The melting time is 2.5 h, which means 4 cycles per day. The time
required for the specimen to decrease from 15 °C to −20 °C shall not exceed 2 h, and
the time required for −20 °C to rise to 15 °C shall not exceed 1.5 h. After freeze-thaw
of the specimen, ultrasonic cleaning is used.

Fig. 1. Schematic diagram and equipment of salt freezing test method

The formed surface of highway concrete structures determines the key factor in
their corrosion resistance. In order to better simulate and reflect the salt frost resistance
characteristics of the road surface, this article chooses the formed surface as the salt frost
test surface. At the same time, in order to reduce the boundary effect of the specimen
during the salt freezing process, the test area of the specimen was appropriately enlarged
during the testing process. The forming method and method of the test specimen are
shown in Fig. 2. Place the newly mixed concrete into a trial mold (with a wooden bottom
mold) made of PVC pipes with an inner diameter of 250 mm and a length of 75 mm,
vibrate and compact it on a concrete vibration table, and treat the formed surface of
the concrete with a wooden trowel. After 24 h, remove the wooden bottom mold and
place the PVC material test mold and concrete together in the standard curing room for
standard curing.

Fig. 2. Forming Method of Salt Frozen Specimens
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3 Research on the Mix Design of Salt Resistant Cement Concrete

Thewater cement ratio is themost important parameter in concretemix design. It directly
affects the porosity and pore structure inside the concrete, and is an important parameter
for measuring the compactness and permeability of concrete. It largely determines the
strength and long-term durability of concrete. Five different water cement ratios were
compared. Due to the fact that the main cause of concrete salt freezing and peeling is
cement slurry, the mix design was based on a fixed volume of cement slurry. Five levels
of water cement ratios, namely 0.36, 0.40, 0.44, 0.48, and 0.52, were used. After 28 days
of curing, the salt freezing cycle test was conducted in a salt freezing testing machine,
and the results are shown in Fig. 3.

Fig. 3. Effect of water cement ratio on the resistance of concrete to salt freezing and erosion

From Fig. 3, it can be seen that as the water cement ratio gradually increases, the
amount of concrete peeling gradually increases, and the salt frost resistance gradually
decreases. When the water cement ratio is greater than 0.4, the resistance of concrete
to salt freezing and erosion exceeds 1000 g/m2, which exceeds the recognized and
acceptable requirements for salt freezing damage. Therefore, in environments with salt
freezing damage, such as non aerated concrete, it is recommended to control the water
cement ratio of concrete below 0.4 in order to prevent salt freezing and erosion damage.

The slurry to aggregate ratiomainly affects the workability of concrete, which in turn
affects its durability, and to a certain extent also affects its strength, elastic modulus, and
dry shrinkage. Usually, in order to ensure the workability of concrete, a large amount of
cementitiousmaterial is required. But as the slurry to aggregate ratio increases, the elastic
modulus of concrete will decrease and the shrinkage of concrete will also increase. At
the same time, due to the fact that the salt freezing damage of concrete is mainly caused
by surface erosion, and the slurry content directly determines the amount (or degree)
of concrete erosion, the slurry to aggregate ratio of concrete also greatly affects the salt
freezing resistance of concrete. In order to ensure that concrete has good workability and
excellent resistance to salt freezing and erosion, a reasonable range of slurry to aggregate
ratio should be selected during mix design. The test results are shown in Fig. 4.

From Fig. 4, it can be seen that when the slurry to aggregate ratio fluctuates within
the range of 258.6:741.4–287.4–712.6, there is an optimal range for the concrete’s salt
frost resistance performance as the slurry to aggregate ratio changes. That is, when the
slurry to aggregate ratio is within the range of 265.8:734.2–280.2:719.8, the concrete’s
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Fig. 4. Effect of Slurry to Aggregate Ratio on the Resistance of Concrete to Salt Freezing and
Erosion

salt frost resistance performance is better.When the slurry to aggregate ratio exceeds this
range, the amount of concrete peeling under salt freezing conditions increases due to the
increase in slurry content in the concrete. When it falls below this range, it may be due
to the low content of slurry in the concrete, resulting in a decrease in the compactness
of the concrete and a slight increase in the amount of salt freezing and erosion of the
concrete. However, the fluctuation of the slurry to aggregate ratio leads to amuch smaller
amplitude of change in the salt freezing and erosion damage of concrete compared to
the fluctuation caused by changes in the water cement ratio. Therefore, it can be seen
from the law of the influence of changes in the slurry to aggregate ratio on salt freezing
and peeling damage that in order to improve the salt freezing and peeling resistance of
concrete, the optimal range of slurry to aggregate ratio for concrete should be selected
between 265:745 and 280:720.

4 Research on the Influence of Admixtures on the Salt Corrosion
Resistance of Concrete Surface

With the development of cement concrete technology, the addition of mineral admix-
tures in cement concrete is receiving increasing attention. The application of mineral
admixtures can improvemany properties of concrete and is also an important component
material of green concrete in the 21st century.

4.1 Fly Ash

With the increasingly widespread application of fly ash in concrete, especially in the
harsh climate and environment areas of northern China, the salt freezing durability of
fly ash concrete has received widespread attention as an important indicator of concrete.
The test results are shown in Fig. 5.

From Fig. 5, it can be seen that under the standard curing condition of fly ash
concrete for 28 days, the salt freezing resistance of the concrete gradually decreases
with the increase of fly ash content. The main reason may be that the activity of fly
ash was not fully utilized in the early stage. When the replacement amount of fly ash
is large, the strength of fly ash concrete is lower, the porosity is higher, and the salt
freezing resistance of fly ash concrete is slightly worse. But when the concrete is cured
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Fig. 5. Effect of fly ash content on the salt freezing resistance of concrete

to the age of 180 days, due to the sufficient secondary hydration of fly ash, the hardening
structure of fly ash concrete is more dense, and the salt freezing resistance of fly ash
concrete is significantly improved. Therefore, in the presence of salt freezing conditions,
it is advisable to avoid using fly ash as a mineral admixture. If fly ash is added to the
concrete, maintenance should be strengthened to ensure that the fly ash is fully hydrated.

4.2 Granulated Blast Furnace Slag Powder

Granulated blast furnace slag powder is a glassy substance formed by rapid cooling of
blast furnace molten material. Its main components are calcium oxide, silicon oxide,
and aluminum oxide, with a total content of about 95% or more. It has high activity and
can generate hydraulic cementitious substances in the presence of an activator. The test
results are shown in Fig. 6.

Fig. 6. Effect of Mineral Powder Content on the Salt Freezing Resistance of Concrete

From Fig. 6, it can be seen that the salt freezing resistance of mineral powder con-
crete is basically the same as that of fly ash. Under the 28 day standard curing test of
mineral powder concrete, the salt freezing resistance of concrete gradually decreases
with the increase of mineral powder content. When the concrete is cured to 180 days,
the salt freezing resistance of mineral powder concrete is basically the same as that of
the reference concrete.
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4.3 Silica Ash

Silica fume, also known as silica micro powder, also known as micro silica powder or
silica ultrafine powder, is generally referred to as silica fume. Silica ash is a ultrafine
siliceous powder material formed by the rapid oxidation and condensation of SiO2 and
Si gases generated during the smelting of ferrosilicon alloys and industrial silicon with
oxygen in the air. The experimental results are shown in Fig. 7.

Fig. 7. Effect of silica fume on the salt freezing resistance of concrete

From Fig. 7, it can be seen that as the amount of silica fume gradually increases, the
amount of concrete peeling gradually decreases and the salt frost resistance gradually
increases. Themain reason is that silica fume has a large specific surface area, high activ-
ity, and can quickly undergo secondary hydration reactions, improving the compactness
of concrete and improving its salt freezing resistance. Therefore, when the road surface
concrete requires salt freezing, if mineral admixtures are selected, silica fume should be
selected as the active mineral admixture. If fly ash or mineral powder is selected, it is
necessary to strengthen maintenance to avoid early damage to the concrete due to salt
freezing.

5 Research on the Effect of Air Entraining Agent on the Salt
Corrosion Resistance of Concrete Surface

Since the 1950s, foreign countries have generally required the addition of air entrain-
ing agents in the preparation of concrete in freeze-thaw environments, thus effectively
solving the general problem of frost damage to concrete. In cold regions and concrete
pavements that use deicing salts for deicing, air entrained concrete has been widely
used to improve the durability of concrete against freezing and thawing. Adding a large
number of uniform bubbles to concrete can cut off the pore channels inside the concrete,
greatly reducing capillary action and improving impermeability. When water is filled
into the capillary pores leading to the surface, the pores in the capillary pore pathway
locally expand the capillary pores, which can buffer the ice crystal pressure when water
freezes and significantly improve the frost resistance of concrete. The test results are
shown in Fig. 8.
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Fig. 8. Effect of Air Content in Concrete on Salt Freezing and Erosion Resistance

From Fig. 8, it can be seen that the introduction of bubbles in concrete can signifi-
cantly reduce the amount of salt freezing and erosion of concrete, and improve its salt
freezing resistance. And with the increase of air content in concrete, the salt frost resis-
tance of concrete further improves. However, when the air content in concrete reaches
3.8%, further increase in air content no longer significantly improves the salt frost ero-
sion resistance of concrete. Therefore, it is recommended to add an air entraining agent
and control the air content above 4% when preparing salt frost resistant concrete.

6 Conclusion

(1) When preparing salt frost resistant road surface machine made sand concrete, it
is necessary to strictly control the water cement ratio of the concrete, reasonably
control the air content of the concrete, and try to choose a lower slurry aggregate
ratio under the condition of meeting the workability of the concrete.

(2) When preparing salt frost resistant concrete, it is advisable to use silica fume as the
active mineral admixture of the concrete. If fly ash or mineral powder is used as the
mineral admixture, the curing period must be extended to prevent the concrete from
bearing salt frost erosion damage too early.

(3) When preparing salt frost resistant concrete, when the water cement ratio is below
0.4, the salt frost resistance and peeling performance are excellent; When the air
content in concrete is between 0 and 3.8%, the salt frost resistance increases with
the increase of air content. When the air content exceeds 3.8%, the continuous
increase in air content will no longer significantly improve the salt freezing and
peeling resistance of concrete.

Funding. Project: Research on corrosion resistance technology of highway concrete structure in
high altitude area.
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Abstract. In this paper, compressive strength tests are conducted on the cemented
soil with five coal metakaolin (CMK) contents to study the effects of CMK on
the cemented soil compressive strength and microstructure. It is found that CMK
can enhance the strength of cemented soil. Especially, when the CMK content
is 3%, its compressive strength is obviously higher than that of unmixed CMK
cemented soil. The effects ofCMKon the strength of cemented soil is analyzed and
discussed bymeans of X-ray diffraction (XRD) and scanning electronmicroscopy
image (SEM) analysis. The strength mechanism of cemented soil with CMK is
explained by the analysis of hydration products and microstructures of cemented
soil. The reason for the macroscopic mechanical property change of cemented soil
is proved by themicroscopicmechanism. In addition, the relationship of cemented
soil compressive strength and age is statistically analyzed. The statistical formula
is set up to predict the long-term compressive strength of cemented soil by age.
The predicted strength agrees well with the measured strength, indicating that the
statistical formula has good predictability.

Keywords: Coal Metakaolin · Cemented Soil · Phase Components ·
Microstructure · Strength Prediction

1 Introduction

Cemented soil is an artificial mixture of materials by mechanical mixing or jet punching
the foundation of the natural soft soil and cement slurry (or powder) stirred together,
mainly a mixture of cement and soil [1]. Due to low cost, wide range of materials, simple
construction technology, good performance and so on, cemented soil is widely used in
foundation treatment and road engineering [2]. In recent years, cement production has
caused a lot of energy problems and environmental problems. To reduce the demand for
cement consumption and further improve its mechanical properties, many scholars used
a certain amount of additives to replace the cement in the cemented soil [3]. Lang et al.
used cement and steel slag powder to treat mucky soil and found that steel slag powder
can effectively alleviate the strength loss caused by humic acid in mucky soil [4]. Furlan
et al. studied the effect of fly ash on the mechanical properties and microstructure of
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cemented soil, and found that fly ash can increase its compressive strength and improve
its pore structure [5]. Avci et al. studied the influence of sodium silicate on themechanical
properties and permeability of cemented sandy soil, and found that sodium silicate can
significantly improve its compressive strength and permeability [6]. Wang et al. studied
the effect of nano-SiO2 on the mechanical modification coastal of cemented soil in the
early age, and found that nano-SiO2 can improve its splitting tensile strength and elastic
modulus, but it would aggravate its brittleness [7].

Coal metakaolin (referred to as CMK) is the coal kaolin ( Al2O3 · 2SiO2 · 2H2O,
referred to asAS2H2) that calcined dehydration at a certain temperature (500 °C–900 °C)
to form anhydrous calcium aluminate (Al2O3 ·2SiO2, referred to asAS2) [8]. Coal kaolin,
also known as coal gangue, is a by-product of coal. This mineral is mainly distributed
in the north China region, which is a unique and precious resource in China [9]. CMK
is a highly active mineral admixture with high pozzolanic activity. It is mainly used
as a concrete admixture and can also be used to make high-performance geopolymer,
but it is rarely studied in cemented soil. Therefore, the research on cemented soil with
metakaolin has some positive social and economic value.

In this paper, the compressive strength of cemented soil with different CMK contents
and ages was performed by the indoor simulation experiment. Combined with the phase
composition and microstructure of the hydration product, the strength mechanism of
cemented soil was revealed by means of X-ray diffraction (XRD) and scanning electron
microscopy (SEM) image analysis. The relationship between the compressive strength
and the age of cemented soil was analyzed. The compressive strength prediction formula
of cemented soil by age was set up.

2 Materials and Testing Methods

2.1 Experimental Materials

The soil used in the experiment was sandy soil, sourced from a construction site in
Taiyuan, Shanxi Province, China. The soil was dried, crushed, and passed through by a
2mmsieve. The particle composition of the soil is shown inTable 1, according toChinese
standard GB50123-2019. The cement is P.O 42.5 ordinary Portland cement produced by
Taiyuan Lionhead Cement Co., Ltd.. The CMK was HP-90B coal metakaolin produced
by Shanxi Jinyang Co., Ltd.. It was white powders, the particles of less than 2 µm (6250
mesh) accounted for (90 ± 3)% of the total mass. The chemical composition of cement
and CMK is shown in Table 2.

Table 1. Particle composition of soil.

Particle Size/mm 2.00 –0.50 0.50–0.25 0.25–0.075 0.075–0.005 <0.005

Content/% 18.0 25.0 21.0 24.0 12.0
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Table 2. Chemical composition of cement and CMK.

Oxides SiO2 Al2O3 TiO2 Fe2O3 Na2O CaO K2O MgO SO3 other

Cement/% 18.81 5.86 / 3.34 0.31 66.35 0.41 1.04 2.53 1.35

CMK/% 52.62 45.42 0.85 0.45 0.25 0.166 0.13 0.11 / 0.004

2.2 Sample Preparation

The specific mix proportions of cemented soil were shown in Table 3. The cement and
CMKwere cementitiousmaterials. The amount of cementitiousmaterial addedwas 15%
of the dry soil mass. In the mix proportions, CMKwas used to replace part of the cement
to prepare cemented soils. The content of water required for mixing was 20% of the dry
soil mass according to Chinese standard JGJ 79-2012.

Table 3. Mix proportions.

Number Material mass content/%

Soil CMK Cement Water

M0C15 100 0 15 20

M2C13 100 2 13 20

M3C12 100 3 12 20

M4C11 100 4 11 20

M5C10 100 5 10 20

The dried soil, CMK and cement were weighed into the mortar mixer and stirred for
2 min. After the solid particles were fully and evenly stirred, the corresponding quality
tap water was added to stir for another 2 min to make the solid-liquid mixture well
mixed. The mixture was divided into a 70.7 mm × 70.7 mm × 70.7 mm steel mold. The
whole steel mold was put on vibration shaking for 1 min to ensure bubbles discharged.
Then the surface of the samples was flattened, and the steel mold was wrapped with
plastic wrap. After 24 h, the steel mold was dismantled. All cemented soil samples were
numbered and placed in a water tank for curing.

2.3 Sample Preparation

The compressive strength of cemented soil samples was tested by a microcomputer
controlled electronic universal testing machine (WDW-100) at the age of 3 days, 7 days,
14 days, 28 days, 60 days and 90 days. The maximum load of this testing machine
was 100 kN, the error of load and displacement was better than ± 1%, and the loading
rate was 0.1 kN/s. In the analysis of experimental data, the compressive strength was
calculated by six parallel samples according to Chinese standard JGJ/T 233–2011.
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After 28days of compressive strength testing, selected about 10g specimen fromeach
sample, placed them in an ethanol solution for dehydration, and ground them through a
0.075 mm sieve. The specimens were measured by an XRD-6000 X-ray diffractometer
produced by Shimadzu Co., Ltd.. The scanning angle was 4°, the ending angle was 60°
and the speed was 6°/min. The phases were analyzed by JADE6.5 software.

The samples were cut into 20 mm × 20 mm × 5 mm specimens, then polished
and cleaned. An SBC-12 ion sputtering instrument was used to plate gold film on the
surface of the specimens. Then the specimens were put into TM-3000 scanning electron
microscope produced by HITACHI Co., Ltd.. The acceleration voltage of the scanning
electron microscope is 15 kV, and the magnification is 2000 times.

3 Results and Discussion

3.1 Analysis of Compressive Strength Test Results

The relationship between the compressive strength of cemented soil and theCMKcontent
at all ages is shown in Fig. 1. In general, the compressive strength of cemented soil mixed
with CMK was significantly improved compared with that of unmixed cemented soil.
When the CMK content was less than 3%, the compressive strength of cemented soil
increased with the increase of the CMK content. When the CMK content was more
than 3%, the compressive strength of cemented soil decreased with the increase of the
CMK content. When the CMK content was 3%, the compressive strength reached the
maximum. This indicates that the use of CMK to replace a certain amount of cement
contributes to improving the compressive strength of cemented soil.

This may be because the cement content decreases with the increase of the CMK
content.When theCMKcontent is small, the cement can not only ensure the strength pro-
duced by its early hydration, but also can produce an appropriate amount of Ca(OH)2
to react with the active ingredients (Al2O3, SiO2) in the CMK [10]. This makes fur-
ther improving in the compressive strength of cemented soil. When the CMK content
increases to a certain level, the Ca(OH)2 produced by the early cement hydration has
completely reacted with the CMK. At this time, the CMK is not involved in the reac-
tion and production of hydration products to provide strength [11]. However, the role
of cement hydration to provide strength is weakened due to the reduction of the cement
content. Finally, the compressive strength of cemented soil begins to decrease.
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Fig. 1. Compressive strength of cemented soil at all ages.

3.2 Analysis of XRD Phase Results

Figure 2 shows theXRDphase analysis of cemented soil with five contents of CMKat the
age of 28 d. It can be seen from the Fig. That themain phase components of cemented soil
were quartz, calcium aluminate hydrate (CAH), calcium hydroxide (CH), calcium alu-
minosilicate hydrate (CASH), calcium silicate hydrate (CSH), ettringite (AFt), anorthite
(CAS) and other compounds. According to the hydration reaction equation of cement
and CMK, it can be basically determined that CAH, CH, CASH, CSH and Aft were the
main hydration products. Specifically, during the cement hydration process, tricalcium
silicate (C3S), dicalcium silicate (C2S), tricalcium aluminate (C3A), and tetracalcium
aluminoferrite (C4AF) reacted to formCSH,CH, tricalcium aluminate hydrate (C3AH6),
calcium ferric aluminate hydrate (CFH), etc. The main reaction formulas are as follows
[12]:

C3S + 2H → CSH + CH (1)

C2S + 2H → CSH + CH (2)

C3A + 6H → C3AH6 (3)

C4AF + 7H → C3AH6 + CFH (4)

3CS + C3A + 32H → C6AS3H32 (5)

When the CMK was added, it can accelerate the hydration effect and pozzolanic
effect of cement. It is mainly that the active substances (SiO2 and Al2O3) in the CMK
were activated by the alkaline environment where CH was generated by the cement
hydration. At this time, the interface between the cemented soil slurry and the aggregate
would accumulate a large amount of CH and become a weak link. CMK had a large
number of disconnected chemical bonds, which would rapidly undergo a secondary
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hydration reaction with CH to generate calcium silicate hydrate. It makes the content of
CH reduced and the orientation of CH changed. According to the content ratio of CMK
to CH in the hydration process of cement, the hydration products were mainly CSH,
tetracalcium aluminate hydrate (C4AH13), tricalcium aluminate hydrate (C3AH6) and
anorthite aluminate hydrate (C2ASH8). The specific reactions are as follows [13]:

AS2/CH = 0.5,AS2 + 6CH + 9H → C4AH13 + 2CSH (6)

AS2/CH = 0.6,AS2 + 5CH + 3H → C3AH6 + 2CSH (7)

AS2/CH = 1.0,AS2 + 3CH + 6H → C2ASH8 + CSH (8)

Fig. 2. XRD phase analysis of 28d cemented soil.

It can be seen from Fig. 4 that the diffraction peak intensities of CH and AFt are
relatively higher in M0C15, and the diffraction peaks of CAH, CASH and CSH are
relatively higher in M3C12. This is due to the high cement content in the cemented
soil without mixing CMK, and the hydration reaction is concentrated in the cement
reaction. When CMK is used to replace cement, the hydration reaction of CMK will
consume CH to generate more CAH, CASH and CSH [14]. However, it does not mean
that the more cement is replaced by coal measure metakaolin, the more CAH, CASH
and CSH are generated. In this study, when the mass ratio of CMK to cement was 1:4,
the hydration reaction was complete and the hydration products were the most in the
cemented soil. A reasonable amount of cement and CMK can help promote to generate
hydration products in the cemented soil. This is the reason why CMK can effectively
improve the compressive strength of cemented soil.

3.3 Analysis of XRD Phase Results

Figure 3 shows the microstructure of cemented soil with five contents of CMK at the age
of 28 d. As can be seen from the Fig., the main hydration products of cemented soil were
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a large number of flocculent CSH/CASH/CAH gels, acicular AFt and platy CH crystals.
In Fig. 3 (a), the amount of CSH/CASH/CAH in cemented soil was relatively small, the
gap between soil particles was large, the overall structure is loose. This is the reason
why the strength of cemented soil without CMK is relatively low. In Fig. 3(b)–(c), the
CSH/CASH/CAH gels were cross-connected with Aft crystals after CMK was added,
which filled the pores with each other and wrapped the soil particles more densely.
Especially, when the CMK content was 3%, the number of cemented soil pores was
significantly lower than that of cemented soil without CMK. In Fig. 3(d)–(e), when
the CMK content exceeded 3%, the CSH/CASH/CAH gels and Aft crystals began to
decrease obviously, and the pores between soil particles increased. This indicates that
the overall structural strength of cemented soil is reduced.

(a) M0C15 (b) M2C13 (c) M3C12

(e) M5C10(d) M4C11

Fig. 3. Microstructure of cemented soil magnified 2000 times at 28d.

According to the microstructure analysis, it can be explained that CMK has a filling
effect in the cemented soil, mainly in two aspects. On the one hand, the particle size of
CMK is about an order of magnitude smaller than that of cement (the CMK selected is
6250 mesh). The space between cement particles and soil particles is filled by the CMK
particles. On the other hand, the pores between cemented soil frameworks are filled by
the main hydration product of CMK and cement (CSH/CASH/CAH gels, AFt crystals)
[15]. The pore structure is optimized to reduce the internal porosity. The compactness
of the structure is increased to promote strength enhancement.

3.4 Prediction of Long-Term Compressive Strength

The relationship between the compressive strength of cemented soil and the age is shown
in Fig. 4. When other conditions were the same, the compressive strength increased with
age, but the rate of increase decreased with age.
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Fig. 4. Relationship between compressive strength and age.

The results show a general linear relationship between the compressive strength of
cemented soil and age under the same conditions [16]. For the different CMK contents,
the prediction formula of the cemented soil compressive strength and age is established
as follows:

qu,t = At · qu,t0 (9)

where qu, t0 is the known compressive strength of cemented soil at age t0, qu, t is the
prediction compressive strength of cemented soil at age t, At is the prediction coefficient.

Based on the data results, the compressive strength of different ages was regarded
as the known compressive strength qu, t0. The relationship between the compressive
strength of each age and the known compressive strength was analyzed. Figure 5 shows
the relationship between the compressive strength at different ages and the compressive
strength at 7d (t0 = 7d), 14d (t0 = 14d) respectively. The linear relationship between
the compressive strength of each age was linearly fitted and the linear slope of each age
was obtained. The corresponding slope was the prediction coefficient At, and the fitting
correlation coefficient was Rt . The prediction coefficients At and the fitting correlation
coefficient Rt is listed in Table 4.

It canbe seen fromTable 4 that the relationship betweenqu, t andqu, t0 wasdetermined
mainly by the prediction coefficientAt . Figure 6 shows that the variation of the prediction
coefficient At and the age t can be fitted by the power function.

At = atb (10)

where a, b is the fitting parameters, R is the corresponding fitting correlation coefficient.
For different ages t0, the fitting parameters are shown in Table 5, and b is a fixed value
(b = 0.395).

The relationship between the fitted parameter a and the age t0 is shown in Fig. 7,
and the obtained equation is:

a = t0.1350 (11)
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Table 4. Prediction coefficient At and fitting correlation coefficient Rt .

t/d t0 = 3 t0 = 7 t0 = 14 t0 = 28

A3 R3 A7 R7 A14 R14 A28 R28

3 1 1 0.907 0.979 0.814 0.947 0.745 0.896

7 1.101 0.972 1 1 0.899 0.988 0.823 0.951

14 1.224 0.913 1.112 0.986 1 1 0.916 0.983

28 1.334 0.784 1.213 0.923 1.091 0.979 1 1
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Fig. 6. Relationship between At and t.



Effects of Coal Metakaolin on Compressive Strength and Microstructure 143

Table 5. Fitting parameters a, b of different t0.

t0/d a B R2

3 0.641 0.135 0.997

7 0.701 0.135 0.997

14 0.781 0.135 0.997

28 0.862 0.135 0.997
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Fig. 7. Relationship between a and t0.

Equation 11 is put into Eq. 10:

At = t0.1350 · t−0.135 (12)

When the specific age t0 is known, the cemented soil compressive strength qu, t can
be estimated by the compressive strength qu, t0, the equation is as follows:

qu,t = t0.1350 · t−0.135 · qu,t0 (13)

In actual engineering, the compressive strength of cemented soil is generally selected
at the age of 28d to predict the compressive strength of 60d and 90d. In this paper, qu,28
was used as the known compressive strength, and qu,60, qu,90 were calculated by Eq. 14.
The predicted values of 60d and 90d were compared with the measured values, the
specific results are shown in Table 6. It is found that the predicted values fall within 6%
of the deviation of the measured values. This proved that the formula proposed to predict
the later compressive strength of cemented soil is reasonable in this paper.

qu,t = 1.568t−0.135 · qu,t0 (14)
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Table 6. Predicted value and measured value for cemented soil qu,60, qu,90.

CMK
content /%

Measured
value
qu,60/MPa

Predicted
value
qu,60/MPa

Deviation
/%

Measured
value qu,90
/MPa

Predicted
value qu,90
/MPa

Deviation
/%

0 6.29 5.95 −5.37 6.66 6.29 −5.60

2 9.57 9.18 −4.10 10.02 9.69 -3.26

3 10.36 10.13 −2.22 10.81 10.70 −1.01

4 10.01 9.79 −2.23 10.43 10.34 -0.89

5 9.64 9.25 −4.00 10.07 9.78 −2.92

Note: Deviation = Predicted value−Measured value
Predicted value × 100%

4 Conclusions

In this paper, the influence of the CMK content and age on the compressive strength of
cemented soil was investigated. The solidification mechanism of the cemented soil was
explored by microscopic testing technology. The main conclusions can be drawn.

(1) The compressive strength of cemented soil can be significantly improved by using
part of CMK instead of cement. When the total amount of cementitious materials
was 15% and the CMK content was 3%, the compressive strength of the cemented
soil reached the maximum.

(2) CMK played a role in accelerating the cement hydration effect, pozzolanic effect
and filling effect, which reacted with CH generated by cement hydration to generate
CAH,CASHandCSHgels. These hydrationproducts and cement hydrationproducts
enhanced the compactness of soil particles through bonding, filling, and compaction,
forming a dense whole, thereby improving the strength of cemented soil.

(3) The CMK and sandy soil used to study were in Shanxi Province, China. The two
raw materials had obvious regional characteristics. The engineering properties and
material compositions of raw materials in different regions were different. Based on
this, a statistical formula between compressive strength and age of cemented soil
(qu,t = t0.1350 · t−0.135 · qu,t0 ) was proposed in this paper.
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Abstract. Aiming at the cracking of railway tunnel lining concrete, the cracking
reasonswere analyzed, the non-load factor was determined as themain reason, and
the main factors which affecting the shrinkage cracking of lining concrete were
discussed in this paper. On this basis, the influences of binder content, unilateral
water content, sand ratio and limestone powder content on cracking sensitivity of
lining concretewere studied, by using dry-shrinkage, flexural strength and splitting
tensile strength as the evaluation indexes of cracking sensitivity of concrete. The
results show that the binder content has a significant effect on the dry-shrinkage
of lining concrete, and the 56d dry-shrinkage value of concrete increases by about
8% with the increase of 20kg binder. The flexural strength and spitting tensile
strength of lining concrete firstly increase and the decrease with the decrease of
unilateral water content, and the unilateral water content should be controlled at
about 140 kg/m3–145 kg/m3. The increase of sand ratio is unfavorable to the
cracking sensitivity of lining concrete. The flexural strength and spitting tensile
strength of lining concrete tend to decrease with the increase of limestone powder
content, and the limestone powder content should be controlled within 20%.

Keywords: Railway Tunnel · Lining Concrete · Cracking Sensitivity · Influence
Factors

1 Foreword

With the completion of the “eight vertical and eight horizontal” main network of China’s
railway, the railway network betweenmajor cities in central and eastern regions is becom-
ing more and more perfect. At present, in order to complement the short board of rail-
way network construction in China, the state is actively promoting the pace of railway
network construction in the western and southwest regions. The difficulties of railway
construction in western and southwest China include complicated geological conditions,
lack of high-quality raw materials, and great difficulty in construction. In Yunguichuan
area, more than half of the railway lines are tunnel structures, and the proportion of
tunnels on individual lines can reach more than 70%, which is significantly different
from the central and eastern regions where the railways are mainly bridge structures.
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The most important structure in railway tunnel is lining concrete structure, which has
the characteristics of dense reinforcement, narrow construction space, concrete is not
easy to vibrate and compact, vault part is easy to empty, lining concrete is not easy to
cure, so the construction of railway tunnel lining concrete has always been a difficult
point in railway engineering. Due to the “high complexity and strong concealment” of
tunnel structure, once the quality disease occurs in railway operation, the maintenance
and replacement difficulty is far greater than that of bridge structure and subgrade struc-
ture. Therefore, how to ensure the construction quality of lining concrete has become
the primary concern of engineering and technical personnel.

This paper analyzes the causes and influencing factors of railway tunnel lining con-
crete cracking, and focuses on the influence of mix ratio parameters on the cracking
sensitivity of lining concrete.

2 Causes and Influencing Factors of Railway Tunnel Lining
Concrete Cracking

2.1 Causes of Lining Concrete Cracking

Among thequality defects of railway tunnel lining concrete, cracking is themost common
quality defect that affects the safety and durability of the concrete structure, second
only to cavitation and uncompaction. In the statistical classification of railway tunnel
operation risks[1], the quality diseases of lining concrete cracks accounted for 20.0% of
the 5 types and 15 risks of the whole railway tunnel operation safety risks, second only
to the quality diseases of lining concrete caverns 28.8%.

Concrete is a kind of brittle material. It is easy to crack under load and non-load,
which seriously affects the durability of concrete structure. Data [2–4] show that crack-
ing of tunnel lining concrete mainly occurs during construction and within 1–2 years of
tunnel through. Many railway tunnel projects show that the tunnel lining concrete crack-
ing is mainly divided into three forms: circumferential cracking, longitudinal cracking
and oblique cracking, among which the circumferential cracking is the main. According
to the statistical results of Wang Jiahe [5], among the cracks of 696 tunnels at home
and abroad, the average proportion of circumferential cracks is 64.5%, and the highest
proportion is 71%. Research [6] shows that the circumferential cracking of tunnel lining
concrete is mainly caused by non-load action, that is, the cracking is caused by shrinkage
and deformation of lining concrete when it is not under load. The longitudinal cracks and
oblique cracks are mainly caused by loading action. Therefore, the cracking of tunnel
lining concrete is mainly caused by non-load factors, that is, it is closely related to the
shrinkage and deformation of concrete. For lining concrete, there are four main reasons
for its greater shrinkage. First, temperature stress shrinkage is greater. The general thick-
ness of lining concrete is about 0.5m, and the thickness of special sections can reach 1m,
which is similar to mass concrete. The temperature inside the tunnel is relatively stable
before the tunnel passes through, and its internal hydration temperature rises higher. In
addition, it is difficult to carry out warming and moisturizing maintenance after the mold
removal of the lining concrete, so it is easy to crack due to temperature stress shrinkage.
Second, the lining concrete itself shrinks and deforms greatly. Because it is required
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to smoothly pour in a close space with dense reinforcement, the amount of cementing
material in the lining concrete is high, and the slump is large, especially in the vault part,
to ensure that the pouring is dense and not empty, the concrete slump is larger, usually
more than 220mm, so the plastic shrinkage, autogenous shrinkage and dry shrinkage
of the concrete are relatively large. Once the concrete is not cured well, it is easy to
crack due to greater shrinkage. Third, the waterproof board on the back of the lining
and the initial spray concrete will constrain the shrinkage deformation of the lining con-
crete, resulting in tensile stress on the concrete surface, thus causing cracking. Fourth,
the concrete construction and maintenance is poor. Holes or non-compaction caused
by the inadequacy of vibration, and segregation or bleeding caused by overvibration,
will increase the risk of concrete cracking. The lack of timely maintenance after mold
removal of lining concrete also aggravates the water loss of concrete surface, resulting
in shrinkage cracking.

2.2 Influencing Factors on Shrinkage Cracking of Lining Concrete

Amount of CementingMaterial. The amount of cementing material is the main factor
affecting the shrinkage anddeformationof concrete. Thegreater the amount of cementing
material, especially the higher the amount of cement in the cementing material, the
greater the self-shrinkage of the hydration product and the easier the concrete cracking.
In addition, the amount of cementing material determines the amount of aggregate,
which is an important factor affecting the shrinkage and deformation of concrete [7,
8]. The ratio of shrinkage Sc of concrete to shrinkage Sp of cement paste depends on
the aggregate content α, that is, Sc = Sp(1-α)n, where n is the empirical coefficient.
The higher the aggregate content, the smaller the shrinkage deformation of concrete
[8]. When the water-binder ratio is fixed, the amount of cementing material reflects the
proportion of cement slurry and aggregate, that is, the slurry aggregate ratio[8]. The
higher the amount of cementing material, the larger the slurry aggregate ratio, and the
larger the shrinkage deformation of concrete. In order to ensure the strength and working
performance of tunnel lining concrete, a higher amount of cementite material is usually
used.

Water Consumption Per CubicMeter of Concrete. The drying shrinkage of concrete
is mainly caused by the continuous evaporation of excess water in concrete. Generally,
the amount of water required for cement hydration is only about 25%of the cementmass,
that is, the water-cement ratio is 0.25, but the water-cement ratio of concrete applied in
actual engineering is much larger than this. It is beneficial to reduce the drying shrinkage
of concrete by using concrete with less water consumption.

Aggregate Varieties. Aggregate varieties also have a great influence on the dry shrink-
age of concrete[9]. General low shrinkage aggregates are quartzite, limestone, granite
and basalt. In addition, the drying shrinkage of concrete is reduced when the aggre-
gate size is large, and the drying shrinkage of concrete is increased when the aggregate
moisture content is high.

Mineral Admixtures. Railway tunnel lining concrete is mainly mixed with fly ash.
An Mingzhe [10] showed that the mixture of fly ash reduced the self-shrinkage of
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concrete, especially in the early stage.However, the reduction effect of fly ash on concrete
shrinkage is mainly reflected in the later stage of concrete hardening. In the early stage
of hydration, due to the slow hydration rate of fly ash, more free water can be evaporated
in concrete, so it is easier lose water because of dry, which aggravates the early shrinkage
of concrete. Therefore, it is very necessary for the early moisture curing of the lining
concrete mixed with fly ash. The addition of slag powder will increase the shrinkage
deformation of concrete, which is unfavorable to the crack prevention of the lining
concrete.

Moisture Curing. Early moisture curing is the most effective measure to reduce the
shrinkage of concrete, but because of the structural characteristics of lining concrete, it is
difficult to achieve effective moisture curing in actual construction, which is unfavorable
to the crack prevention of lining concrete.

3 Experiment

3.1 Raw Material and Experiment Mix Ratio

In this paper, Beijing Jinyu P·O42.5 grade ordinary Portland cement was used, with
specific surface area of 347 m2/kg and 3d and 28d compressive strength of 23.0 MPa
and 47.0 MPa, respectively. Fly ash was produced by Shenyang Guodian Kangping
New Materials Co., LTD.,which is Class F grade I fly ash, with fineness of 11%, firing
loss of 1.42%, water requirement ratio of 94%. Limestone powder was used with MB
value of 0.9 and mobility ratio of 105%. The water reducing agent was produced by
Jiangsu Subote New Materials Co., LTD., which is PCA-I retarding water reducing
agent. The fine aggregate is made of machine-made sand with fineness modulus of 2.8,
stone powder content of 6% and apparent density of 2650 kg/m3. The coarse aggregate
is 5 mm–31.5 mm continuously graded three-graded gravel, with an apparent density of
2700 kg/m3 and a mud content of 0.5%.

The test adopts the mix ratio of lining concrete with strength grade C40 commonly
used in railway tunnel engineering, the gas content is between 4.0% and 5.0%, and the
slump is 200 mm. The base mix ratio is shown in Table 1.

Table 1. Mix proportion(kg/m3)

Cement Fly ash Fine aggregate Coarse aggregate Water Water reducing agent

336 84 716 1074 155 4.2

3.2 Experiment Method

Drying shrinkage can directly reflect the shrinkage of concrete, flexural strength and
splitting tensile strength can also effectively characterize the cracking sensitivity of
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concrete. Dry shrinkage, flexural strength and splitting tensile strength were used to
evaluate the influence of key parameters on the cracking sensitivity of lining concrete.
The flexural strength and splitting tensile strength of concrete were tested according to
the “Standard for test methods of concrete physical and mechanical properties” (GB/T
50081-2019), and the drying shrinkage of concrete was tested according to the “Standard
for test methods of long-term performance and durability of ordinary concrete” (GB/T
50082-2009).

4 Influence of Key Parameters on Cracking Sensitivity of Lining
Concrete

4.1 Content of Cementitious Materials

Based on the basemix proportion in Table 1, the influence of different cementitiousmate-
rials (total content of cement and fly ash) on the dry-shrinkage of lining concrete were
studied when they were 360 kg/m3, 380 kg/m3, 400 kg/m3 and420 kg/m3, respectively,
while the water-binder ratio and other parameters remained unchanged. The results were
shown in Fig. 1.

Fig. 1. Influence of content of cementitious materials on dry-shrinkage of concrete

The results of Fig. 1 show that the content of cementitious materials has a signifi-
cant effect on the dry-shrinkage of lining concrete, and the shrinkage value of concrete
increases by about 8%with the increase of 20 kg/m3 cementitious materials. The content
of cementitious materials increases, and the content of aggregate decreases accordingly
when the water-binder ratio is fixed, therefore, the change in the content of cementi-
tious materials actually reflects the change of bone pulp ratio. The greater the content of
cementitious materials, the smaller the bone pulp ratio, and the greater the dry-shrinkage
value of concrete.
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4.2 Unilateral Water Consumption

Based on the base mix ratio in Table 1, the influence of water consumption of 155 kg/m3,
150 kg/m3, 145 kg/m3, 140 kg/m3 and 135 kg/m3 on flexural strength and splitting tensile
strength of concrete were studied while keeping other parameters constant. The results
were shown in Figs. 2 and 3.

Fig. 2. Influence of water consumption on flexural strength of concrete

Fig. 3. Influence of water consumption on splitting tensile strength of concrete

From Figs. 2 and 3, it can be seen that with the decrease of unilateral water consump-
tion, both the flexural strength and splitting tensile strength of concrete tend to increase
significantly, especially before 28d. The splitting tensile strength is more sensitive to the
change of unilateralwater consumption, when the unilateral water consumption is lower
than 145 kg, the increase rate of the splitting tensile strength decreases significantly and
shows a decreasing trend at 56d. When the unilateral water consumption is lower than
140kg, the increase rate of the flexural strength also decreases significantly. The flexural
strength test is a test method to measure the tensile stress of the reaction material under
the action of transverse load, which is usually tested by three-point bending method. The
splitting tensile strength is another commonly used test method to characterize the ten-
sile strength of concrete materials, which is usually tested by the two-point concentrated



Cause Analysis and Research of Influence Factors of Cracks 153

load method. Both methods are used to replace the direct tensile strength test which is
difficult to operate to test the tensile strength of the material. The tensile strength is a
key index to determine their cracking properties for concrete material [11]. Therefore,
flexural strength and splitting tensile strength are often used to characterize the crack-
ing sensitivity of concrete material. The results show that the cracking sensitivity of
lining concrete firstly increase and the decrease with the decrease of unilateral water
consumption, and there is an optimal unilateral water consumption. At the same time,
the unilateral water consumption should not be too low in order to ensure the working
performance and hydration characteristics of concrete, it should be controlled at about
140 kg/m3–145 kg/m3.

4.3 Sand Ratio

Generally speaking, the best sand ratio of the concrete mix in good condition ranges
from 36% to 45%. Based on the base mix ratio in Table 1, the influence of different sand
ratio (36%, 39% and 42%) on the flexural strength, splitting tensile strength and dry-
shrinkage of concrete under the same amount of cementitious materials were studied.
The results were shown in Figs. 4, 5 and 6 respectively.

Fig. 4. Influence of sand ratio on flexural strength of concrete

From Figs. 4 and 5, it can be seen that the flexural strength and splitting tensile
strength of the lining concrete before 28d showed a decreasing trend in general and
basically the same after 56d with the increase of sand ratio. The results show that the
increase of sand ratio is unfavorable to the early cracking sensitivity of lining concrete,
because the limiting ability of microcrack propagation in concrete is reduced with the
reduction of coarse aggregate content.

From Fig. 6, it can be seen that the dry-shrinkage of lining concrete presents a linear
growth trendwith the increase of sand ratio, and the 56d dry-shrinkage value increases by
10%with the increase from36% to 39% sand ratio. The 56d dry-shrinkage value increase
by 6% compared with the sand rate of 39% When sand ratio continues to increase to
42%. The increase of sand ratio means the decrease of coarse aggregate content and
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Fig. 5. Influence of sand ratio on splitting tensile strength of concrete

Fig. 6. Influence of sand ratio on dry-shrinkage of concrete

the increase of pulp to bone ratio, which is equivalent to the increase of the amount of
cementitious materials. Although river sand dose not participate in hydration reaction,
it will also increase the dry-shrinkage of concrete.

4.4 Limestone Powder Content

Machine-made sand is used to produce concrete on nearly half of railway lines with
the increasing shortage of natural river sand and high-quality fly ash resources in the
country, and as a by-product of machine-made sand production, limestone powder is
used to prepare concrete has become an inevitable trend as a new mineral admixture.
Based on the base mix ratio in Table 1, when limestone powder is used to replace fly ash,
the influence of limestone powder content of 10%, 20% and 30% respectively (including
6% limestone powder in machine-made sand) on flexural strength and splitting tensile
strength of concrete were studied under the total amount of cementing material remains
unchanged at 420kg/m3. The results were shown in Fig. 7 and Fig. 8.

From Figs. 7 and 8, it can be seen that the flexural strength and splitting tensile
strength of different aged lining concrete decreases significantly with the increase of
limestone powder content, and the splitting tensile strength being more evident. In addi-
tion, the flexural strength and splitting tensile strength of concrete has little difference
when the stone powder content is 10% and 20%, but the reduction is significant when
the stone powder content reaches 30%.As an inert material, limestone powder does not
participate in cement hydration, but mainly accelerates cement hydration by forming
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Fig. 7. Influence of limestone powder content
on flexural strength of concrete

Fig. 8. Influence of limestone powder content
on splitting tensile strength of concrete

crystalline nucleation points and plays a filling role in concrete. Due to the extremely
weak hydration, limestone powder will reduce the hydration rate of cement, reduce the
generation of hydration gel products, and reduce the flexural strength and splitting tensile
strength of concrete after exceeding a certain dosage. At the same time, due to the delay
of cement hydration rate, the amount of free water that can be evaporated in concrete
will be more, and the dry shrinkage of concrete will be increased to a certain extent.

5 Conclusion

(1) Among themix ratio parameters that affect the cracking sensitivity of lining concrete,
the amount of cementitiousmaterials and unilateral water consumption have obvious
effects on the shrinkage cracking of concrete. The content of cementitious materials
should be as low as possible, and the water content should be controlled at about
140 kg/m3 –145 kg/m3.The increase of sand ratio is unfavorable to the shrinkage of
lining concrete, so it is advisable to choose as low sand ratio as possible to prepare
lining concrete.

(2) As a newmineral admixture, the excessive addition of limestone powderwill increase
the crack sensitivity of the lining concrete, and the limestone powder content should
be controlled within 20%.
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Abstract. In this study, the three-dimensional finite element numerical analysis
was carried out on the anti-sliding characteristics of cement mixing piles around
the foundation of the north collapse tower, and the influence of the length and
number of rows of anti-slide piles around the pile foundation on the deformation
of the pile foundation was systematically studied. When the anti-slide pile length
increases from 0 m to 20 m, the pile foundation deformation decreases with the
increase of the anti-slide pile length, but the decrease rate is less than 5%. When
the length of the anti-slide piles is 10 m and 20 m, after the anti-slide piles on both
sides of the large-span foundation increase from 3 rows to 5 rows, the horizontal
and vertical deformation of the pile foundation decreases, but the deformation
of the pile foundation decreases. Less than 2%. By installing tie beams, the four
pile groups of the large-span foundation form an integral structure. The overall
horizontal resistance is already strong, but the horizontal resistance provided by
cement mixing piles is limited.

Keywords: Anti-Sliding Characteristic · Pile Foundation Deformation ·
Large-Span Foundation · Horizontal Resistance · Numerical Analysis

1 Introduction

Under the action of wind load, large span transmission project of crossing tower
inevitably produce additional stress and deformation. If the additional stress or defor-
mation of pile foundation is too large, it will affect the normal use of large span project.
Therefore, domestic scholars put forward new construction technology and construction
methods to enhance the long-term service safety of large span projects.

Construction techniques such as high-strengthprestressedpipepile andpost-grouting
of foundation can not only reduce the construction period, but also improve the ability
of resisting external deformation of large-span foundation [1–3]. In order to determine
the bearing capacity of large-span pile foundation, Zhang Tianguang et al. [4, 5] found
that the self-balancing test method of pile foundation can quickly and accurately deter-
mine the bearing capacity of large-span pile foundation, which provides guidance for
engineering design optimization.
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In order to optimize the design of pile foundation for large-span projects, many
scholars used three-dimensional numerical simulation to analyze the stress deformation
law of pile foundation [6–9]. Based on the quadratic programmingmethod, FangXiaowu
et al. [6] optimized the layout of large-span pile foundations. Through three-dimensional
numerical analysis, the development depth and width of soil cracks on the side of the
pile were obtained [7].

For the large span pile foundation project, the current research focuses on the con-
struction method and bearing capacity characteristics of the foundation pile foundation.
In order to limit the deformation of large span pile foundation, anti-slide pile is often
constructed on the side of pile foundation, but the reinforcement effect of anti-slide pile
is not clear. Through the systematic three-dimensional finite element numerical analysis,
the reinforcement effect of anti-slide pile is studied, which provides guidance for the
optimal design of large span pile foundation.

2 Three-Dimensional Finite Element Simulation

2.1 Engineering Situation

The Yangtze River Crossing Project of Fengcheng ~Meili 500 kV line in Jiangsu adopts
the “with-direct-direct-with-resistance” crossing mode. The length of the tensioning
section is 4.055 km and the spacing distribution is 755m-2550m-750m. The total height
of the span tower is 385 m. The concrete filled steel tube tower is made of Q420C, and
the interior is filled with C50 self-compacting concrete. The foundation adopts the cast-
in-place pile scheme of the cap. The four foundations are independent and the concrete
connecting beams are used between the caps. The upper layer of the foundation soil is
about 10 m thick of muddy silty clay, while the lower layer is composed of fine sand,
silty clay, and medium sand, without any bedrock. Three rows of anti-slide piles are
arranged in front of and behind each pile foundation. In the initial design scheme, the
length of anti-slide piles of the north span tower is 10.0 m and the number of piles is
360.

2.2 Calculated Operating Condition

Based on the previous study, the lateral deformation of pile foundation can be signif-
icantly reduced by installing straining beams. In this numerical calculation, the height
of the straining beam is 2.0 m, and the number of straining beam supporting piles is 2.
When the front and back of the anti-slide pile are 3 rows, the pile length is 0.0 m, 10.0 m,
15 m and 20 m, respectively. When the length of anti-slide pile is 10 m and 20 m, the
number of anti-slide pile rows is 5, as shown in Table 1.
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Table 1. Working condition of finite element calculation

Working condition Number of anti-slide pile rows Length of anti-slide pile
(m)

Numerical value 0 0

3、5 10

3 15

3、5 20

2.3 Wind Load Condition

The loads on the foundation under four kinds of strongwinds are shown in Table 2. There
are 6 sets of three-dimensional finite element numerical calculation grid in the evaluation
and analysis of anti-slide pile effect. A total of 24 three-dimensional finite element
numerical calculations are carried out considering the deformation of pile foundation
under 4 kinds of wind conditions.

2.4 Finite Element Mesh and Boundary Condition

The software ABAQUS is used to analyze the deformation and stress of oversized large-
span engineering pile foundation. Three-dimensional finite element grid partition USES
the actual distributionof soil layer, corresponding to the stratigraphic boundary according
to the actual survey line access, will be merged into thin soil property close ten layers.

The finite element mesh is divided into 519457 elements and 509692 nodes. Normal
displacement constraints are applied to the sides of the formation, and three-direction
displacement constraints are applied to the bottom. The coordinate system Z axis used
in the finite element calculation model is vertical and upward is positive.

Table 2. Numerical calculation of wind load condition

Working condition node FX FY FZ

90° wind 3000 −10143 −7379 77413

3001 −4376 1520 −17314

3002 −9920 7270 75630

3003 −4367 −1615 −17789

60°wind 3000 −12672 −11471 103914

3001 −2834 −1341 −2028

(continued)
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Table 2. (continued)

Working condition node FX FY FZ

3002 −6277 2239 39090

3003 −4642 −3466 −23034

45°wind 3000 −12717 −12662 109579

3001 −818 −3576 14074

3002 −3837 −502 16866

3003 −4218 −4217 −22577

0°wind 3000 −6857 −9514 71521

3001 6856 −9514 71516

3002 1076 −3815 −12547

3003 −1077 −3815 −12548

Note: Fx and Fy are horizontal forces; Fz is the vertical force, and the pressure is positive and the
pull is negative

2.5 Constitutive Model and Soil Layer Parameters

The Mohr-Coulomb model is used to simulate the mechanical properties of the founda-
tion soil layer and the linear elastic model is used to simulate the pile foundation and
cap. The formation material parameters are set based on the geological exploration data
of the north span tower foundation. The soil layer names and soil layer parameters are
shown in Table 3.

Table 3. Name and parameter of foundation soil layer

Soil layer Weight
density γ

(kN/m3)

Thickness m Modulus of
compression
Es (Mpa)

Cohesion
c’(kPa)

Friction Angle
ϕ’(°)

➀Silty clay 17.8 2 3.5 8 24

➁Mucky silty
clay

17.4 12 3.0 5 27

➂Silty clay
mixed with
silt

18.0 5 4.0 7 28

(continued)
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Table 3. (continued)

Soil layer Weight
density γ

(kN/m3)

Thickness m Modulus of
compression
Es (Mpa)

Cohesion
c’(kPa)

Friction Angle
ϕ’(°)

➃Silty sand
mixed with
silt

17.8 4 5.5 4 32

➄Silt 18.6 8 11.5 4 33.5

➅Silty clay 18.6 5 6.1 9 26

➆Silty clay 18.4 4 4.5 9 25

➇Silty clay
mixed with
silt

19.2 4 7.3 10 26

➈Silty fine
sand

19.8 12 13.5 4 36

➉Medium
sand

20.0 24 15.5 3 36

3 Influence of the Length of Anti-Slide Pile

3.1 Effect of Anti-Slide Pile Length on Three-Dimensional Deformation
of Foundation

This section focuses on the analysis of the effect of the length of anti-slide pile and wind
direction on the three-dimensional deformation of foundation. Four wind conditions
of 0°, 45°, 60° and 90° are considered in the numerical calculation. Limited to space,
only the three-dimensional deformation cloud image of the foundation under the wind
condition of 90° is given.

Figure 1 shows the cloud image of foundation deformation caused by 90° wind load.
With the increase of the length of cement mixing pile, the deformation of foundation
decreases, but the decreasing range is limited. Under four kinds of wind loads, the
deformation of foundation decreases, but the reduction range is not more than 3%.

By setting up straining beams, the four pile foundations of the large span form an
integral structure, with strong overall horizontal resistance. The length of the cement
mixing pile is limited, which does not form a whole with the pile foundation, and the
mechanical properties of the soil within the range of the cement mixing pile are poor.
Therefore, the horizontal resistance provided by cement mixing piles is limited.
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Fig. 1. Three-dimensional deformation cloud image of foundation under 90° wind load

3.2 Effect of Anti-Slide Pile Length on Three-Dimensional Deformation of Pile
Foundation

Figure 2 shows the cloud map of pile foundation deformation caused by 90° wind
load. When the length of anti-slide pile is 0 m, 10 m, 15 m and 20 m, the maximum
displacement of pile foundation along the two horizontal directions (U1, U2) and vertical
directions (U3) are (46.0, 45.3, 45.2, 45.1 mm), (4.84, 4.67, 4.65, 4.63 mm) and (61.1,
60.9, 60.8, 60.7 mm), respectively.
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Fig. 2. Three-dimensional deformation cloud image of pile foundation under 90° wind load

3.3 Effect of Anti-Slide Pile Length onMaximumDeformation of Pile Foundation

Table 4 summarizes the maximum displacement of pile foundation in three directions
caused by 90° wind load under each working condition. With the increase of the length
of cement mixing pile, the deformation of pile foundation is reduced, but the reduction
range is limited and the reduction range is less than 2%. Cement mixing piles provide
limited horizontal resistance. Under 60°, 45° and 0° wind loads, the deformation of pile
foundation decreases with the increase of anti-slide pile length. The results show that
the horizontal and vertical deformation of pile foundation can be reduced to a certain
extent, but the reduction is less than 5%.
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Table 4. Maximum deformation of pile foundation under each working condition

Working
condition (90°)

No anti-slide pile 10.0 m Anti-slide
pile

15.0 m Anti-slide
pile length

20.0 m Anti-slide
pile

U1(mm) 3.53 3.53 3.53 3.52

−46.0 −45.3 -45.2 −45.1

U2(mm) 4.84 4.67 4.65 4.63

−4.12 −3.96 −3.94 −3.93

U3(mm) 61.1 60.9 60.8 60.7

−18.5 −18.4 −18.3 −18.3

4 Influence of Anti-Slide Pile Row Number

4.1 Effect of Different Anti-Slide Pile Rows on Three-Dimensional Deformation
of Foundation

Table 5 summarizes the extreme values of foundation deformation under different rows
of stirred piles under 90° wind load. When the length of cement mixing pile is 10 m and
20m respectively, the increase of mixing pile from 3 rows to 5 rows has little effect on
foundation deformation. When the cement mixing piles are 10m and 20m respectively
and the mixing piles increase from 3 rows to 5 rows under the wind load of 60°, 45° and
0°, the deformation reduction of pile foundation is very small, not more than 2%.

Table 5. Maximum foundation deformation under different working conditions

Working
condition (90°)

10 m anti-slide
pile (3 rows)

10 m anti-slide
pile (5 rows)

20 m anti-slide
pile (3 rows)

20 m anti-slide
pile (5 rows)

U1 (mm) 5.66 5.66 5.65 5.65

−45.4 −45.1 −45.2 −44.7

U2 (mm) 10.3 10.3 10.3 10.2

−10.1 −10.2 −10.1 −10.0

U3 (mm) 60.9 60.8 60.7 60.6

−18.4 −18.3 −18.3 −18.2

4.2 Effect of Different Anti-Slide Pile Rows on Three-Dimensional Deformation
of Pile Foundation

Table 6 summarizes the extreme deformation values of pile foundation under different
rows of stirred piles under 90° wind load. When the length of cement mixing pile is
10 m and 20m respectively and the mixing pile is increased from 3 rows to 5 rows, the
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deformation reduction of pile foundation is not more than 3%. When the cement mixing
piles are 10m and 20m respectively and the mixing piles increase from 3 rows to 5 rows
under the wind load of 60°, 45° and 0°, the deformation reduction of pile foundation is
very small, not more than 3%.

Table 6. Maximum deformation of pile foundation under each working condition

Working
condition (90°)

10 m anti-slide
pile (3 rows)

10 m anti-slide
pile (5 rows)

20 m anti-slide
pile (3 rows)

20 m anti-slide
pile (5 rows)

U1 (mm) 3.53 3.53 3.52 3.52

−45.3 −45.0 −45.1 −44.7

U2 (mm) 4.67 4.60 4.63 4.55

−3.96 −3.90 −3.93 −3.85

U3 (mm) 60.9 60.8 60.7 60.6

−18.4 −18.3 −18.3 −18.2

5 Conclusion

The influence of anti-slide pile length and number of rows around pile foundation on
the deformation of foundation and pile foundation is systematically studied with three-
dimensional finite element numerical analysis aiming at the anti-slip characteristics of
cement mixing piles around the north span tower foundation. Based on the numerical
results, the main conclusions are as follows:

(1) Under four kinds of wind loads, the deformation of pile foundation decreases with
the increase of anti-slide pile length. It is shown that the installation of anti-slide pile
can reduce the horizontal and vertical deformation of pile foundation to a certain
extent, but the reduction is less than 5%.

(2) When the length of anti-slide piles is 10 m and 20 m and the rows of anti-slide piles
on both sides of the large-span foundation are increased from 3 rows to 5 rows, the
horizontal and vertical deformation of pile foundation caused by wind load in four
directions is reduced somewhat, but the deformation reduction of pile foundation is
less than 3%.

(3) By setting the straining beam, the four pile groups of the large span foundation
form an integral structure, and its overall horizontal resistance has been strong. The
length of cement mixing pile is limited. It does not form awhole with pile foundation
and the mechanical properties of soil in the range of cement mixing pile are poor.
Therefore, cement mixing pile provides limited horizontal resistance.
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Abstract. Surrounding rock geological information is the basic index for tunnel
disaster prediction and forecasting, so dynamic updating and prediction of sur-
rounding rock geological information in an efficient and intelligent manner can
provide an important support for disaster prediction and forecasting. In this paper,
a surrounding rock geological information updating and prediction model based
on RNN (RNN) is constructed to carry out research on the prediction of the four
geological parameter indexes of rock mass integrity, rock hardness, rock weather-
ing degree, and water abundance of tunnel surrounding rocks. The various index
data of excavated tunnel sections are collected, the original data is normalized, a
time series predictionmodel for tunnel surrounding rock geological information is
established based on the training set samples, and finally the updated prediction of
surrounding rock information is achieved. Preliminary application shows that the
updating prediction accuracy of surrounding rock geological information of three
indexes including rock mass integrity is up to 87.5%, and the prediction accuracy
of rock weathering degree reaches 75%. This is an approach with relatively high
engineering practical value.

Keywords: Tunnel Engineering · Surrounding Rock Geological Information ·
Recurrent Neural Network (Rnn) · Time Series

1 Introduction

The rapid development of underground tunnel engineering has brought about an increas-
ingly complex environment of tunnel surrounding rocks and frequent geological disasters
such as rock bursts, water inrush, and mud inrush. How to safely and efficiently carry
out tunnel construction operations under complex geological conditions has become
a major challenge, and higher requirements have been put forward for tunnel disaster
prediction and forecasting. Traditional geological analysis and geophysical exploration
methods are helpful to grasp the rock structure and its changing law, but due to the
relative independence of different methods, barriers in data extraction, strong subjective
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judgment and poor timeliness, they cannot meet the needs of modern tunnel construction
and disaster prediction. In the updating prediction of the surrounding rock geological
information of tunnels, the geological parameters of unexcavated tunnels are usually
predicted based on the geological information of existing excavated tunnels through the
time series relationship of the tunnel geological information. However, as the tunnel
develops towards longer, larger, and deeper directions, the geological information pre-
dicted based on subjective experience has low accuracy and cannot provide guidance
for practical engineering. Therefore, it is particularly important to conduct research
on the updating prediction of surrounding rock geological information during tunnel
construction to improve the accuracy and efficiency of prediction results.

Today, there are a variety of methods for predicting surrounding rock geological
information, but most of them are based on advanced geological information prediction
using geophysical means. Mathematical model methods based on computer technology
have also been applied and developed rapidly. Wang et al. and Li et al. have established
artificial neural network theories for identifying the surrounding rock classification of
tunnels [1, 2]. Yao et al. proposed to predict the change of tunnel surrounding rocks by
artificial BPneural network based onmachine learning. They also compared the accuracy
between artificial neural networks and support vector machines to predict tunnel sur-
rounding rocks [3, 4]. After studying a variety of advanced prediction technologies and
typical cases of unfavourable geology, Jiang et al. proposed to determine the prediction
parameters for predicting the geological conditions in front of a tunnel face, and make
intelligent prediction of the indexes [5]. More and more scholars have applied various
machine learning algorithms to tunnel information prediction, and Liu et al., Zhang et al.
and Tian et al. even applied them to rock burst prediction. They used neural network
models to predict the risk and intensity of rock bursts, which has further improved the
importance of information prediction [6–8]. Many scholars such as Li et al., Xu et al.,
Xue et al. and Guan et al. have proposed the use of advanced algorithms for advanced
geological prediction, and some of them have achieved high accuracy, with an accuracy
of up to 95% [9–12]. This indicates that artificial intelligence will gradually replace tra-
ditional empirical methods in tunnel engineering in the future [13, 14].Machine learning
has been used by some scholars to predict tunnel surrounding rock geological informa-
tion, but due to low prediction efficiency and accuracy, it cannot provide more detailed
and accurate geological information of surrounding rocks for tunnel disaster prediction
and forecasting.

In this paper, a surrounding rock geological information updating and prediction
model based on RNN is constructed to carry out research on the prediction of the four
geological parameter indexes of rock mass integrity, rock hardness, rock weathering
degree, and water abundance. After the various index data of excavated tunnel sections
of are collected as a training set, the data are normalized, and the discrete data are
eliminated, the trainingdata set is used as the input set of the recurrent neural network, and
a hidden layer is constructed for data training to obtain the surrounding rock geological
information updating and prediction model based on RNN, so that the prediction results
of each index can be obtained quickly. A preliminary test of this method has been
conducted in a tunnel inKangding.The results show that the updatingprediction accuracy
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of indexes such as rock mass integrity is high, which can meet the practical application
of engineering.

2 Tunnel Surrounding Rock Geological Information Updating
and Prediction Model Based on RNN

2.1 Recurrent Neural Network Theory

RNN originated from the Hopfield Network proposed by Saratha Sathasivam. Fig. 1
shows the flowchart of a recurrent neural network. It adds the relationship between the
previous and subsequent time series on the basis of fully connected neural network,
which is very effective for data with sequence characteristics. Compared with the neural
network used in the early stage, recurrent neural network can mine the time series infor-
mation and semantic information in the data. It stores past information by introducing
state variables, and it can determine, together with previous input information, the cur-
rent information output. In the traditional neural network models, from the input layer
to the hidden layer and then to the output layer, the layers are fully connected, while the
nodes in each layer are unconnected. However, this ordinary neural network is helpless
in processing time series data [15].

Raw data should be processed before the establishment of a prediction model to
avoid large errors as much as possible. Since the algorithm system is nonlinear, and its
initial value has a great influence on the convergence of the system and the accuracy
of the algorithm, the data is normalized before input, so that relatively large inputs are
assigned at positions where the function gradient is relatively large. For data already
within [0, 1], normalization is not required. The normalization formula used is shown
in Eq. (1):

X1 = α
X −min(X )

max(X ) −min(X )
+ β (1)

where,α andβ are normalization coefficients,X1 is the normalizedvalue, andmax(X) and
min(X) are respectively the maximum and minimum values of the data when predicting
geological information during the normalization process.

Fig. 1. RNN flowchart

As shown in Fig. 1, after receiving the input X(t) at time t, the value of the hidden
layer is S(t) and the output value is O(t), where the value of S(t) depends not only on
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X(t), but also on S(t-1).

Hidden layer : St = f(U · Xt +W · St - 1) (2)

Output layer : Ot = softmax(V · St) (3)

where, x0 is the index parameter. After inputting the initial parameters, U, V, andW are
the shared parameters of each layer respectively, which reduces the learning parameters
required in the network and improves the learning efficiency. Output the input indexes.
For example, after inputting the index x0, input the other mileage data of the index
parameters {x0, …, xt-1, xt, …} in sequence, and after transmission to the hidden layer,
St is obtained by modifying the indicator parameters through St-1. During the output
process, the output St is normalized.

2.2 Prediction and Updating Process of Surrounding Rock Geological
Information

A tunnel surrounding rock geological information updating and prediction model based
on RNN will be established in this paper. The general idea and process are shown in
Fig. 2, and the main implementation steps are as follows.

(1) Data collection and screening: Collecting the surrounding rock geological infor-
mation of excavated tunnel sections, selecting prediction indexes and performing
quantitative processing on them, substituting the training set data into Eq. (1) for
normalization, and eliminating the discrete data.

(2) Predictionmodel construction: Substituting the cleaned data into Eq. (2) to construct
the hidden layer and get the output layer, comparing and analysing the output layer
with the measured data, and changing the parameters U, V and W to optimize the
geological information prediction model and obtain an ideal prediction model.

(3) Test set checking: Using the established prediction model to update and predict the
surrounding rock geological parameter indexes of unexcavated tunnel sections, and
comparing the prediction results with the actual excavation results to verify the test
set.

(4) Error analysis: Comparing the obtained index parameter prediction data with the
excavation results, evaluating the accuracy of the prediction model, and making a
brief comparison with other prediction methods.

3 Engineering Application

A total of 33 groups of data were selected from some mileage sections of a tunnel in
Kangding for engineering application, of which 25 groups of data were used as training
sets and 8 groups of data were used as verification sets. A surrounding rock geological
information updating and prediction model based on RNN was constructed using the 25
groups of training set data, and then the surrounding rock geological information of the
8 groups of tunnel faces ahead was updated and predicted. The predicted data results
were compared with the actual surrounding rock information after excavation, and the
quality evaluation of the model was obtained.
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Fig. 2. Prediction process of tunnel index parameters based on RNN

3.1 Data Processing

Li et al. and Zhang et al. proposed the parameter indexes of rock mass integrity, rock
hardness, and water abundance, and applied them to engineering [16, 17]. Nie et al. and
Fu et al. used such indexes as rock strength, surrounding rock integrity, groundwater,
and rock weathering capacity to predict abrupt large deformations in tunnels [18, 19].
In this paper, rock mass integrity, rock hardness, water abundance and rock weather-
ing degree are taken as prediction indexes. The geological indexes of the surrounding
rocks in the excavated sections of a tunnel in Kangding were collected, and the indexes
were classified and quantified according to the Code for Rock and Soil Classification
of Railway Engineering (TB-10077-2019), as shown in Table 1. After substituting the
quantified results in Table 1 into Formula 1 for normalization, and the normalized data
can be used for training of the surrounding rock geological information updating and
prediction model based on RNN.

3.2 Model Construction

The optimal training mode for the RNN model is a 3-layer RNN structure, with 5 and
20 layers of hidden layer neurons. The learning default value, the maximum number
of iterations and the training error target are set to 0.1, 2000 and 0.001, respectively.
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Table 1. Geological parameters of tunnel surrounding rock

Index GI QI Index GI QI

Fracture degree of
rock mass

Integral 1 Weak rock mass Hard 1

Relatively
integral

2 Relatively hard 2

Relatively
fragmented

3 Relatively weak 3

Fragmented 4 Weak 4

Groundwater
condition

Drenched 1 Degree of rock
weathering

Intense
weathering

1

Linear water 2 Intermediary
weathering

2

Humid 3 Moderate
weathering

3

Dry anhydrous 4

Remark: GI, geological information; QI, quantization index.

The obtained prediction model of the four indexes of rock mass integrity, rock hardness,
water abundance, and rock weathering degree is shown in Fig. 3.

Fig. 3. Construction of a RNN model
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3.3 Model Validation

The constructed model has been used to predict the geological information of the sur-
rounding rock in the unexcavated section ahead of the tunnel face. Table 2 shows the
comparison between the predicted data of four index parameters: rock mass integrity,
water abundance, rock hardness, and rock weathering degree, and the actual excavation
data.

Table 2. Comparison of actual data and predicted data.

N
Data

1 2 3 4 5 6 7 8

F Real data Integral Fragmented Fragmented Integral Relatively
integral

Relatively
integral

Relatively
fragmented

Fragmented

Predicted
data

Integral Fragmented Fragmented Integral Relatively
fragmented

Relatively
integral

Relatively
fragmented

Fragmented

A /% 87.5%

G Real data Linear
water

Drenched Humid Humid Humid Drenched Linear
water

Humid

Predicted
data

Linear
water

Drenched Humid Humid Dry
anhydrous

Drenched Linear
water

Humid

A /% 87.5%

W Real data Hard Relatively
weak

Relatively
weak

Hard Relatively
hard

Hard Relatively
weak

Relatively
weak

Predicted
data

Hard Relatively
weak

Relatively
weak

Hard Relatively
hard

Hard Relatively
hard

Relatively
weak

A /% 87.5%

D Real data MW MW MW MW IDW MW IW IDW

Predicted
data

MW IDW MW MW IDW MW MW IDW

A /% 75.0%

Remark: F, fracture degree of rockmass; G, groundwater condition;W, weak rockmass; D, degree
of rock weathering; A, Accurate rate; MW, Moderate weathering; IDW, Intermediary weathering;
IW, Intense weathering.

Figures 4, 5, 6 and 7 show the comparison between the predicted data results based
on the recurrent neural network algorithm and the actual data. According to the analysis
of the prediction results of the four surrounding rock parameter indexes, although there
were someprediction deviations in individual data in the prediction of the three indexes of
rockmass integrity, water abundance, and rock hardness, there are no overstep prediction
results. For example, the prediction results of rock mass integrity were relatively broken,
while the actual excavation resultswere relatively complete, but the differencewas small,
in 8 prediction sets, the predicted result is the same as the actual data in 7 sets, and the
prediction accuracy is 87.5% according to Eq. (4). In the prediction of rock weathering
degree, 7 groups of data are the same as the actual data, the prediction accuracywas 75%,
and there was leapfrog misjudgement in individual data. Preliminary analysis showed
that the data was affected by fault fracture zone. In addition, the small number of data
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samples used in this study was also a factor affecting the deviation, so more research
data samples will be supplemented in subsequent studies. However, when compared
with other prediction methods [20, 21], the recurrent neural network model established
in this paper also has higher accuracy in predicting the four surrounding rock geological
parameter indexes.

prediction accuracy = predicted data

real data
× 100% (4)

Fig. 4. Comparison of fracture degree of rock
mass

Fig. 5. Comparison of water abundance

Fig. 6. Correlation map of weak rock mass Fig. 7. Comparison of rock weathering

4 Conclusions

In order to meet the requirements for fast updating of surrounding rock geological
information and high accuracy of prediction results during tunnel construction, a sur-
rounding rock geological information updating and prediction model based on RNN has
been constructed. After engineering application, the following conclusions are drawn:

(1) After full consideration of the surrounding rock indexes commonly used in under-
ground tunnel engineering disaster prediction and forecasting, this paper selects four
parameter indexes: rock mass integrity, rock hardness, water abundance, and rock
weathering degree, and uses machine learning to conduct research on the dynamic
updating and prediction of these four indexes.

(2) A surrounding rock geological information updating and prediction model based
on RNN has been constructed. The process and characteristics include: adding the
relationship between the previous and subsequent time series on the basis of fully
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connected neural networks, establishing a three-layer neural network model, and
continuously optimizing the geological information prediction model through com-
parative analysis of the output layer andmeasured data, ultimately obtaining an ideal
geological information prediction model for surrounding rocks.

(3) The application of this method in engineering practice shows that the prediction
accuracy for the three indexes of rock mass integrity, rock hardness and water abun-
dance is 87.5%, and the prediction accuracy for rock weathering degree is 75%. The
overall prediction accuracy is high.
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Abstract. In this paper, a three-stage subsoil interval mixing four-gang plough
(TSIMF) was manufactured to enhance the property of planosol soil in 2016. The
working width is set to 2 m to obtain a low operation cost. The total draught of
the TSIMF was about 100 kN, the running resistance of the tractor included. The
traction force (draught) of TSIMFwas determined and the soil condition improved
with the TSIMF was discussed. A field test of soybean with TSIMF showed that
the soil moisture was about 2% volume greater than that in the CK (subsoiler)
field. The soil temperature with the TSIMF was about 1 ºC greater than the CK
in the plowed layer, and the yield was 120% of the treatment of the CK. Sanjiang
Plain is one of the most important commodity grain bases in China, and the albic
soil accounts for about 25% of the total cultivated land. Improving the property
of the albic farming land attaches great significance to the stability and increase
of national grain production.

Keywords: Planosol · Soil Improvement · Interval Mixing · Improvement
Effect · Traction Force

1 Introduction

Planosol, diffusely distributed in Heilongjiang and Jilin provinces, People’s Republic of
China [1, 2], is a particular soil variety featuring white dense clayey subsoil. This subsoil
structure is hard enough that the plant roots can hardly get through the layer to deeper
profiles seeking nutrients and water when suffering a continuous adverse situation. Fur-
thermore, the clayey subsoil is so tight that even the water molecules are incapable of
moving up and down easily, which leads to drought in high-temperature weather and
waterlogging in rainy conditions for dry crops. Hence, Planosol improvement attaches
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great importance. However, the albic soil usually recovers to its previous structure after
a year’s planting with the normal improving method. Farmers have to implement deep
tillage yearly tomaintain the soil quality. In this paper, a three-stage subsoil interval mix-
ing four-gang plough (TSIMF) was manufactured to improve the property of planosol
soil. The improvement effect can last five years once used, saving labor, material, and
financial costs.

2 Materials and Methods

2.1 Albic Soil Structure and TSIMF

A typical original planosol profile in a forest in State Farm 854 in Heilongjiang province,
P. R. of China is exhibited in Fig. 1. The first horizon (Ap) with a layer of about 0.2 m
is a plant-growth beneficial soil that is of colossal humic acids. The second horizon
(Aw) which takes a similar thickness to the first layer comes to an impermeable dense
lessivage structure. And there is a diluvial heavy clay in the third horizon (B) beneath
0.4 m depth [3, 4].

Ap

A

w

B

Fig. 1. Typical original planosol profile of a forest in State Farm 854, Heilongjiang, China. (Each
gradation on the scale represents 0.1 m).

Plants suffer from both drought and flood in different seasons separately owing to
the impermeable Aw horizon. The general plant’s root can hardly penetrate the horizon
of which the hardness is over 5.0 MPa and the soil microorganisms also disappear under
impermeable layers [5]. We determined the soil hardness with a cone penetrometer,
whose cone angle is 30º and base diameter is 16 mm.

A three-stage subsoil interval mixing four-gang plough (TSIMF, Fig. 2) was created
in 2016 [6] to make a mixture of the Aw and the B layers in an equal amount with the
first (Ap) horizon undisturbed meanwhile. With this mechanism, 2-m working width
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was obtained, and soft and hard subsoil rows (tilled and untilled subsoil, whose width is
0.5 m each) are alternately produced, so a certain trafficability can be maintained after
tilling operation with the TSIMF.

The principle of subsoil mixing of the horizon Aw and B with an equal amount
via TSIMF has already been reported in previous researches [7–11]. In this paper, the
traction force (draught) of the TSIMF on an actual planosol field was determined. Then
the improved soil conditions and the yield harvested from the field tilled with the TSIMF
were studied.

Rear 
TSIM

Front 
TSIM

Extra 1st plough 
body

Extra 1st plough 
body

Fig. 2. Three-stage subsoil interval mixing four-gang plough (TSIMF) created in 2016.

2.2 Soil Section

Soil sections of 1 m length× 0.7 m depth (Figs. 1 and 3) were prepared at the test fields.
Then the soil horizon, soil texture, and root penetration depth were measured.

Triplicate soil samples (total= 18 samples)were taken by the soil sampler (105mm3)
at each soil depth layer (0–0.1, 0.1–0.2, 0.2–0.3, 0.3–0.4, 0.4–0.5 and 0.5–0.6 m) to
determine the physical soil properties.

2.3 Traction Force (Draught) Test

A TSIMF set was mounted on an off-powered wheel tractor (the first tractor) for sup-
porting (Fig. 2). It was dragged by the second tractor (not shown) on an actual planosol
field with a traction dynamometer which a 150 kN-capacity strain gauge was installed
[11, 12]. Therefore, only the TSIMF’s horizontal force (draught) was gauged once the
running resistance of the supporting tractor (first tractor) was reduced.
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Untilled subsoil layer,
 0.5 m wide

Tilled and mixed subsoil layer,
 0.5 m wide

P Q

Fig. 3. Recent soil section in October 2016 in test field established with TSIMF in May 2016. P
and Q: see [6].

The running resistance of the first (supporting) wheel tractor with the TSIMF
mounted was first determined (Fig. 2). The first tractor was drawn by the second tractor
without any plough operation of the TSIMF, that is, by lifting the lever of the hydraulic
device of the first tractor.

The weight transfer caused by the plough bodies of the TSIMF (Fig. 2) was not
included in the running resistance of the first (supporting) tractor.

The draught of three elements of the TSIMF was measured separately as follows.
The four 1st-plough bodies were initially operated alone without the 2nd and 3rd plough
joined (Fig. 2). Then the two 2nd-plough bodies were attached, and the draught of
four 1st-plough bodies and two 2nd-plough bodies was determined. The two 3rd-plough
bodies were added subsequently, and the total draught of all eight elements was acquired.
Three to five measurements were carried out for each configuration.

The working depth of the 1st plough was set to 0–0.2 m, that of the 2nd plough was
0.2–0.4 m and that of the 3rd was 0.4–0.6 m beneath the soil surface (Fig. 2).

2.4 Test Fields

A field test of 20 hectares was implemented applying the TSIMF in May 2016 on the
State Farm 854 in the Three-river Plain of Heilongjiang province, P. R. of China, and all
the investigations of soil and crops were implemented in October 2016.
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The land prepared by a conventional rotary tiller (0–0.15 m deep) and a subsoiler
(0–0.3 m deep) [6] was treated as a control (CK).

2.5 Soil Properties

The basic fertility indicators of the albic soil are: organicmatter 26.07 g/kg, pH 6.3, alkali
hydrolysable nitrogen 82.46 mg/kg, available phosphorus 8.25 mg/kg, and available
potassium 57.23 mg/kg. Soil water (moisture) content in volume %, EC value in dS m-
1, and soil temperature in ºC were determined in the actual field by a commercial tester.
They were also measured at each soil depth layer (0–0.1, 0.1–0.2, 0.2–0.3, 0.3–0.4,
0.4–0.5, and 0.5–0.6 m).

2.6 Yield

Soybean-corn rotation is treated the same as State Farm 854 does. At the test fields,
soybean Kenfeng 16 were seeded in May 2016 and harvested in October 2016.

Pods per Plant and Seeds per Plant. The average values of pods per plant, which
were picked up from thirty other cultivated plants selected randomly in each field, were
calculated. And an average of seeds per plant are treated with the same method.

Predicted Yield. The whole soybean per 3 m2 was harvested at each test field and
dehydrated. Three points were selected randomly in each experiment treatment land.
The average yield was calculated according to the mass of the dry soybean with a
moisture content of about 13% w.b. measured with a pan balance.

3 Results and Discussions

3.1 Soil Profile

Figure 3 shows a recent soil profile in October 2016 in the test field established with the
TSIMF in May 2016. An interval blending of the subsoil layers was distinctly observed,
in which the uncultured subsoil layer (P) width was around 0.5 m and crop roots could
be hardly found beneath 0.2 m (see [6] about points P and Q).

The thickness of the tilled and mixed subsoil layer (Q) also turned to about 0.5 m,
in which the Aw horizon (Fig. 1) was already invisible. A few crop roots were even
discovered 0.6 m deep. The topsoil of 0–0.2 m in both P and Q included plenty of crop
roots.

3.2 Measured Traction Force (Draught)

Figure 4 shows the results of the traction force (draught) test. The running resistance of
the wheel tractor mounted (Fig. 2) was about 20 kN (standard deviation was 2.22 kN)
on the planosol field, whose value was two times larger than prediction [6].

The total traction force of four 1st- the horizon Ap was about 40 kN. Therefore,
the traction force of a single 1st-plough body occupied a quarter of the force of the
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Fig. 4. Results of traction force (draught) test on a planosol field. Notes: The brackets in the
Fig.shows the standard deviation of the traction force, kN.

total, which fairly coincided with the predicted value [6]. The traction of the two 2nd-
plough bodies tilling the horizon Aw came to be about 20 kN, namely 10 kN each,
which conformed to the prediction [6]. And the 3rd-plough bodies which were tilling
the horizon B took the same situation as the 2nd-plough bodies [6]. For this combination,
the total draught of the TSIMF, which was about 100 kN including the running resistance
of the tractor (standard deviation was 3.16 kN), appeared to be a little greater than the
previous prediction [6].

3.3 Soil Water Content

The soil water (moisture) content of the planosol soybean field is shown in Tables 1 and
2. The soil moisture in the TSIMF soybean field (Table 2) was an average of 2 volume
% greater than that in the CK field (Table 1). This is due to the increase of air and
water-space (porous media) of the soil with deep tillage of the TSIMF.
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Table 1. Soil properties of planosol in CK (subsoiler) soybean field in October 2016.

Soil depth, mm 0–100 100–200 200–300 300–400 400–500 500–600

Soil moisture, volume % 24.17 24.03 23.90 29.43 31.27 32.18

EC, dS m−1 0.777 0.804 0.830 1.095 1.198 1.201

Soil temperature, ºC 4.70 5.05 6.23 7.38 7.93 8.10

Table 2. Soil properties of planosol in TSIMF soybean field in October 2016.

Soil depth, mm 0–100 100–200 200–300 300–400 400–500 500–600

Soil moisture, volume % 22.23 25.67 30.73 32.33 32.56

EC, dS m−1 0.793 0.797 0.807 0.913 1.040 1.054

Soil temperature, ºC 5.87 6.57 7.53 7.76 7.80 8.10

3.4 EC Value

The EC values of the planosol in the TSIMF soybean field are also shown in Table 2.
There was no big difference between those in the CK field (Table 1) and those in the
TSIMF field (Table 2). The EC value at any layer in any field was about 1.0 dS m−1.

3.5 Soil Temperature

The soil temperature in the planosol soybean fields is also shown in Tables 1 and 2. The
temperature of the TSIMF field (Table 2) was about 1 ºC higher than that of the CK
(Table 1) in most soil layers. Especially at the topsoil layer (0–0.3 m deep), there was
about a 1.5 ºC difference. This is due to the increase in the air phase of the soil with deep
tillage of the TSIMF.

3.6 Yield

Table 3 shows the average number of pods per plant. In the TSIMF field, it was greater
than that in CK. The average number of soybean per plant in the TSIMF field was also
greater than that in CK (subsoiler) field. The average yield (kg m-2) is in Table 3. The
yield with the usage of the TSIMF was 120% of the CK field.
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Table 3. Average yield of soybeans in State Farm 854 in October 2016.

Subsoiler TSIMF

Plant height, m 0.726 0.851

No. of pods per plant 23.1 34.8

No. of seeds per plant 58.7 86.1

Yield, kg m−2 23.62 28.47

Relative yield 1.0 1.20

4 Summary and Conclusions

Anew three-stage subsoil interval mixing four-gang plough (TSIMF)was designed, pro-
duced, and determined for promoting planosol conditions. The traction force (draught)
of the TSIMF on an actual field was determined. Then, soil conditions improved and
crop yield from the field tilled with the TSIMF was discussed.

The soft and hard subsoil rows (tilled and untilled subsoil, whose width is 0.5 m
each) are alternately produced, so a certain trafficability can be maintained after tilling
operation with the TSIMF. The TSIMF’s total draught was around 100 kN including
the running resistance of the tractor. The soil moisture in the TSIMF soybean field was
about 2 volume % greater than that in the CK field (subsoiler). The soil temperature in
the TSIMF field was about 1 ºC greater than those in the CK field (subsoiler). The yield
in the TSIMF field was 120% of the CK field (subsoiler). The running cost of TSIMF
could reduce by 75% compared with conventional subsoiler operation in a 5-year benefit
period.
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Abstract. As a widely used structural element in construction projects, pile foun-
dations have been subject to varying degrees of damage duringmajor earthquakes,
especially in liquefiable sites. In order to study the effects of liquefaction on
pile foundations under seismic conditions, this paper relies on an actual engi-
neering case of the Xiong’an New Area to Beijing Daxing International Airport
Express Line. A numerical model of the dynamic response of pile foundations
in liquefied sites under seismic actions is established using the finite difference
software FLAC3D. A comparative analysis is conducted between liquefied and
non-liquefied sites. The results indicate that compared to non-liquefied sites, liq-
uefaction of the site increases the bendingmoment on the pile shaft, with increased
values for both themaximum bendingmoment and axial force. Themain locations
where pile damage may occur are determined. Although the influence of liquefac-
tion on the axial force of pile foundations is relatively small, overall, liquefaction
has a significant impact on pile foundations, reducing their bearing capacity.

Keywords: Pile Foundation · Liquefied Site · Numerical Simulation

1 Introduction

As a structure widely used in bridge engineering, pile foundation has the advantages
of high bearing capacity, small settlement and not easy to damage. In order to avoid
or reduce the loss of life and property caused by earthquake, researchers have carried
out a lot of research on the damage or failure of pile foundation in liquefied site due
to seismic response. Zheng et al. [1] summarized the earthquake damage of bridge pile
foundations in liquefaction sites in several major earthquakes and pointed out that sand
liquefaction is one of the important factors leading to the serious damage or even collapse
of bridge structures. Ishihara, Yasuda et al. [2] studied the shaking table test of pile-soil
group in liquefaction site, and found that soil deformation caused by liquefaction would
lead to large bending moments in the middle of pile foundation and pile foundation at
the surface. Tokimatsu [3] and Tamura [4] obtained that the bending moment of pile
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foundation is closely related to the liquefaction of sand by shaking table test. When
the sand is liquefied, the bending moment of pile foundation has a significant trend of
increase. In addition to carrying outmodel experiments, the numerical simulationmethod
is also an important means to study the seismic response of pile-soil structures. Based
on the two-dimensional finite difference program, Haldar and Sivakumar [5] selected
the nonlinear soil constitutive model, and used the strength reduction method to study
the failure mechanism of pile foundation in liquefied soil. Uzuoka et al. [6] established
a three-dimensional numerical model by referring to the relevant earthquake damage
survey data and taking the collapsed buildings in the Hanshin earthquake in Japan as
the background. Jiang et al. [7] used FLAC3D finite difference software to discuss
the changes of pile bending moment and pile-soil interaction force under earthquake
action. Dai et al. [8] analyzed the variation of total stress and effective stress of sand
foundation by using finite element numerical method for the seismic problem of pile
group foundation in liquefied site.

In general, domestic and foreign scholars have conducted a lot of research on the
mechanical response and deformation and failure characteristics of pile foundations in
liquefied sites under seismic conditions by using shaking table experiments and numer-
ical simulation methods, and have achieved some guiding results. In this paper, the
project from Xiong’an New Area to Beijing Daxing International Airport Express Line
is selected as the engineering background. The numerical calculation model of seismic
response of bridge pile foundation in liquefied site is established by FLAC3D finite
difference program. According to whether the site is liquefied, the dynamic response of
soil and pile foundation, the bending moment, shear force and deformation of pile body
in dynamic system are compared and analyzed.

2 Project Overview

The express line from Xiong’an New Area to Beijing Daxing International Airport is
an important part of the high-speed railway transportation network in the ‘four vertical
and two horizontal’ area of Xiong’an New Area. Among them, Xiong’an Station to
Bazhou Economic and Technological Development Zone Station crosses the existing
Tianjin-Baoding Railway in the form of a bridge between pier C143 # and C146 #,
and the angle between the line and the existing railway is 59°. The on-site photos of
the cross-Tianjin-Baoding Railway and the elevation map of the cross-Tianjin-Baoding
Railway are shown in Fig. 1 and Fig. 2.
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Fig. 1. On-site photos of the Cross-Tianjin-Baoding
Railway

Fig. 2. Elevation drawing of the
Cross-Tianjin-Baoding Railway

3 Numerical Simulation

According to the geological engineering investigation data, the typical geological profile
under a borehole can be obtained and the strata under the site are simplified in FLAC3Das
shown in Fig. 3, that is, the soil layer is divided into four layers. The size of the calculation
model is 40m× 40m× 60m. The soil constitutive model isMohr-Coulombmodel, and
the relevant physical and mechanical parameters of the soil used are shown in Table 1.

Fig. 3. Initial soil layer model

Table 1. Relevant soil physical and mechanical parameters

thickness
(m)

dry
density
(kg/m3)

Porosity cohesion
(kPa)

friction
angle (°)

bulk
modulus
(MPa)

shear
modulus
(MPa)

silty sand 5 1630 0.655 12.3 24 14.71 5.640

clay 10 1650 0.652 27 16 14.71 5.640

fine sand 30 2000 0.46 0 25 29.41 11.28

clay 30 1680 0.612 28 17 14.71 5.640

pile 12 2400 / / / 1.6E+4 7.69E+3

After the seismic load is applied, considering that the seismic waves will be reflected
on the surrounding boundary, in order to reduce the impact of reflection, the free field
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boundary is used in the dynamic calculation process of numerical simulation. At this
time, the free field generated grids are coupled with the main part of the grid, which can
better simulate the free field vibration. Figure 4 shows the grid diagram generated by
selecting the free field boundaries used.

Fig. 4. Setting up free-field boundaries Fig. 5. Acceleration time history curve for vibratory
load

4 Simulation Analysis of Seismic Response of Pile Foundation
in Liquefaction Site

In this paper, in order to compare and analyze, the site conditions are treated differ-
ently in the calculation, and the site is divided into two conditions: liquefaction and
non-liquefaction. One is the PL-Finn model [9], which uses the pore water pressure
accumulation of the soil under dynamic conditions to cause liquefaction. The other uses
the Mohr-Coulomb model without considering the pore pressure accumulation. The
input vibration waveform at the bottom of the model is consistent, and the peak acceler-
ation reaches 0.2 g within 2 s. The acceleration time history curve of the vibration load
is shown in Fig. 5.

4.1 Dynamic Analysis

In order to facilitate the analysis of the numerical simulation results, the monitoring
points p1, p2 and p3 are set from near to far away from the pile foundation, as shown
in Fig. 6. Under the action of vibration load, the time history curves of pore pressure
ratio of sand layer under three measuring points are shown in Fig. 7. It can be seen that
the pore pressure is constantly changing under the influence of the peak acceleration of
the earthquake, and the overall trend of the calculated value at each monitoring point is
roughly the same. In the initial stage, the pore pressure ratio increases in an uneven and
irregular trend, reaching a peak around 0.5 s, and then maintaining a certain range for a
period of time. From the change frequency and the change peak, it can be analyzed that
the farther the measuring point from the pile foundation, the smaller the change range
of the excess pore pressure ratio and the more stable it is.
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Fig. 6. Horizontal monitoring
point deployment diagram

Fig. 7. Time history curve graph for excess pore pressure
ratio

4.2 Comparative Analysis of Liquefaction and Non-liquefaction Site Conditions

Figure 8 shows the bendingmoment envelope diagram of pile foundation under liquefied
and non-liquefied conditions. It can be seen from the Fig that the bendingmoment of pier
body increases first and then decreases, and the changing trend is the same. However,
for the non-liquefied site, the bending moment of the pile reaches an extreme value
of 335 kN·m at a distance of 40 m from the pile top, while for the liquefied site, the
bending moment reaches an extreme value of 883 kN·m at a distance of 43 pm from
the pile top. It can be seen that the bending moment effect of the pile increases due to
liquefaction. In the liquefied soil layer, due to the lack of effective lateral support of
the pile body caused by liquefaction, the bending moment of the pile body increases
faster than that of the non-liquefied soil layer. As can be seen from the slope of the
corresponding curve in the figure, the pile body is also most likely to withstand bending
moments beyond the ultimate bending resistance of the pile itself in this liquefaction
area, resulting in bending failure. This is consistent with the macro-seismic damage of
the liquefied lateral expansion pile foundation obtained by other scholars [10].

Fig. 8. Enveloping diagram of the bending moment for pile foundation

Figure 9 shows the enveloping diagram of axial force for pile foundation in liquefied
and non-liquefied state. It can be seen from the Fig that the axial force of pile body
increases gradually. The variation trend of the axial force envelope curve is consistent,
but for the non-liquefied site, due to the influence of the friction resistance of the soil
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layer on the pile side, the axial force reaches a peak of 6612 kN at 45 m from the
pile top, and continues to increase after a short decrease. For the liquefiable site, after
the liquefaction of the liquefied soil layer, as the pore water pressure dissipates, the
foundation consolidation settlement is caused, and the pile body is affected by the lateral
negative friction resistance of the soil, resulting in the increase of the axial force of the
liquefied pile in the site compared with the extreme axial force of the non-liquefied site.
It can be seen from the Fig that the axial force of the pile foundation in the liquefied
site reaches an extreme value of 7780 kN. However, in general, the influence of soil
liquefaction on the axial force of pile foundation is relatively small.

Fig. 9. Enveloping diagram of axial force for pile foundation

5 Conclusion

In this paper, through the numerical simulation analysis of pile foundation in liquefied
and non-liquefied sites under earthquake action, the following results can be obtained:

Under site liquefaction condition, the bending moment of pile body increases first
and then decreases, and the extreme value of bending moment is also greater than that
of non-liquefied conditions. The position of the peak bending moment of the pile is near
the 45 m below the surface (the junction of liquefied layer and non-liquefied layer), so
it can be concluded that this position is the main location for pile body failure and the
main location for seismic design of pile foundation. The variation trend of axial force
envelope curve of pile foundation in liquefied site and non-liquefied site is consistent,
but the extreme value of axial force in liquefied site is larger, and the influence of soil
liquefaction on axial force of pile foundation is relatively small. On the whole, the
liquefaction of the site has a great impact on the pile foundation, which will reduce the
bearing capacity of the pile, and the impact should be considered in the actual design.
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Abstract. Highway in mountainous area is easily threatened by landslide and
other disasters, so it is necessary to comprehensively evaluate the prevention and
control effect of the treatment when the subgrade is restored and rebuilt after
landslide. In order to deeply study the landslide treatment effect of subgrade
reconstruction, taking the landslide damage reconstruction of G326 highway in
Guizhou Province as the object, the deformation and failure process of landslide
induced by heavy rainfall is simulated, and the prevention effect of different treat-
ment plans such as “cutting + anti-slide pile + anchor cable” is evaluated. The
results show that with the increase of rainfall, the landslide deformation gradually
expands from the vicinity of the front national G326 highway to the back edge;
Under the combined treatment of “cutting + anti-slide pile + anchor cable”, the
maximum displacement of the main sliding area of landslide is 3.1 mm, and the
maximum displacement of the trailing edge is 1.7 mm, which makes the overall
deformation in a controllable range. As a result, it has certain reference value for
the reconstruction of highway subgrade engineering damaged by landslide.

Keywords: Landslide · Numerical Simulation · Rainfall · Impact Assessment

1 Introduction

Highway inmountainous areamay not only be threatened by landslide in the construction
process, but also be affected by landslide in normal operation. Once the landslide occurs
during the operation period, it not only damages the highway subgrade or bridge, but also
threatens the safety of vehicles and pedestrians. Not only the highway landslide can cause
the damage of subgrade, but also the landslide treated by anchor pile has signs of revival
and deformation of anti-slide pile. For example, the landslide of Trevor-Froncysyllte
highway in England slips again after one year of treatment, resulting in the inclination of
anti-slide pile at most about 15° [1]; Diezma landslide of A-92 highway in Spain caused
the deformation of anchorle again after 8 years of restoration and reconstruction [2].
Anti-slide pile is a common protective measure in landslide treatment engineering [3].
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Anchor pile is mainly used to solve the problems of large thrust and deformation control
of landslide. The deformation and failure mechanism of anchor pile [4], the internal
mechanism of landslide reinforcement [5], and the design and calculation method have
been studied extensively at home and abroad. The above research mainly focuses on the
design and mechanical mechanism of anchor pile supporting structure, but there is little
research on the supporting effect of composite structure mainly based on anchor pile in
damaged highway reconstruction.

Based on the G326 highway landslide damage reconstruction as a basis, this paper
studies different treatment support plan, and evaluates different support plan prevention
effect.

2 General Situation of Highway Subgrade Damaged by Landslide

At about 7:00 on July 8th, 2020, a landslide occurred in G326 K41 + 300 ~ K43 +
000 section of national highway, Tianbao Formation, Shiban Village, Ganlong Town,
Songtao County, Guizhou Province. The landslide is about 1100 m in length, 60 ~ 450 m
in width, 330 m in height difference between front and rear edges, 2 ~ 10 m in thickness
and 136 × 104 m3 in volume.After sliding, a clear sliding surface can be seen in the
middle and back of the landslide, which is a light gray-green nodular marl layer with
an occurrence of 260° � 26°. The sliding bed is medium-thick nodular marl of Dawan
Formation of Ordovician with a small amount of thin limestone and shale in Fig. 1.

Fig. 1. Analysis diagram of sliding
direction of landslide

Fig. 2. Precipitation before landslide

3 Simulation Study on Deformation and Failure of Landslide

According to the engineering geological conditions and investigation results of land-
slide, the deformation and failure process of landslide is studied by numerical simulation
method.The calculationparameters are selected basedon the test of indoor rock compres-
sive strength and shear strength, and comprehensively considering regional engineering
experience, as shown in Table 1.
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Table 1. Mechanical parameters of landslide rock

Materials Severe
weight
/kN·m−3

Elastic
modulus
/MPa

Cohesion
/kPa

Angle of
internal
friction
/°

Poisson’s
ratio

Gravel soil 20.3 30 15 25 0.35

Sandstone-mudstone
interbed

26.1 1900 36 16 0.30

The deformation and failure of landslide is closely related to heavy rainfall, so the
deformation process of landslide under actual rainfall conditions (Fig. 2) is simulated.

Figure 3 is a partial process diagram of landslide deformation and failure devel-
opment under the actual continuous rainfall condition. At the initial stage of rainfall,
the landslide deformation is small, and the main deformation is concentrated near the
national G326 highway in front of the landslide (Fig. 3a); On July 8, 2020, the landslide
showed obvious deformation as a whole, and the deformation amount and deformation
range continued to increase (Fig. 3b).

(a) June 16th, 2020 Displacement-20 days 
before sliding (b) July 8th, 2020 Displacement-sliding day

Fig. 3. Cloud diagram of landslide displacement and plastic zone with rainfall process

4 Analysis of Prevention and Control Effect of Subgrade
Reconstruction in Landslide

4.1 Subgrade Reconstruction Prevention Plan

In order to restore the normal operation of National G326 Highway, the area with the
most serious impact on the highway is treated by anti-slide pile+ anchor cable+ clearing
slope + facing wall + subgrade restoration + foot wall.
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4.2 Calculation Model and Parameters

According to the layout of the design scheme, a numerical calculation model was estab-
lished. The physical andmechanical parameters of the rock and soil are shown in Table 1,
and the parameters of the anchor cable and anti slip pile are shown in Table 2.

Table 2. Physical and mechanical parameters of supporting structure

Materials Modulus of elasticity
/GPa

Tensile strength
/GPa

Adhesion kN·m−1 Poisson’s ratio

Anti-slide pile 30.0 / / 0.20

Anchor cable 200 13.2 0.56 0.15

In FLAC 3D, cable element is used to simulate anchor cable, and solid structure
element is used to simulate anti-slide pile. Mohr-Coulomb criterion is used to describe
the stress-strain relationship of rock and soil.

According to the design plan, the simulation calculation of two working conditions
is mainly carried out: ➀ Cutting + anti-slide pile plan; ➁ Cutting + anti-slide pile +
anchor cable plan.

4.3 Governance Effect of Different Control Plans

Influence of the Combination of Cutting and Anti-slide Pile on Landslide
Deformation. On the basis of the above-mentioned cutting, a rowof anti-slide pileswith
a spacing of 5 m is set at the landslide subgrade, totaling 20 piles. The main section is
selected as the study section, and the deformation of landslide after treatment is shown in
Fig. 4.

Fig. 4. Landslide deformation under cutting + anti-slide pile treatment

As can be seen from Fig. 4, the displacement of landslide subgrade is reduced
from 9.8 mm to 4.8 mm after the combination treatment of cutting and anti-slide pile.
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The displacement of front and rear edges of landslide is basically unchanged, and the
anti-slide pile has a good supporting effect on landslide deformation in the treatment
area.

Influence of theCombination ofCutting,Anti-slidePile andAnchorCable onLand-
slide Deformation. The combination of cutting, anti-slide pile and anchor cable is used
to support the landslide, and the stress produced at the subgrade after cutting is concen-
trated and dispersed to the sliding body through the anti-slide pile and anchor cable, thus
improving the stress state at the subgrade and achieving the purpose of controlling the
deformation of the landslide. The simulation results are shown in Fig. 5.

Fig. 5. Landslide deformation under cutting + anti-slide pile + anchor cable treatment

On the basis of the above support, after adding anchor cables to the anti-slide piles at
the subgrade, the displacement of the middle and rear edge of the landslide is reduced.
The displacement at the subgrade is reduced from 4.8 mm to 3.1 mm under the support
of cutting and anti-slide pile, and the displacement at the trailing edge of landslide is
also reduced from 3.0 mm to 1.7 mm. It can be seen that the protection of anti-slide pile
to landslide deformation is mainly reflected in the retaining effect of pile foundation on
landslide soil, while anchor cable improves the stress state of landslide soil at the layout,
so that the stress that should be concentrated in subgrade is evenly distributed on the
landslide, thus reducing the deformation of landslide.

Figure 6 shows the change of anchor cable in support. It can be seen that themaximum
axial force of anchor is 0.9 kN, which is mainly concentrated in the part below the
elevation of the free surface, while the node displacement of anchor is evenly distributed
as a whole, with the maximum node displacement of 3.0 mm. It is also verified that the
anchor cable mainly improves the stress state of soil, and the stress is evenly distributed
on the landslide soil.
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Fig. 6. Stress and displacement of anchor cable supporting structure

5 Conclusion

(1) The landslide deformation is small at the initial stage of rainfall, mainly concen-
trated near the national G326 highway in front of the landslide; With the increase
of rainfall, the deformation of the front part of the landslide increases continuously,
and the deformation concentration area gradually appears near the right front part
and the trailing edge of the landslide; On July 8th, 2020, the landslide showed obvi-
ous deformation as a whole, and the deformation amount and deformation range
continued to increase, and the whole landslide was in a plastic state.

(2) The maximum displacement of landslide under different supporting conditions is
decreased, amongwhich themaximumdisplacement ofmain sliding area and trailing
edge is 9.8 mm and 3.0 mm respectively; Under the combined treatment of cutting
and anti-slide pile, the maximum displacement of the main sliding area of landslide
is 4.8 mm, and the maximum displacement of the trailing edge is 3.0 mm; Under
the combined treatment of cutting, anti-slide pile and anchor cable, the maximum
displacement of the main sliding area of landslide is 3.1 mm, and the maximum
displacement of the trailing edge is 1.7 mm.

(3) The protection of anti-slide pile to landslide deformation is mainly reflected in the
retaining effect of pile foundation on landslide soil, while anchor cable improves the
stress state of landslide soil at the layout, so that the stress that should be concentrated
in subgrade is evenly distributed on the landslide, thus reducing the deformation of
landslide. The combined treatment plan of “cutting+ anti-slide pile+ anchor cable”
is adopted in subgrade restoration and reconstruction project, so that the overall
deformation of landslide is in controllable range.
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Abstract. The suspended ceiling (SC) of LNG storage tank on land is mainly
composed of hanger rods, reinforcing rings, and aluminum panels. The hanger
rods are prone to damage during earthquakes, which will affect the safe operation
of the whole storage tank. In order to facilitate the study of the response of the SC
under horizontal seismic shaking, the finite elementmodels of the hanger rodswith
four different sections, including rectangular, circular, thin-walled circular tube,
and groove shape, were established using the ABAQUS software. By inputting
EL-Centro horizontal seismic waves, the dynamic time-history analysis is carried
out for four hanger rodmodelswith different sections. The response characteristics
of acceleration, displacement and internal force with time are obtained, and the
comparative analysis results of the maximum peak acceleration (MPA), maximum
peak displacement (MPD), and maximum peak internal force (MPIF) at each
measuring point are obtained. The results show that the shape of the section has
obvious influence on the seismic response of the hanger rods, and the amplitudes
of the acceleration-time and displacement-time curves of the hanger rods with
different sections are different, and the MPA, MPD and MPIF of the hanger rods
are closely related to the shape of the section.

Keywords: LNG · Storage Tank · Suspended Ceiling · Finite Element · Seismic
Response

1 Introduction

As a clean energy source, LNGwill account for a significant increase in the future energy
consumption structure. In the entire industrial chain, LNG storage and transportation
are very important link. With the development of technology, the storage tank volume is
increasing, and the safe operation and maintenance of LNG storage tanks have become
the focus and difficulty. As important energy infrastructure, large-scale LNG storage
tanks also have profound significance for national economic construction and energy
security. The SC is an important part of the insulation structure of onshore LNG storage
tank, which affects the evaporation rate of the storage tank during operation. At the same
time, the SC, a kind of suspended structure, is located in the internal space of the storage
tank. Under the horizontal earthquake shaking, the hanger rods need to bear various
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forces, resulting in large deformation of the structure. Once the structural unsafe factors
occur during operation, the tank should be shut down for maintenance, which will cause
great economic losses and affects the safety of other structures, such as the inner tank
[1].

Scholars have studied the seismic performance and dynamic response of the SC
through experimental researches and numerical simulations. Soroushian et al. [2] sum-
marized the damage phenomena of suspended ceilings in three shaking table tests con-
ducted by the University at Buffalo, University of Nevada, Reno, and the Earthquake
Engineering Research Center of Japan. Yao et al. [3] studied the impact of the installation
of lateral supports on the seismic performance and seismic response of suspension struc-
tures by using multidimensional shaking table test method. Takhirov et al. [4] proposed
a method for reinforcing the connection between the SC system boundary and a new
seismic clamping structure based on the boundary damage characteristics of the SC sys-
tem. Zaghi et al. [5–7] established five common damage models of suspended ceilings
based on OpenSEES, and analyzed their damage evolution process. Kou Miaomiao [8]
and Zhang Peng et al. [9] established a simplified analytical model of suspended ceilings
based on ANSYS, and took the response spectrum of the floor of the three-story frame
structure obtained from the time-history analysis as an incentive to study the law of the
influence of the installation of the cable and the floor height on the seismic response of
the continuous SC.

It can be seen that there are more studies on the SC structure of traditional buildings
at present, but there are fewer studies on the SC of special building structures, such
as LNG storage tanks. In this paper, the SC structure of a 200,000 m3 LNG storage
tank is taken as the research object. Based on finite element simulation analysis, the
dynamic response characteristics of the acceleration, displacement and internal force
of the hanger rods with four kinds of cross-sections under horizontal earthquake are
studied, and the differences in the seismic response results of hanger rods with different
sections are compared and analyzed. The research in this paper can provide help for the
optimization of SC design and the improvement of seismic performance in storage tank
engineering.

2 Composition of SC System

The top of the inner tank of the onshore LNG storage tank is open, and the SC structure
is located at the top of the inner tank, which is composed of hanger rods, reinforcing
rings, and aluminum panels. The detailed structure is shown in Fig. 1. The LNG storage
tank is insulated mainly by covering the SC with elastic felt, and the SC function is
to provide support for the insulation layer. This design can reduce the heat exchange
between the internal low-temperature medium and the external environment, so as to
achieve thermal insulation. In order to make the cold protection effect better, a thicker
cold insulation layer needs to be laid, which requires the SC to bear more weight. At the
same time, the SC also needs to bear its own weight and other live load.

Figure 2 shows the relevant design parameters of the 200,000 m3 LNG storage tank
SC. The radius of the SC reaches 40.4 m, and the aluminum panels of the SC are all
made of 5 mm thick slabs in a certain sequence, and a sealed overall structure is formed
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by welding at the overlapping place. As a connection between the dome and the SC,
the current design of the hanger rod is a 304L flat steel rod with a cross-section size of
50 mm× 8 mm. The number and length of the steel rod in each ring are different, but in
order to balance the force, the length of the same ring of steel rod is the same. There are
a total of 12 rings of the hanger rods, and the length of the hanger rods from the center
ring to the outer ring gradually becomes shorter. The connector at the bottom of each
flat steel rod is connected to the reinforcing ring of the SC by bolts. The reinforcing ring
on the aluminum plate of the SC is vertically arranged (i.e. the long side direction of the
section is along the vertical direction). All the reinforcing rings are concentric circles
with the radius from R1 to R12. There are 12 rings of reinforcing ring in total, which are
vertically welded on the aluminum plate by flat material. The thickness of the middle
reinforcing ring (vertical) is 18 mm, and the most outer reinforcing ring is welded into
a T-shape by flat aluminum with a thickness of 30 mm.

In this paper, four kinds of hanger rods with the same cross-section area and different
cross-section shapes are designed. The cross-sectional areas are all 400 mm2, and the
sections are rectangular, thin-walled circular tube and groove shape respectively. All the
materials and lengths are the same. In order to determine the difference between the same
area and different sectional shapes of the hanger rods, the moments of resistance and
section modulus of the hanger rods are calculated according to the theoretical formula.
The calculation results show that the moment of inertia of thin-walled circular tube
section is the largest, the section modulu of groove section is the largest, as shown in
Table 1.

Fig. 1. Suspended ceiling
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(a) Section view of the ceiling (b) Reinforcing ring layout of the SC

Fig. 2. Schematic diagram of SC

Table 1. Parameters of cross-section

Number Sectional shape Sectional area
(mm2)

Moment of inertia (×
104 mm4)

Moment of
resistance (×
103 m3)

Section1 Rectangle 400 0.213 0.533

Section2 Circle 400 1.272 1.127

Section3 Thin-walled
circular tube

400 3.867 2.417

Section4 Grooved 400 3.739 2.460

3 Analysis Model of SC

3.1 Finite Element Model

Three-dimensional finite element analysis models of hanger rod with four kinds of
sections were established by finite element software ABAQUS, as shown in Fig. 3.
The actual shape of the structure was taken into account to ensure the accuracy of
the calculation results, and the model was simplified as far as possible to improve the
calculation efficiency. In the model, the beam element model is used for the hanger rod
and reinforcing ring, and the shell element is used for the aluminum plate. Then the
section properties are set according to their respective characteristics to complete the
setting of various material parameters, and the section direction of the beam element is
set by rotating method. In the model, the aluminum plate and the reinforcing ring of the
SC adopt a common node, so that the beam and the shell are overlapped. In the process
of modeling, the hanger rod model is established separately, and then it is bound to the
reinforced ring model as a whole by the combination method.

The present test results show that reinforcing ring (tee) and hanger rod basically
maintain elastic state under earthquake shaking, and elastic beam element is used in the
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model [10]. In the simulation, the top of the hanger rod is simplified as a fixed. A rigid
connection is arranged between the bottom of the hanger rod and the reinforcing ring
[11].

When setting the boundary conditions required for the model, the main consider-
ations are displacement boundaries and loads. The main permanent load in the SC is
the self-weight of the structure, which mainly includes the self-weight of the hanger
rod, aluminum panel, and reinforcement ring, as well as some connecting components.
However, compared to the self-weight of the structure, this part of the structural weight
can be ignored. In addition to its own weight, another important load is the insulation
load laid on the SC. Due to the uniform distribution of the insulation layer, the total
weight of the insulation structure can be calculated based on the actual thickness and
density of the insulation load. Then, the average load is obtained by dividing the weight
by the area, and then applied to the upper surface of the SC in a uniform load manner.

When setting the boundary conditions of the model, the load should be considered in
addition to the displacement boundary. The permanent load on the SC is the self-weight
of the structure, which mainly includes the weight of the hanger rods, aluminum panels
and reinforced rings, and also includes some other connecting screw. But compared with
the structural self-weight, the weight of the connecting screw can be ignored. In addition
to its self-weight, another main load is the weight of the insulation material laid on the
SC. Because the insulation layer is uniform distribution, the total weight of the insulation
layer can be calculated according to the actual thickness and density, and then the value
of the average load is calculated. Finally, it is applied as a uniformly distributed load on
the upper surface of the SC.

Fig. 3. Finite element model of SC
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3.2 Measuring Points

According to the symmetry characteristics of the model, the measuring points are
arranged in the X direction parallel to the seismic action and the Y direction perpendic-
ular to the seismic action. A total of five measuring points from A1 to A5 are arranged
in the X direction, and the same number of measuring points from B1 to B5 are also
arranged in the Y direction. Measuring point A1 is located on the ring of hanger rod
nearest to the center, measuring point A5 is located on the ring of hanger rod farthest
from the center, and A2, A3 and A4 are located the 2nd, 4th and 6th rings where the
number of hanger rod changes, respectively. There are a total of 10 measuring points,
and their specific layout is shown in Fig. 4(a). The corresponding hanger rods and its
position are shown in Fig. 4(b).These measuring points were used to record the dynamic
response of SC structure under seismic loading and obtain the corresponding dynamic
characteristics.

y

x

y

x

z

(a) Measuring points (b) The hanger rod corresponding to the 

measuring point

Fig. 4. Measuring points layout

3.3 Damping

In general, structural damping should be considered in the analysis of structural dynamic
characteristics. In this paper, Rayleigh damping system is adopted for the time-history
analysis of the SC.The twoproportional coefficients of damping are calculated according
to Formula (1)–(3) [12], and the damping ratio of structural vibration mode is 5% [13].
Damping can be calculated by the following formula.

C = α[M ]+ β[N ] (1)

α = ξ
2ω1ω2

ω1 + ω2
(2)

β = 2ξ

ω1 + ω2
(3)



206 Y. Fu et al.

where α and β are two proportional coefficients, with dimensions of s−1 and s, respec-
tively; ξ is damping ratio; and ω1, ω2 are the fundamental natural frequencies of the SC
in X direction and Y direction respectively.

Basedon the principle that the selected twonatural frequencies should include the fre-
quency that has a great influence on the structural response, the 1st natural frequency and
the 10th natural frequency are selected to calculate Rayleigh damping. The calculation
results are shown in Table 2.

Table 2. Rayleigh damping coefficient

Number ω1 ω10 α β

Section1 0.2445 0.2530 0.0781 0.0320

Section2 0.2281 0.5974 0.1037 0.0193

Section3 0.3806 1.0158 0.1739 0.0114

Section4 0.3470 0.6845 0.1446 0.0154

3.4 Materials Properties

According to ASTM B209M specification [14], the material of the aluminum panels is
B209 5083-O, and the reinforcing rings are the same material as the aluminum panels.
Thematerial of the hanger rods isA276Gr 304L stainless steel, which bears themain load
transfer function. The constitutive relation of hanger rod, reinforcing ring and aluminum
plate is only considered elasticity. At the same time, it is necessary to consider the large
deformation of the aluminum ceiling, so the large deformation switch should be set to
open when determining the material properties. The material parameters of the finite
element model of the SC structure are shown in Table 3.

Table 3. Material information

Ceiling
component

Material Density (kg·m−3) Elastic Modulus
(MPa)

Poisson ratio

Hanger rod A276Gr 304L 7850 2 × 105 0.3

Reinforcing ring B209 5083-O 2710 78000 0.34

Aluminum panels B209 5083-O 2710 78000 0.34
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4 The Selection of Seismic Waves

In this paper, the time-history analysis method is selected to analyze dynamic response
of SC structure. According to the regulations, when the dynamic time-history analysis
of the structure is carried out, acceleration time-history curves of the actual strong earth-
quake records and artificial simulated should be selected according to the classification
of building site and the design earthquake groups, and the number of actual strong earth-
quake records should not be less than 2/3 of the total [15]. This paper only takes a real
seismic wave as an example to analyze and illustrate, and some representative nodes’
displacement and rods’ dynamic inner force are given, as the amount of data of results of
the dynamic analysis is so great. The seismic wave used for calculation and analysis in
this paper is EL-Centro wave, and the time-history curve of the seismic wave is shown
in Fig. 5. The peak acceleration of EL-Centro wave is 342 cm/s2, and the duration is
taken as 30 s.
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Fig. 5. Acceleration time history of ground motions

5 Response Analysis and Discussion

5.1 Acceleration Response

The relative acceleration response of each measuring point can be obtained through the
acceleration time-history data. TheMPAof eachmeasuring point can be calculated using
by Formula 4:

Aj = max{|ai(t)|} (4)

ai(t) is the acceleration time-history of different measuring points of the model, Aj is
the MPA corresponding to each measurement point.

Figure 6(a) and (b) compare the MPA of four hanger rod models with different
sections. It can be seen that the magnitude relation of the MPA of the hanger rod models
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are as follows: Section 4 > Section 3 > Section 1 > Section 2, indicating that the
section shape of the hanger rod affects the MPA of the structure under earthquake load.
In Fig. 6(a), the acceleration response of the A5 measuring point of the hanger rod at
the most outer ring is more obvious than that at other positions in the parallel seismic
input direction. Compared with the initial input acceleration, the MPA of the models
corresponding to Section 1, Section 2, Section 3 and Section 4 increase by 141%, 46.5%,
154% and 189% respectively.
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Fig. 6. Comparison of maximum peak acceleration (MPA)

5.2 Displacement Response

The MPD of each measuring point of the model is also calculated according to the
method of formula (4). Figure 7(a)–7(b) shows the comparison of theMPD of four types
of cross-sectional hanger rod models at different measuring points. It can be seen that
the displacement response of Section 2 is obviously smaller than the other three sections.
The relationship between theMPD of each measuring points of the four sectional hanger
rod models is: Section 3 > Section 4 > Section 1 > Section 2. However, the peak
displacement response of the same section at each measuring point is basically the
same, indicating that the maximum displacement difference between each ring of the
hanger rods is very small.

5.3 Internal Force Response

The failure of the hanger rod connection point is an important feature of the SC failure,
and the magnitude of the hanger rod axial force is an important cause of the failure of
the SC connection point. Figure 8 shows the maximum peak axial force (MPAF) of the
hanger rods corresponding to each measuring point. It can be seen that in measuring
points A1–-A4 and B1–B3, the MPAF of the hanger rod corresponding to Section 1
is greater than that of other sections. The MPAF increases significantly at measuring
points A5 and B5, indicating that the axial force on the most outer ring hanger rod is
subjected to the largest axial force and the axial force response under seismic action
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is more obvious. The difference in the MPAF of the hanger rod with different section
forms indicates that although the section area is the same, the combined action of the
axial force and bending moment on each hanger rod will affect the final axial force.
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Figure 9 compares the maximum peak bending moments (MPBM) of the hanger
rod models with different cross-section at each measuring point. It can be seen from
Fig. 9(a) that the MPBM corresponding to different cross-sections at A1 –A5 measuring
points are: Section 3 > Section 4 > Section 2 > Section 1. The maximum bending
moment appears at A5 measuring point, and the MPBM of the hanger rods with four
sections increases significantly, indicating that the most outer ring hanger rod bears
greater bending moment in the direction of seismic wave input. Figure 9(b) shows the
comparison of the MPBM of the hanger rods from B1 to B5. It can be seen that the
maximum value of the hanger rod with Section 1 occurs at B1 measurement point, while
the maximum values of Section 2, Section 3, and Section 4 occur at B2 measurement
point. It can be seen from Table 2 that the moment of inertia and moment of resistance of
the hanger rod in different sections are different, resulting in the difference in the bending
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moment of the hanger rod with the corresponding section. In addition, the magnitudes of
the inertia moments of asymmetric cross-sections in different directions are not equal,
so when the direction of force action changes, the bending moment of the hanger will
exhibit differences.

(a) A1~A5 (b) B1~B5
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6 Conclusions

The safety of the suspender structure under earthquake action is very important for the
overall safety of the LNG storage tank structure. Through the simulation calculation of
four different cross-section suspendermodels including rectangular, circular, thin-walled
circular tube, and groove shape under horizontal earthquake action, and the comparative
analysis of the displacement, acceleration, and internal force of the SC structure, the
following conclusions are obtained.

(1) Through the comparative analysis of displacement-time curve and peak accelera-
tion, it is found that the peak acceleration responses of four kinds of hanger rods
with different cross-sections are different. The acceleration response of the hanger
rod is affected by the cross-sectional form of the hanger rod. Compared with the
initial input acceleration ratio, the MPA of the models corresponding to rectangular
cross-Section 1, circular cross-Section 2, thin-walled circular tube cross-Section 3,
and groove-shaped cross-Section 4 increased by 141%, 46.5%, 154%, and 189%,
respectively.

(2) The MPD of the hanger rod under seismic action is significantly affected by the
sectional form of the hanger rod. The MPD of the hanger rod in the same section at
different measuring points are very close. The relationship between the MPD of the
four sections is: thin-walled circular tube > groove shape > rectangular > circular.

(3) The internal force response of the hanger rod under earthquake action is an important
factor affecting the structural safety. The moment of inertia and resistance moment
of different sections of the hanger rod are different. Under horizontal earthquake
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action, the MPIF of the hanger rod with different sections is significantly different,
and the MFIF of the most outer ring of the hanger rod is greater in the direction
parallel to the earthquake action.

References

1. Zhai, X., Zhao, X., Wang, Y.: Numerical modeling and dynamic response of 160,000–m3 liq-
uefied natural gas outer tank under aircraft impact. J. Perform. Constr. Facil. 33(4), 04019039
(2019)

2. Soroushian, S., Rahmanishamsi, E., Ryu, K.P., Maragakis, E.M., Reinhorn, A.M.: A com-
parative study of sub-system and system level experiments of suspension ceiling systems.
In: Proceedings of the 10th US National Conference on Earthquake Engineering Frontiers of
Earthquake Engineering, July 2014

3. Yao, G.C., Chen, W.C.: Vertical motion effects on suspended ceilings. In: Proceedings of the
16th World Conference on Earthquake Engineering, January 2017

4. Takhirov, S.M., Gilani, A.S., Straight, Y.: Seismic evaluation of lay-in panel suspended ceil-
ings using static and dynamic and an assessment of the US building code requirements.
In: Improving the Seismic Performance of Existing Buildings and Other Structures 2015,
pp. 483–496 (2015)

5. Soroushian, S., Maragakis, E.M., Jenkins, C.: Capacity evaluation of suspended ceiling
components, part 1: experimental studies. J. Earthq. Eng. 19(5), 784–804 (2015)

6. Soroushian, S., Maragakis, M., Jenkins, C.: Axial capacity evaluation for typical suspended
ceiling joints. Earthq. Spectra 32(1), 547–565 (2016)

7. Zaghi, A., Soroushian, S., Echevarria Heiser, A., Maragakis, M., Bagtzoglou, A.: Develop-
ment and validation of a numerical model for suspended-ceiling systems with acoustic tiles.
J. Archit. Eng. 22(3), 04016008 (2016)

8. Miaomaio, K.: Research on Seismic Performance of Nonstructural Components. Tianjin
University, Tianjin (2014). (in Chinese)

9. Zhang, P., Lu, Y.: Seismic response analysis of suspended ceiling in frame structure. In:
Tianjin University and Tianjin Steel Structure Association. Proceedings of the 14th National
Symposium on Modern Structural Engineering, pp. 1467–1473 (2014). (in Chinese)

10. Jiang, H., Wang, Y., He, L.: Study of seismic performance of Chinese-style single-layer
suspended ceiling system by shaking table tests. Adv. Civ. Eng. 2021, 1–14 (2021)

11. Jun, S.C., Lee, C.H., Bae, C.J., Lee, K.J.: Shake-table seismic performance evaluation of
direct-and indirect-hung suspended ceiling systems. J. Earthq. Eng. 26(9), 4833–4851 (2022)

12. Jiang, H., Huang, Y., He, L., Wang, Y., Wang, H.: Numerical modeling and experimental
validation for suspended ceiling system with free boundary condition. J. Build. Eng. 61,
105285 (2022)

13. Anajafi, H., Medina, R.A., Santini-Bell, E.: Inelastic floor spectra for designing anchored
acceleration-sensitive nonstructural components. Bull. Earthq. Eng. 18(5), 2115–2147 (2020)

14. ASTM B Standard: Standard Specification for Aluminum and Aluminum-Alloy Sheet and
Plate (2014)

15. Ministry of Housing and Urban-Rural Development of the People’s Republic of China: Code
for Seismic Design of Buildings: GB 50011-2010. 2016 ed. China Architecture & Building
Press, Beijing (2016). (in Chinese)



212 Y. Fu et al.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

http://creativecommons.org/licenses/by/4.0/


Development of Pre Drilling In-Situ Rock Mass
Shear Measurement System

Zicheng Zhong(B)

Xi’an Research Institute (Group) Co. Ltd, China Coal Technology and Engineering Group
Corp., Xi’an 710077, China

zhongzicheng@cctegxian.com

Abstract. In engineering construction, it is of great significance to calculate the
shear strength and internal friction Angle of rock mass. Compared with labora-
tory test and theoretical analysis, in-situ test can maintain the essential state of
rock mass to the maximum extent, and obtain multiple groups of test data conve-
niently and quickly. The pre drilling in situ rock mass shear measurement system
is independently developed. The system is described from the aspects of shear
principle, overall design, hardware design and software platform. The system can
get the shear strength parameters of rock mass quickly and efficiently, and the
linear correlation of test data is high.

Keywords: In-Situ Test · Shear Apparatus · Data Collection ·Mechanical
Parameters

1 Introduction

The shear strength of rock mass is an important parameter in the design of large-scale
rock mass engineering, which is directly related to the above-ground high-rise civil
construction and the excavation of the bank slope of the surface high dam [1]. At the same
time, with the use of underground space, especially the rapid mining of coal, roadway
and stope surrounding rock stability control, rock burst, coal and gas outburst and other
disasters becomemore prominent. However, it is difficult to accurately grasp the strength
parameters of rock mass because the stress environment of rock mass is complex and
contains randomly developed spatial discrete structural planes. The laboratory test is
limited by size, mining disturbance and rock separation, and the test conditions are
different from the actual environment. The traditional large-scale field test has a long
period, complex operation, a lot of manpower and material resources, and there are
constraints of soil and rock mass properties. In view of the limitations of the existing
methods, it has become one of the important research topics in the field of geotechnical
engineering to find a fast, simple and reliable means for rock mass in-situ testing [1, 2].

In the 1960s, Handy et al. from theUniversity of Iowa proposed an in-situ testmethod
using Borehole shear test (BST) to measure rock and soil shear strength parameters, and
developed related equipment. After more than 40 years of development, borehole shear
test has been applied in situ to test the shear strength index of fine grained sedimentary
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soils such as loess, hard clay, glacial moraine, Marine soft clay and residual soil [3].
Borehole shear test has been used in slope stability analysis and pile bearing capacity
design abroad. In 2009, theSurvey andDesign Institute ofMachinery Industry introduced
a set of soil borehole shear instrument [4, 5] from the United States to test the shear
strength indexes of typical Malan loess and leishite loess in Xi’an area. The China
Institute of Water Resources and Hydropower Research has introduced a set of rock
borehole shear instrument from the United States, and applied it to the hollow cylinder
of concrete in the laboratory and the rock foundation of Xiangjiaba Hydropower Station.

At present, the equipment used in the borehole shear test in China is mainly focused
on the BST borehole shear meter, Iowa borehole shear meter, and Phicometre geotechni-
cal dual-purpose borehole meter in France [6]. The shear modulus test is mostly focused
on soil, and the rock mass test is less. Aiming at the shortcomings of the existing test,
developed in situ rockmechanics properties was designed tomeasure system, the system
is compared with the United States and France similar equipment, in addition has the
advantages of simple structure, light weight small size, can quickly measure the shear
strength of rock mass advantage for many times, magnetostrictive sensor installation,
can be in situ detection intrusion rockmass displacement size, a data acquisitionmodule,
Test data can be collected and stored in real time [7]. In addition, the end of the rock
shear instrument is designed with a conversion joint, which can be used in coal mine
when combined with the power head drill. The shear modulus of coal and rock is tested
at 360 in situ, which expands the range of rock detection.

2 Shear Principle

Rock borehole shear instrument similar to the principle of direct shear test indoor and
field, rock borehole shear apparatus [8] is in a certain depth in the borehole drilled in
the two parallel wedge pressed into the drill hole wall, the shear apparatus between two
parallel cutting tool to form a thin layer of rock, and then through the tyra shear apparatus
tail, variable diameter joint implementation into dentate convex surface and hole direct
shear failure of surrounding rocks. The experiment can be regarded as a forced direct
shear failure test along this thin rock slice. In the rock borehole shear test, if the area
of the rock slice embedded between dentate bulges is A, the normal force acting on the
rock slice and the lifting force of the connecting rod are P and T, then the normal stress
and shear stress acting on the rock slice are respectively.

σ = P

A
(1)

τ = T

2A
(2)

The in-situ rockmassmechanical propertymeasurement system is composed of rock
mass intrusion module, shear strength measurement module, and data acquisition and
processing module. It can detect different types of rock mass, generate test reports of
mechanical properties, and analyze and process test data in the later stage. In the rock
intrusionmodule, themanual hydraulic pumpcompressively invades the rockmass by the
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tool of the rock shear apparatus, and the magnetostrictive sensor measures the intrusion
displacement. Shear strength measurement module by drilling or hollow plunger jack
to provide axial tension, by shear instrument to shear rock axial; The data acquisition
and processing module is mainly responsible for the acquisition of data in the shear
instrument, and the realization of data reception, display, graphics, storage, analysis and
other functions. The overall block diagram of module design is shown in Fig. 1.

Fig. 1. Overall module design block diagram.

3 The Design of System Hardware

3.1 Pre Drilling In-Situ Rock Mass Shear Instrument

The predrilling in situ rock mass shear instrumentv [9] is designed as a lumen cylindrical
structure, equipped with an elastic plate and a wedge tool, with an outer diameter of
75 mm (with a wedge tool and a metal positioning sleeve), and connected with a sensor
adapter and a drill pipe adapter at the upper end. The sensor adapter is provided with
a tubing interface, which is used for pressurizing oil injection or pressure relief of the
pressure chamber, so that the elastic sheet and wedge cutter can be stretched out and the
rock mass can be tested.

The structure of the shear instrument is mainly composed of shear device, pressure
device, displacement device, diameter converter and other parts, as shown in the Fig. 2.
The pressure device mainly converts the hydraulic pressure in the tube provided by the
manual hydraulic pump into the axial forward force of the slider, and the displacement
device uses the axial movement of the slider to make the tool on the elastic shear sheet
move radially into the rock mass. The diameter changer head is mainly used to facilitate
the shear meter from the drilling position, extraction, and subsequent rock shear axial
tension, hollow plunger jack to provide shear force, shear meter through the jack hollow,
using casing or caliper fixed upward pull;When the drill provides shear force, the reducer
is connected to the drill pipe and shear in the direction of power head tension.
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Fig. 2. Pre drilling in-situ rock mass shear instrument.

3.2 Parameter Collection and Display

The digital display table is used for accurate display of displacement value, power supply
of sensor and transmission of displacement signal. In order to improve the display accu-
racy, the filtering algorithm and discount calculation are applied to accurately process
the displacement signal. The display meter is directly connected to the 220 V AC power
supply to provide power for the magnetostrictive sensor in the shear meter. The sensor
displacement signal is accurately processed by the display table and transferred to the
computer serial port to enter the data acquisition and management system (Fig. 3).

Fig. 3. Parameter collector.

The instrument is equipped with filtering algorithm, first smooth filtering and then
inertial filtering. Smooth filtering is a common preprocessing method in signal analysis,
which has good suppression effect on periodic interference and high smoothness.

The displacement obtained through the measurement process may have errors due
to various reasons such as sensors, transmitters, leads or instruments. The correction
function provided by instruments can effectively reduce the errors and improve the
measurement and control accuracy of the system. In order to further improve the accuracy
of the collected displacement data, the display table was modified by conversion.

3.3 Design of Auxiliary Accessories

Auxiliary accessories include manual hydraulic pump, anti-vibration pressure gauge,
leveling base, hydraulic pipeline, data transmission line, etc. Depending on the mode of
shear force provision, a drill, drill pipe connected to the shear meter, or a plunger jack
and hollow steel pipe are used for axial shear.
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4 System Software Platform Design

The design idea of rock shear data acquisition and processing system software is to
build a software system with strong expansibility, high reusability, alarm and flexible
control. Running the Windows operating platform, the software system based on intru-
sion displacement parameters, formed by the sensor is converted signal synchronization
of real-time data acquisition and processing, the system of data acquisition and process-
ing, curve fitting, report output and multifarious work can be done in an instant, can
not only intuitive and clearly display and print processing results, Moreover, the fitting
curve characterizing the change law of physical quantity can be drawn, so that the whole
software system integrates the advanced nature and practicability.

Specific design, in order to improve the operability and convenience of the system.
The computer acquisition interface adopts the displaymode of combining data and curve,
which is intuitive and clear. In the center of the screen, the displacement curve is displayed
in real time with time as the abscissa and displacement as the ordinate. The displacement
data on the right side of the curve is in millimeters and accurate to thousandths. In order
to improve the data scalability, the interface can display a maximum of 16 channels of
curves and data values simultaneously. Above the data report, print, save picture button,
real-time record generated data; The lower part of the screen is equipped with various
function keys, and there are operation hints, you can check the reference at any time; The
function key includes the automatic curve refresh time, which can be adjusted according
to the difference of intrusion time of different lithologies. Set up/down displacement
alarm values to detect rock intrusion outliers in time to improve the accuracy of testing
(Fig. 4).

Fig. 4. System software platform.

5 Conclusion and Prospect

Through the test of the predrilling in situ rock shear system, the rock intrusion and data
acquisition performance of the system is significantly improved compared with similar
foreign equipment, which is reflected in the following points:
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1) The system has the advantages of simple structure, light weight and small volume,
and little disturbance to rock mass. It has the advantages of in situ testing and can
quickly measure the shear strength of rock mass for many times.

2) The selected magnetostrictive sensor has the characteristics of high accuracy, good
stability, high sensitivity and fast response time. Compared with similar equipment,
it can accurately measure the intrusive rock mass displacement and improve the shear
effect.

3) The software system has the characteristics of strong expansibility, high reuse and
flexible control. It has the function of real-time data recording and overcomes the
shortcoming of large error of handwriting by eye observation.
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Abstract. In the last decades, earthquake-resilient structural systems have
become popular in rocking structures and are considered a viable option for build-
ings in seismic regions. Self-centering concrete shear wall systems offer numer-
ous benefits, including reduced seismic damage. Designing buildings, especially
in areas with weak earthquakes, needs a simple damper for energy dissipation
in terms of design, execution, and ease of removal after the seismic. Extensive
experimental studies have demonstrated excellent seismic performance of the
self-centering shear walls. However, the analytical models currently used still
have some limitations for modeling the gap rocking behavior. This study presents
a self-centering concrete wall with energy dissipation (ED) steel angle devices and
evaluates it to achieve seismic-resilient building structures. The angle devices are
externally installed on the wall corners to achieve controllable energy dissipation
and are easily replaceable. The numerical study was performed using displace-
ment control cyclic loading, and verification of the self-centering (SC) reinforced
concrete RC wall was first introduced. Subsequently, five different configurations
with different thicknesses of ED steel angles were investigated. The outcome
demonstrates that the proposed system structure has excellent load-bearing capa-
bility, energy absorption, lower damage, and self-centering capability. In addition
to improving the self-centering wall’s lateral stiffness, strength, and energy dis-
sipation, increasing the angle damper thickness can also increase residual drift if
it surpasses a certain threshold. Compared to rocking RC walls, the proposed RC
walls offer a promising solution for low-performance structural systems required
by resilient and sustainable civil infrastructure.
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1 Introduction

Reinforced concrete wall structures can bear vertical and lateral loads caused by wind or
earthquakes. Concrete buildings do not fall easily and stay standing after an earthquake,
but the high residual drift ratio makes it much more likely that the buildings will be
destroyed [1]. The installation should be demolished after the earthquake, or it might
require expensive structural repairs that are neither practical nor cost-effective. In the past
ten years, low-damage structural systems have attracted the attention of both academics
and practicing engineers. To increase the performance of repairable shear walls, some
researchers have suggested using high-strength materials like FRP reinforcement [2, 3],
PC strands [4], and SMA (shape memory alloy) [5].

The ability of a concrete structure, subsequent to being unloaded, to revert back to
its initial position is known as Self-centeredness aptitude. This capability can be attained
through three methods: (a) using unbonded post-tensioning strands[6–9], (b) memory
shape alloy steels[10, 11], and (c) pre-pressed disc springs[12, 13]. Various systems
have been developed using these methods, such as a self-centering link beam that is
reinforced by post-tensioned Shape Memory Alloy (SMA) rods [14], Unbonded post-
tensioned prefabricated concrete moment framework [15], Shear wall made of unbonded
post-tensioned concrete [16, 17], The wall is designed with self-centering capabilities
and incorporates disc spring devices or SMA bars [13], as well as an unbonded post-
tensioned linked wall system [18]. Shen et al. [19, 20] examined the performance of a
post-tensioned concrete linked wall system that includes a steel coupling beam. Addi-
tionally, these strands contribute to the system’s ability to automatically align itself. Con-
sequently, following the earthquake, the structure would go back to its initial undisturbed
position and exhibit either no remaining or minimal remaining displacement. The bene-
fits of unbonded post-tensioned coupling beams, as compared tomonolithic cast-in-place
RC coupling beams and embedded steel coupling beams, include (a) enhanced aesthetics
due to less visible beam and wall details, (b) ability to endure substantial nonlinear dis-
placements without substantial structural harm, (c) self-centering ability that minimizes
residual capacity of the structure following a major earthquake, and (d) expedited and
simplified post-earthquake repair of the system. Additional ED devices are necessary for
this system because of the potential insufficiency of energy dissipation by self-centering
concrete walls. The structural deformation behavior can be simplified as “bilinear elas-
tic,” as depicted in Fig. 1(a). To enhance the ability of the self-centering shear wall to
dissipate energy, researchers explored the possibility of incorporating a damper element
to induce a “flag-shaped” deformation pattern in the structure, as depicted in Fig. 1(b).

To enhance the energy absorption capability of the wall, the hybrid wall, which
adds energy absorption fuses to the self-centering wall, is proposed. Restrepo and Rah-
man[21] first suggested steel rebars embedded in the wall-to-foundation to provide suf-
ficient energy dissipation capacity. Metal devices that presented energy absorption were
presented to easily repair hybrid walls after earthquakes. Marriott et al. [22] Suggested
an innovative wall design that combines tension-compression elements yielding steel
fuses exterior of the wall. Li et al. [23] devised a novel wall-to-foundation connection
utilizing buckling-restrained steel sheets through testing methods. For the vertical joints
of walls, a unique U-shaped flexural plate (UFP) [24] was designed. Wall rankings and
tests on the wall with the O-shaped plates revealed its substantial seismic capacity [25],
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so Henry et al. [26] proposed welding an O-shaped plate on the wall and using columns
to distribute energy.

The current study presents earthquake-resilient RC walls installed with replaceable
ED steel angles damper (SC-SAD) to improve earthquake performance. Thiswall system
can produce the following effects: SC capability provided by the unbonded strands,
enhanced energy dissipation by external steel angles, limited damage in RC walls with
major inelastic deformations concentrated in steel angles, and an earthquake-resilient
design requiring little to no repair even after earthquakes. A numerical model of the RC
wallwas subsequently created and validated using data from representative tests. Last but
not least, the computational (finite element) investigation and evaluation of the seismic
performance of the RC walls was done in terms of hysteresis curves, skeleton curves,
stiffness degradation, residual displacement, and self-centering and energy dissipation
capabilities.

Fig. 1. Post-tensioned SCwall systemwith energy dissipaters a) post-tensioning re-centering and
energy dissipation b) Hybrid system response.

2 Material Properties

The ABAQUS concrete damaged plasticity model (CDP) was used for the concrete
materials in theFEM.Thismodelwasmainlymade for reinforced concrete structures that
are loaded cyclically or dynamically. The concrete damage plasticity model is generally
built on two primary uniaxial concrete data sets and five plasticity parameters. The yield
surface function, the potential flow, and the material’s viscosity are all determined by
the five parameters ϕ, e, fb0/fc0, Kc, and λ, Multiple calculations were performed to
increase the analysis’s precision and convergence, and the results show that the model’s
plasticity parameter values are 38,0.1,1.16, 0.6667, and 0.0005, respectively. The elastic
modulus and Poisson’s ratio are two more variables that must be defined to define the
concrete material. The classical elastic-perfectly plastic stress-strain material model is
adopted for the steel reinforcements and pre-stress tendons, and tests obtain the essential
properties. In addition, the ED angle devices aremademainly of steel. TheQ345 strength
grade describes the angle made of steel. This investigation uses a model that is elastically
and exhibits excellent plasticity to mimic the behavior of steel angles accurately. Table 1
and Fig. 2 outlines the particular characteristics of all of the materials.
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Fig. 2. Mechanical properties of concrete material.

Table 1. Properties of concrete, reinforced bars, ED steel angle, and strands.

The material Variable The value

The concrete Strength 40 (MPa)

Elastic modulus 29.915 (GPa)

Poisson’s ratio 0.2

The Reinforcement Tensile strength 430 (MPa)

Highest level of strength 570 (MPa)

Modulus elasticity 210 (GPa)

The Poisson proportion 0.3

Strands Area ( mm2) 100

Highest level of strength 1836(MPa)

Tensile strength 1746(MPa)

Modulus elasticity 205(GPa)

The Poisson proportion 0.3

Steel sheets Tensile strength 375(MPa)

Highest level of strength 425(MPa)

Modulus elasticity 210 (GPa)

The Poisson proportion 0.3

3 Test Specimen

Restrepo et al. [21] tested three self-centering shear walls that had been pre-stressed
to look into how well self-centering concrete wall structures handle earthquakes. The
prototype for a 4-story building structure was used to design the test specimens. The
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Fig. 3. Specifications of specimens’ construction. Fig. 4. Design details of the ED steel
angle.

tested samples were called “Unit1, Unit2, and Unit3.“ This research paper uses Unit 1 as
an example, and Fig. 3 displays the wall’s design details. The wall is 3700 mm tall and
125 mm thick. The shear wall has two sets of pre-stressed tendons (PTs). They are set up
175mm from the centerline of thewall. Each pre-stressed tendon comprises a steel strand
that is 12.7 mm wide and has a cross-sectional area of 100 mm2. Their starting level
of pre-stress is 0.5. The two corners of the test sample have additional enhancements to
strengthen the local concrete and prevent the concrete’s premature failure at the wall toe
while the wall is moving back and forth.

First, Unit 1 has no ED bars or other energy-dissipating devices at the joints. It means
it is a typical pre-stressed rocking wall structure written as SC in this study. Second,
this research shows a brand-new precast self-centering concrete wall structure made of
ED steel angles device. It is called SC-SAD. In Fig. 4, you can see more information
about the design parameters. The angle damper made of steel used in this study has a
cross-section that is L75 mm × 75 mm × 4 mm. It was done with an angle width of b
= 10 mm. The ED steel angle dampers’ legs were attached to the corners of the walls
and the foundation. It can create stable hysteretic loops that can handle more ED loads.

4 Finite Element Analysis

This study presents a numerical simulation analysis using the ABAQUS software to
investigate the energy dissipation of the proposed system. Consequently, the proposed
method parameters conduct a finite element analysis (FEA), as shown in Fig. 7. The
strong portion of the sample utilizes the C3D8R part, while the pre-stressed and stressed
reinforcements adjust the truss element. A small pad simulates the anchor at the top of
the wall and the bottom end of the foundation, corresponding to the pre-stressed ten-
dons. Regular rebar and concrete are embedded in regions. Concrete is hardened into
a damaged flexibility in concrete. The touch interfaces of further elements are formed
with hard contact in the desired direction and the circumferential contact characteris-
tic direction. The coefficient of specific friction is established based on the physical
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characteristics of the touching layer. The experimental parameters, including loading
approaches and environment at borders, are identical to those of the subsequent studies.
The bond slip occurs among steel. Bars and concrete are ignored when the precast con-
crete wall contacts reinforcing steel bars and profiled steel. The tie partially simulates
wall contact with ED steel angle damper legs. A “surface-to-surface” connection models
the wall to the foundation. The contact surface is “contact hard,” meaning it can be Split
off from the outer layer. The perpendicular attribute is “penalty,” and the percentage
of interaction is 0.5. This method can mimic the self-centering rocking wall’s corner
lifting characteristics while avoiding concrete tension to make the structure more log-
ical. We investigate the seismic response of a self-centering rocking wall subjected to
cyclic horizontal forces on the upper wall. Figure 5 depicts the horizontal cyclic load-
displacement loading system. The SC and SC-steel angle damper (SC-SAD) models are
analyzed numerically. Figure 6 shows the first step in validating the precision of the
mathematical models by comparing the simulation findings of SC with the test results.
This diagram depicts the nonlinear elastic response typical of a rocking body. Almost
no residual lateral displacements were detected during the reaction, even after applying
drift ratios of 3%. According to test results, [21]: As shown in Fig. 1(a), the hysteresis
curve of the SC specimenwithout any energy absorption device is of the typical “rocking
wall” type, indicating that its energy dissipation capacity is poor. Figure 6 demonstrates
that the overall patterns of the two hysteresis curves have a high degree of unity with
one another. Numerical simulation and experimental results agree well and show similar
trends, so they can accurately reflect the proposed system’s mechanical properties like
bearing and energy dissipation capacities in Fig. 7.

5 Result Analysis

The loading process was modeled through the force system, which consists of the pre-
stress tendons and axial force to the wall body, resisting the bending moment caused
by the horizontal load before the self-centering rocking wall begins to rotate. When
the wall starts to turning, the right and left devices of energy absorption, which have
more significant force, begin to yield tension in the left. As the turning continues to
increase, the two instruments of energy absorption begin to yield in. To evaluate the
FEM’s accuracy even further, regional variables for reaction like the unbonded tendon
stress are looked into. To make it possible to compare the FEM calculations and test
results. The FEM results showed a good correlation with the experimental results. The
inaccurate estimation of strand stress during lateral force, as depicted in Fig. 8, may have
been caused by minor seating losses at the post-tensioning anchor and the test-related
deformation of the loading beam,whichwere not considered in the Finite ElementModel
(FEM).

5.1 Analysis of Hysteresis Curve

The hysteresis loop of the load-movement is shown in Fig. 9. In Fig. 9a, the starting
stage of loading, the structure is in an entirely elastic step, the hysteresis loop is almost
a straight path, and the area of energy absorption is tiny; with the increase of the load,
the uplifting of the wall increases, the energy dissipation capacity little increases.
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5.2 Influence of Thickness of Steel Angle Damper on Energy Dissipation
Capacity

Figure 9 (a, b, c, d, and e) shows the hysteresis curve of the load-sway. With the augment
in the load, the energy dissipation capacity of the steel angle damper starts to play; The
structure’s rotation angle is increasing, causing the steel angle devices in the corners
of the wall to enter the plastics phase; the energy absorption capacity augment until it
attended its peak. Based on the above analysis, the energy absorption capacity of the
steel angle device is dominant for the SC-SAD under cyclic loading. So, it is essential
to look into how SAD’s thickness affects SC-SAD’s mechanical properties when it is
loaded and unloaded many times. To accomplish this goal, five cases have been chosen
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to investigate the effect that varying thicknesses of SAD have on the energy dissipation
of SC-SAD. These results can be found in Fig. 9. For a small angle thickness of 10mm,
the energy dissipation is about 2.5 KN-m. For the case of an angle thickness of 12.5mm,
the energy dissipation is about 8KN-m. In the case of an angle with a thickness of 15mm,
the energy dissipation is approximately 11 KN-m. For an angle thickness of 17.5mm,
the energy dissipation is about 15 KN-m. In the case of an angle with a thickness of
20mm, the energy dissipation is approximately 19 KN-m. For all cases, the energy
absorption gradually increases with the displacement increase δ. For the same shape and
strength as the angle damper, the selection of the thickness of the angle damper will help
determine energy dissipation, which is quite crucial to the design of the angle damper.
The deformation for the angle thickness of 10 mm to 20 mm in the FEA simulation is
shown in Fig. 9 (a, b, c, d, and e) and Fig. 10, respectively.
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Fig. 9. Lateral force-top displacement hysteretic curves of the (a) angle plate thickness 10 mm
(b) angle plate thickness 12.5 mm (c) angle plate thickness 15 mm (d) angle plate thickness
17.5 mm(e) angle plate thickness 20 mm.

5.3 Analysis of Skeleton Curve

The skeleton loops and cumulative energy dissipators coefficient ξ loops eshedtablis on
the hysteresis loops for walls with the ED angle thickness of 10 mm, 12.5 mm, 15 mm,
17.5 mm, and 20 mm are illustrated in Figs. 11 and 12, indicating that the early stiff-
ness and force, as well as the energy absorption ability of SC-SAD, are substantially
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improved with the augment of SAD’s thickness under the premise of other conditions
being the same. However, the self-centering capability was decreased. It is because the
same recovery forces presented by the pre-stressed tendons should overcome the differ-
ent SAD’s resistances due to varying thicknesses of SADs, resulting in higher starting
stiffness, larger bearing capacity, and energy absorption capacity butmore obvious resid-
ual malformation with the increased thickness of SADs. The envelope curves extracted
from the cycle peaks are shown in Fig. 11.

The equivalent viscous dampening proportion assesses the structure’s ability to dissi-
pate energy. Figure 13 depicts how the same amount of damping viscous alters depending
on the displacement that is being measured. Overall, the same viscous damping propor-
tion increases with the increase in displacement of the SC-SAD system. For example, if
the angle thickness is 20 mm, the comparable viscous pressure damping proportion of
the sample reaches a peak value of 0.01274 importance the drift is 0.0025%. When the
drift is 0.0075%, the same viscous damping proportion of the sample gets a maximum
importance of 0.02196. When the drift is 0.01575%, the comparable viscous damp-
ing ratio of the model reaches a maximum importance of 0.02612. When the drift is
0.025%, the same viscous damping proportion of the model gets a maximum impor-
tance of 0.0259. To better understand the variation of the system cyclic response of an
SC-SAD with different angle thickness parameters, residual drift is presented here, as
shown in Fig. 14. The variation in selected thickness parameters of the SAD (10, 12.5,
15, 17.5, and 20 mm) It is observed that the residual drift increases noticeably with
an increase in the thickness of the SAD. However, this comes at a penalty of reduced
re-centering capabilities. The reduction in re-centering is more apparent in more thick-
ness angles, but for a low and medium range of thickness of the SAD, the SC-SAD
can re-center after the complete cycle. Increasing the thickness of the angle damper is
beneficial to improving the self-centering wall’s lateral stiffness, strength, and energy
absorption capacity. Still, it simultaneously causes a significant residual drift.
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6 Summary and Conclusions

This study suggests using replaceable ED devices to create an earthquake-resistant RC
wall. The structure and design of this innovative precast RC wall were presented. The
post-tensioned wall was investigated. Steel-angle dampers were used on the wall to
dissipate the energy. The numerical modeling samples included a control specimen
without an energy dissipation damper and five specimens with steel angle dampers with
different damper thicknesses were tested under cyclic loading. The main findings of this
study are summarized as follows:

The control sample with no energy absorption damper under cyclic loading showed
bilinear-elastic load-movement behavior. At the same time, the models equipped with
steel angle dampers presented flag-shaped hysteresis loops. In these models, PT strands
played the role of self-centering, and steel angle devices played the role of energy
absorption in the system. The angle damper self-centering wall suggested in the paper
is straightforward and clearly defined. It is possible to achieve the following: no dam-
age to the primary wall structure, replaceable members, simple installation, and quick
restoration of structure-function. The force-displacement curve for the suggested sys-
tem showed an ordinary “flag-shaped” hysteretic response, and it has excellent energy
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dissipation and self-centering capabilities. Based on the numerical results, the damper
provided a completely stable behaviorwithout increasing damage. The specimen showed
regular hysteresis behavior up to the thickness of 15 mm, but with thicknesses 17.5 mm
and 20mm, the residual of the sample increased significantly. At the same time, themod-
els had excellent energy dissipation, load-carrying capacities, and lateral stiffness under
cyclic loads. They couldwithstand large nonlinearitieswithout additional damage towall
and angle dampers. Increasing the ED device thickness is beneficial to improving the
energy absorption and the self-centering wall’s lateral stiffness. Still, it simultaneously
causes a significant residual drift.

The plastic deformation of the structure is concentrated in the energy absorption
device. The proposed precast RC walls with ED steel angle will provide a promising
solution for performance seismic-resisting structural systems suitable for resilient and
sustainable civil infrastructure.
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Abstract. This paper evaluates the shear strength of the steel stud connectors in
the steel-UHPC lightweight composite bridge deck composed of the orthotropic
steel deck with closed U-ribs. The interlaminar shear stress between the UHPC
pavement and the steel plate of orthotropic steel deck in the new steel-UHPC
lightweight composite bridge deck is computed using the finite element method,
in which the influence of wheel loading conditions and overloaded vehicles are
studied. Results show that the largest interlaminar transverse shear stress between
UHPC pavement and steel plate is induced by the action of triple-axle loading.
The interlaminar shear stress between the UHPC pavement and the steel plate will
increase significantly under the action of the overloaded vehicles.

1 Introduction

The orthotropic steel bridge deck is the preferred bridge deck of large and medium span
bridges at domestic and foreign countries [1]. Most of orthotropic steel bridge decks are
covered with asphalt pavement. The integral stiffness of orthotropic steel bridge deck
cannot be effectively improved due to the low stiffness and poor high temperature stabil-
ity of asphalt pavement. Under the cyclic load of vehicles, this type of pavement is prone
to pavement damage and fatigue cracks at the welds of the orthotropic steel bridge deck
[2]. The traditional solution is mainly to improve the weld details and increase the thick-
ness of the roof for the orthotropic steel bridge deck. However, the traditional method
does not fundamentally solve the problem. The application of Ultra-high Performance
Concrete (UHPC) provides a new direction for solving above problems.

Shao’s research team [3] proposed a new steel-UHPC lightweight composite bridge
deck structure that connects UHPC pavement with steel deck through stud connectors.
The steel stud connectors are the key to realize the joint work of the orthotropic steel
bridge deck and the UHPC pavement [4]. Previous studies focused on the asphalt pave-
ment. In recent years, the interlaminar shear stress of the new steel-UHPC lightweight
composite bridge deck structure have been widely concerned [5]. Taking the light com-
posite deck of two bridges on Dongting Lake with opening ribs as the engineering
background, Zhang et al. (2017) analyzed the influence of local wheel load on the shear
stress between the UHPC layer and steel roof interface layer [3]. The results show that,
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the shear strength of steel studs under the action of standard load vehicles could meet
the requirements of static bearing capacity [5].

The interlaminar shear stress distribution of steel-UHPC light composite deck com-
posed of orthotropic steel deck with closed ribs is more complex than that of composite
deck with open ribs. This paper calculates the interlaminar shear stress distribution
between the UHPC pavement and the steel roof in the steel-UHPC lightweight compos-
ite deck with closed ribs of a bridge in North China, and checks the shear strength of the
steel stud connectors. Selecting the standard five axle overload vehicles specified in the
“General code for design of highway bridges and culverts”, we analyze the influence
of triple axle wheel’s load and overloaded vehicles’ conditions on the calculation of
interlaminar shear stress between UHPC pavement and steel roof.

2 Finite Element Model of Interlaminar Shear Stress Analysis
for Light Composite Bridge Deck

2.1 The Establishment of Local Finite Element Model

This study adopts the local finite element model established by Deng et al. (2017) [6].
Themodel is based on a bridge in North China. In order to improve the disease resistance
of the bridge deck pavement and increase the fatigue life of the steel bridge welds, the
new pavement adopts a new steel-UHPC lightweight composite bridge deck as shown
in Fig. 1.

Fig. 1. The structure of new steel-UHPC lightweight composite bridge deck.

As shown in Fig. 2, the local finite element model of light composite bridge deck
contains four diaphragms and five U-shaped ribs. The following assumptions are used
in the calculation. The pavement layer is equivalent homogeneous isotropic elastomer.
The bonding between pavement layers as well as between the pavement layer and the
top plate of orthotropic steel deck are ideal. The displacement boundary conditions of
the model are: restraining the displacement of x direction at the end of bridge deck, the
displacement of y direction at the end of outer beam, and the displacement of z direction
at the bottom of the beam.
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Fig. 2. Local finite element model of lightweight composite bridge deck.

2.2 Selection of Vehicle Load

Working condition 1: the calculation load of Deng et al. (2017) selects the standard
five-axis vehicle specified in the “General Code for Design of Highway Bridges and
Culverts”. As shown in Fig. 3, the wheel load of each rear axle is 70 kN. The wheel
load area is 0.2 m 0.6 m, and the vehicle wheel load is applied to the mid-span in Fig. 2.
Deng et al. (2017) adopts three common transverse loading positions of the wheel: in-
between-rib loading, riding-rib wall loading and over-rib loading. The loading methods
are shown in Fig. 4. Because six-axis vehicles are increasing and the distance between
the rear three axles in a six-axis vehicle is smaller than the distance between the two
adjacent diaphragms, this study considers the effect of triple-axle wheel load on the
interlayer shear stress of the new steel-UHPC light composite bridge deck structure.
The wheel load of each rear axle is taken as 70 kN.

Fig. 3. The axle loads of standard five-axis vehicle (the length unit is in meter).

Fig. 4. Three transverse positions of wheel loading.

Working condition 2: performing a statistical analysis of vehicle load based on the
WIM (Weigh-In-Motion) system. As shown in Fig. 5, the single axle load of the rear axle
of five-axle overload vehicle is 252 kN, and the wheelbase is 1.4 m. According to the
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relative position between the wheel moving load centerline and the reference diaphragm,
each wheel load condition moves forward with 100 mm per step.

Fig. 5. The axle loads of overloaded five-axis vehicle (the length unit is in meter).

3 The Interlaminar Shear Stress of Steel-UHPC Light Composite
Bridge Deck

Based on different wheel load forms and overloaded vehicles, we calculate themaximum
interlayer shear stress between UHPC pavement and steel roof in the new steel UHPC
light composite deck structure.

3.1 The Influence of Triple-Axle Wheel Load on Interlaminar Shear Stress

The results ofDeng et al. (2017) show that the riding-ribwall loadinggenerates the largest
interlaminar shear stress, which is the most unfavorable transverse position of wheel
loading. After analyzing the most unfavorable transverse position of wheel loading, we
further study the influence of triple-axle wheel loads on the interlayer shear stress of the
new steel-UHPC light composite bridge deck structure. Figure 6 shows the interlayer
shear stress under triple axle load at the selected most unfavorable transverse position
of wheel loading. As shown in Fig. 6, when the standard load vehicle is under triple axle
wheel load, the interlayer shear stress continued to increase after the wheel load position
1.4 m away from the diaphragm and reached the maximum at the mid-span of the two
diaphragms.

Table 1 shows the peak values of interlaminar shear stress of steel-UHPC lightweight
composite bridge deck structure under different wheel loading methods. As shown in
Table 1, the wheel loading method has a great influence on the maximum interlaminar
shear stress. The maximum interlaminar shear stress generates under the action of triple
axle load. Taking themaximum transverse shear stress between layers as an example, the
maximum transverse shear stress between layers under the action of triple axle load is
1.2 times that of double axle load and 1.6 times that of single axle load, which indicates
the necessity of considering triple axle load.

3.2 The Interlaminar Shear Stress of Steel-UHPC Light Composite Bridge Deck
Under the Action of Overloaded Vehicles

We conduct the statistical analysis of vehicle load based on the WIM system. At the
selected most unfavorable transverse loading position, the maximum interlaminar shear
stress of different positions under biaxial load of overloaded vehicle are shown in Fig. 7.
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Fig. 6. The maximum interlaminar shear stress of different positions under triple axle load of
standard vehicle.

Table 1. Peak values of interlaminar shear stress of Steel-UHPC lightweight composite bridge
deck structure under different wheel loading methods.

Single axle load Double axle load Triple axle load

The maximum transverse shear stress
between layers/MPa

1.040 1.352 1.663

The maximum longitudinal shear stress
between layers/MPa

0.522 0.658 0.776

Fig. 7. The maximum interlaminar shear stress of different positions under biaxial load of
overloaded vehicle.

According to results of Fig. 7, under the action of double axle load of overloaded
vehicle, the change of interlaminar shear stress of steel-UHPC light composite bridge
deck structure is the same as that under the action of double axle load of standard
vehicle. After the wheel load position of 0.7 m away from the diaphragm, the value of
the interlayer shear stress continues to increase due to the wheel load changing from
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single axle load to biaxial axle load, and reaches a maximum value at the mid-span of
the two diaphragms.

Table 2 shows peak values of interlaminar shear stress of steel-UHPC lightweight
composite bridge deck under the action of overloaded vehicles. The maximum shear
stress between layers increases significantly under the action of overloaded vehicles.
Taking the maximum transverse shear stress between layers as an example, compared
with the double axle load of standard vehicle, the maximum transverse shear stress
between layers under the action of the double axle load of overloaded vehicle increases by
80%. The shear stress on the studs increases significantly under the action of overloaded
vehicles. Therefore, in order to ensure the effective connection between the UHPC layer
and the steel roof, it is important to check whether the studs meet the interlayer shear
requirements under the action of overloaded vehicles.

Table 2. Peak values of interlaminar shear stress of steel-UHPC lightweight composite bridge
deck under the action of overloaded vehicles.

Double axle load Triple axle load Double axle load

The maximum transverse shear stress
between layers/MPa

1.352 1.633 2.435

The maximum longitudinal shear stress
between layers/MPa

0.658 0.776 1.185

4 The Shear Strength Check of Steel Stud Connectors

According to the calculation results of Deng et al. (2017) [6], the shear strength of the
studs corresponding to its shear force capacity is 1.84 MPa resulting from the current
“Code for Design of Steel-Concrete Composite Bridges” of China.

It can be seen from Table 2 that the studs meet the strength requirements under
standard vehicle load. However, under double-axle load of the overloaded vehicle, the
maximum transverse shear stress between the UHPC pavement and the steel roof is
greater than the maximum shear stress corresponding to the shear bearing capacity of
studs. Then studs have the potential to be sheared. Therefore, it is necessary to restrict the
passage of overloaded vehicles to meet the strength conditions of the stud connectors,
and to ensure that the steel-UHPC light composite bridge deck structure can effectively
work.

5 Conclusion

By considering the triple axle wheel load and overload vehicles, this study calculates
the interlaminar shear stress of steel-UHPC light composite bridge deck that composed
of orthotropic steel deck with U-shaped ribs. The following conclusions can be drawn
from the calculation results in this paper.
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1) The loading mode has a great influence on the interlayer shear stress calculation
of the light composite bridge deck structure. The maximum interlayer shear stress is
generated under the action of the triple axle load. Taking the maximum transverse shear
stress between layers as an example, the maximum transverse shear stress between
layers under the action of triple axle load is 1.2 times that of double axle load and 1.6
times that of single axle load. Therefore, the interlaminar shear stress in the steel-UHPC
lightweight composite bridge deck structure generated by the vehicle loadwill be greatly
underestimated when considering only the single-axle load.

2) The interlayer shear stress of the light composite bridge deck structure increases
greatly under the action of overloaded vehicles. Taking the maximum transverse shear
stress between layers as an example, compared with the double axle load of standard
vehicle, the maximum transverse shear stress between layers under the action of the
double axle load of overloaded vehicle increases by 80%.

3) According to the calculation results of the maximum interlaminar shear stress of
the new steel-UHPC light composite deck structure under different load conditions, the
maximum interlaminar transverse shear stress under the action of overloaded vehicles
is higher than the shear strength limit corresponding to the shear capacity of the studs in
the steel-UHPC light composite deck. Therefore, it is necessary to restrict the passage
of overloaded vehicles.
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Abstract. The soil nutrients, main agronomic indexes, and key yield factors dur-
ing the maize growth period were studied by using a nutrient expert system to
recommend optimal fertilization. The results showed that the fertilizer application
had a significant impact on the growth and yield formation of maize, especially
the N fertilizer application. N deficiency in maize seriously affected the yield
and its component factors, while P and K deficiency had no significant effect on
decreasing maize yield. The optimized fertilization treatment (NE) significantly
reduced the bald tip length and increased the ear length and the yield of maize
by 10.2% compared with the conventional fertilization treatment (FP). NE signif-
icantly increased the utilization rate of N, P, and K in maize, which was 20.1%,
12.4%, and 45.4% higher than that of FP. The trend of fertilizer N deficiency
was opposite to NE, but P and K deficiency were not obvious. Compared with
FP, soil organic matter of NE did not change significantly, and the pH value was
increased. Nitrate nitrogen and ammonium nitrogen were decreased by 51.9%
and 3.9%, respectively. A significant correlation between maize yield and alkali
hydrolyzed nitrogen, organic matter. In conclusion, the optimized fertilization
treatment had obvious effects on the growth indicators and yield components of
maize, improving the fertilizer utilization rate, and providing technical support for
rational fertilization of maize.

Keywords: Maize; Fertilizer Deficiency · Yield · Fertilizer Application
Efficiency

1 Introduction

N, P, and K are the major elements restricting the growth and yield formation of maize
[1]. The amount absorbed by maize affects the utilization rate of N, P, and K fertilizers.
At present, the excessive application of chemical fertilizer not only causes a waste of
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resources but also poses a potential threat to the environment. There is a certain space
for saving fertilizer when applying N, P, and K fertilizers [2]. The Sanjiang Plain is the
main production area of spring corn in Heilongjiang province [3]. Maintaining the maize
yield is of great significance for food security and stability in China [4]. However, to
pursue high yield, the Sanjiang Plain has a high amount of fertilization and a serious
phenomenon of blind fertilization, resulting in an imbalance in the proportion of soil
N, P, and K, and limiting corn yield [5]. In the northeast black soil area, the yield
will not be reduced by reducing the application of P fertilizer by 20%, and the partial
productivity of P fertilizer will increase by 17.0%-21.6% [6]. There is no significant
difference in corn yield when the straw is used to replace 30% and 60% K fertilizer [7].
Optimizing fertilization can reduce fertilizer input, stabilize production and increase
production, reduce environmental pollution, and improve the utilization rate of N, P, and
K fertilizers. Studies have shown that reasonable fertilization is conducive to improving
the photosynthetic rate of plant leaves [8], prolonging the photosynthetic time, and
significantly improving the yield and its indicators [9]. Under the wheat-maize rotation
system, the maize yield of optimized fertilization increased by 5.3% [10]. Winter wheat
of optimal fertilization inWeibei dryland increased wheat yield, reduced nitrate nitrogen
accumulation in the soil profile, and improved nitrogen utilization rate [11].

How to effectively maintain the yield and control the amount of fertilizer is an urgent
problem to be solved in agricultural production. This study recommended fertilization
according to the nutrient expert system, and on this basis, weight loss, and clear the
impact of different fertilizer elements on soil and corn yield, to provide basic data for
the gradual realization of cost reduction and efficiency increase in agriculture.

2 Materials and Methods

2.1 Overview of the Test Site

The test site is located in the Agricultural Extension Center of Friendship Farm in
Sanjiang Plain, (46.7548° N, 131.8498° E). The soil type is typical black soil, belonging
to the continental monsoon climate of the cold temperate zone. The annual average
temperature is 2.8 °C, the effective accumulated temperature is 2 170-2 700 °C, the
annual precipitation is 512.4 mm, and the frost-free period is 120–130 days. The soil
type is black soil, with organic matter content of 20.8 g kg−1, an available phosphorus
content of 23.86 mg kg−1, an alkali hydrolyzed nitrogen content of 64.0 mg kg−1, a pH
of 6.16, an ammonium nitrogen content of 11.86 mg kg−1, the nitrate nitrogen content
of 8.42 mg kg−1, and available potassium content of 169.60 mg kg−1.

2.2 Experimental Design

The optimization fertilization experiment in 2021 and 2022 adopted the random block
arrangement design, and a total of five treatments are set: nutrient expert-recommended
fertilization system (NE),Ndeficiency treatment (NE-N), P deficiency treatment (NE-P),
K deficiency treatment (NE-K) and conventional fertilization (FP). The fertilizer amount
were shown in Table 1. The maize variety was Tianhe 2, and the sowing date was in the
middle of May. During the whole growth period of maize, natural precipitation was the
main irrigation practice.
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Table 1. Effect of different fertilization treatments on nitrogen fertilizer utilization rate

Treatments Fertilization time N amount (kg
ha−1)

P amount (kg
ha−1)

K amount (kg
ha−1)

FP Base fertilizer
(before sowing)

58.3 69.0 50

Top dressing
(jointing stage)

116.8

NE Base fertilizer
(before sowing)

75.0 50.6 41.5

Top dressing
(jointing stage)

65.8

Top dressing
(tasselling stage)

46.9

NE-N Base fertilizer
(before sowing)

— 50.6 41.5

NE-P Base fertilizer
(before sowing)

75.0 —

Top dressing
(jointing stage)

65.8

Top dressing
(tasselling stage)

46.9

NE-K Base fertilizer
(before sowing)

75.0 50.6 —

Top dressing
(jointing stage)

65.8

Top dressing
(tasselling stage)

46.9

2.3 Sample Collection and Determination Method

Soil sample collection: Five points were selected in different treatments according to the
“S” shape before corn harvest, using a soil drill to collect 0–20 cm and 20–40 cm soil
layers and mixed totally into a sample respectively. Picked out straw residues and small
stones. The air-dried soil samples were extracted with 1 mol L−1 potassium chloride
solution (the ratio of soil to liquid is 1:10) by shaking for 1 h. After filtering, use a
continuous flow analyzer to determine nitrate nitrogen and ammonium nitrogen. Other
soil nutrients were determined by conventional methods.

Yield measurement: in the mature period, the sampling area of each plot was 13 m2,
and another 10 plants were taken for indoor planting to calculate the yield.
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2.4 Data Analysis

N utilization rate (NUE,%) = (N accumulation amount of plants in N application area
at maturity - N accumulation amount in non N application area)/N application amount
× 100;

The utilization rate of P fertilizer (PUE,%) = (P accumulation amount of plants in
P application area at maturity – P accumulation amount in non-P application area)/P
application amount × 100;

Utilization rate of K fertilizer (KUE,%)= (K accumulation of plants in K application
area at maturity - K accumulation in non K application area)/K application amount ×
100;

The SPSS 17.0 (SPSS, Inc., Chicago, IL, USA) analytical software package was
used for all the statistical analyses. Single-factor analysis of variance (ANOVA) and
least significant range (LSD) was used to test the different significance at the 5% level.
Pearson correlation coefficients of maize yield and other indexes.

3 Results

3.1 Maize Yield and Its Components

The yieldwasmore sensitive to any deficit inN, P, andK fertilizer, especially the fertilizer
N. As shown in Table 2, the ear length of maize in the NE-N treatment was the shortest
and the FP treatment was the longest, the ear length of NE-N was 41.7% lower than
that in the NE treatment (P < 0.05), while NE-P and NE-K were slightly lower than NE
treatment. The bald tip value of NE-N was 2.15 cm at the highest level and NE treatment
was 0.2 cm at the lowest level, while the value of NE-P, NE-K, and FP treatments did not
reach a significant difference higher than NE. In terms of yield, the yield of the NE-N
treatment was the lowest one which was significantly different from other treatments,
only 3 156 kg ha−1, and the FP, NE-P, and NE-K treatments were lower than NE at
9.3%, 78.0%, and 6.4%, respectively. The NE-N treatment showed the lowest yield, the
highest bald tip length, and the ear length the lowest which indicated that the yield and
its indicators were seriously affected by fertilizer N deficiency, and the yield reduction
of fertilizer P deficiency was the minimum, following by fertilizer K deficiency.

Table 2. Effect of different fertilization treatments on nitrogen fertilizer utilization rate

Treatment Ear length (cm) Bare tip of
the ear (cm)

Row number per
ear

Hundred seeds
weight
(g)

Yield
(kg hm−2)

NUE (%) PUE (%) KUE (%)

NE 18.85 ± 1.03ab 0.2 ± 0.41b 16 ± 1.48a 50.02 ± 3.18b 14314 ± 622.8a 27.28 ± 1.36a 30.99 ± 2.96a 66.50 ± 4.14a

NE-N 13.3 ± 0.75d 2.15 ± 0.71a 15.1 ± 3.84a 32.89 ± 1.19c 3156 ± 193.6c — — —

NE-P 17.2 ± 0.94c 0.35 ± 0.35b 15.8 ± 1.33a 51.31 ± 2.15ab 13882 ± 535.4ab — — —

NE-K 18.35 ± 1.53ab 0.6 ± 0.46b 15.2 ± 1.4a 49.43 ± 3.19b 13401 ± 839.7ab — — —

FP 19.00 ± 0.91a 0.3 ± 0.48b 15.6 ± 0.84a 52.66 ± 4.45ab 12987 ± 681.4b 22.70 ± 0.65b 27.58 ± 0.74b 45.70 ± 1.58b

a The values are mean standard deviation.
b Different lowercase letters represent a very significant difference (P < 0.05).
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3.2 Effect of Different Treatments on Soil Nutrients, Nitrate Nitrogen,
and Ammonium Nitrogen

It was shown in Fig. 1 that the nitrate nitrogen content of NE-Nwas the lowest at 0–20 cm
and 20–40 cm soil layers, only 1.57 mg L−1 and 1.79 mg L−1, and FP treatment was the
highest at 6.56 and 5.67mgL−1, which had significant differences fromother treatments.
However, it was not different among NE-P, NE-K, and NE treatments. Nitrate nitrogen
content was closely related to the amount of nitrogen fertilizer applied, for which N
deficiency had a lower nitrate nitrogen content. Ammonium nitrogen is mostly adsorbed
and fixed by soil particles, with less leaching in soil. Ammonium nitrogen content in
NE was the highest at 0–20 cm and 20–40 cm layers. With the deeper of the soil layer,
ammonium nitrogen content decreased slightly. At 0–20 cm, the content of ammonium
nitrogen of NE-Kwas the lowest, 28.6% lower than NEwhile 18.6% of NE-Nwas lower
than NE. At 20–40 cm, the content of ammonium nitrogen in NE was 24.5% higher than
that in FP, with no significance.
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Fig. 1. Ammonium nitrogen and nitrate nitrogen under different treatments (Different lowercase
letters indicate the significance analysis at the level of 0.05 between different treatments at the
same level)

Fertilizer deficiency could decrease organic matter content at 0–20 cm soil layer,
except for K deficiency which showed in Fig. 2. All the treatments had no obvious effect
at the 20–40 cm soil layer. The content of organic matter of NE-Nwas the lowest and had
a significant differencewith NE (P< 0.05). The content pH did not fluctuate heavily, and
NE treatment increased the pH value of both 0–20 cm and 20–40 cm soil layer, followed
by NE-P as the lowest. There was no significant difference among NE-P, NE-K, and FP
treatments.

The content of available nutrients in all treatments was higher at 0-20cm than in the
20–40 cm soil layer (Fig. 2). AN of NE-K and FP treatments were the highest at 0–20 cm
soil layer, and the NE-N was the lowest one. The content of AP in FP was the highest at
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0–20 cm and 20–40 cm, and the NE treatment was the lowest. The NE-N, NE-P, NE-K,
and FPwere 3.3%, 10.6%, 26.1%, and 46.6% higher than the NE treatment, respectively.
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Fig. 2. Soil nutrient under different treatments (Different lowercase letters indicate the signifi-
cance analysis at the level of 0.05 between different treatments at the same level)

3.3 The Relationship Between Yield and Other Indicators

It could be seen from Table 3 that the yield had a positive correlation with AN and
organic matter. Nitrate nitrogen had a very significant positive correlation with AP, and
a significant positive correlation with AN.
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Table 3. Person correlation among yields and other indicators

A-N O-P NO3
−-N NH4

+-N O.M Yield

A-N 1.000 0.551* 0.632* 0.124 0.757** 0.514*

O-P 1.000 0.664** 0.086 0.526* 0.284

NO3
−-N 1.000 0.462 0.566* 0.509

NH4
+-N 1.000 0.004 0.163

O.M 1.000 0.517*

Yield 1.000
*Stand for the correlation at 0.05 level, and **stands for the correlation at 0.01 level.

4 Discussion

4.1 Effects of Optimized Fertilization on Soil Nutrients, Yield, and Fertilizer
Utilization

Optimal fertilization can promote the matching of nutrient demand and supply of crops
to promote high yield. N, P, and K are all essential nutrients for crop growth [12]. N is the
material basis for plant growth and physiological metabolism. The net photosynthetic
rate of maize can be improved by increasing the amount of synthetic chlorophyll and
enzymes. P participates in the energy metabolism of maize. K can promote protein
synthesis and carbohydrate transfer [13]. In this experiment, the optimized fertilization
could increase the content of AN, AP, AK, soil organic matter, and pH in the soil. NE-
N did not significantly reduce the content of AN, although no sufficient N fertilizer
supply, the growth of plants was reduced due to N deficiency, and the ability to absorb
N was significantly weakened. The optimized fertilization had the longest ear length,
the shortest bald tip, and the highest yield in all treatments, and the NE-N treatment
was the lowest. One of the reasons for the P deficiency without reducing yield was the
amount of phosphorus applied in the local custom was higher than that in the optimized
fertilization, and a large amount of phosphorus was fixed in the soil.

The fertilizer utilization rate is a representation of the situation in that the fertilizer
input in crop production is absorbed and utilized by crops. In 1998, the utilization rate
of N, P, and K fertilizers for major grain crops in China ranged from 30% to 35%, from
15% to 20%, and 35% to 50%, respectively [14]. Twenty years later, the utilization rate
of N, P, and K fertilizers for major grain crops in China has gradually declined, and the
utilization rates of N, P, and K fertilizers range from 10.8% to 40.5%, 7.3% to 20.1% and
21.2% to 35.9%, respectively. In recent years, it has become a common understanding
to reduce the amount of fertilizer and improve the practice of fertilization. According
to the survey of corn fields in many cities and counties in Heilongjiang Province in
recent 20 years, the utilization rates of N, P, and K fertilizers have been improved to
varying degrees, 22.3%-50.7%, 5.1%-37.6%, and 26.3%-76.4%, respectively [15]. In
this experiment, the utilization rate of N, P, and K in NE was higher than that of FP.
Similarly, in Heilongjiang Province, the optimized fertilization of maize carried out in
Shuangcheng was 41.8%, 15.5%, and 48.8% of N, P, and K application [9], and the
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utilization rate of N is significantly higher than the results of this experiment, which
may be because the AN content in Shuangcheng was three times that of this experiment.
The optimized fertilization treatment with light simplified one-time fertilization can
significantly increase the yield of maize, and at the same time improve the utilization
rate of nitrogen, phosphorus, and potassium fertilizer, which was 12.8%, 1.8%, and
2.9% higher than the farmers’ conventional fertilization. More importantly, it was a
reasonable and effective practice to reduce nitrogen according to the local climate, soil,
and production conditions, and to conFig.feasible fertilization technology so that the
applied nitrogen fertilizer can be fully absorbed and utilized by crops [16].

4.2 Effects of Optimized Fertilization on Nitrate Nitrogen and Ammonium
Nitrogen

Nitrate nitrogen was a former of nitrogen loss in soil moved down with water which
tends to increase with the increasing amount of nitrogen [17]. Here, we described the
NE treatment and applied a small amount of N fertilizer repeatedly to avoid the loss
of water and fertilizer caused by too much N fertilizer. On the other hand, it could
also supply N continuously, effectively avoiding the leaching loss of N caused by the
one-time mass application and high rainfall intensity [18]. Zheng et al. studied how to
reduce N and apply different proportions of organic fertilizer at the same time to ensure
maize yield in Shanxi Loess and found that the content of nitrate nitrogenwas lower after
applying slow-release fertilizer, reducing the amount of potential leaching nitrogen [19].
Under the same amount of nitrogen fertilizer application, coated urea could slowly and
continuously release nitrogen. Nitrate nitrogen tends to be low first, then high, and then
low throughout the growth period, and remains at an environmentally friendly level. In
this experiment, the nitrate nitrogen content of the local farmers used to apply fertilizer
was the highest, and the NE-N content was the lowest. Reducing the application of
nitrogen fertilizer can significantly reduce the nitrate nitrogen content of the soil. P and
K deficiency had little impact on nitrate nitrogen. The soil ammonium nitrogen in NE
treatment was the highest in 0–40 cm, and most of it was adsorbed and fixed in soil
particles after entering the soil. Only when the amount of nitrogen fertilizer was high,
the soil adsorption of ammonium nitrogen reached saturation.

5 Conclusion

The application of fertilizer has a significant impact on the growth and yield formation of
maize, especially the application of N fertilizer. A significant correlation between maize
yield and AN, organic matter. The optimized fertilization treatment had a good effect on
the growth indicators and yield components of maize, which could significantly reduce
the bald tip length, increase the ear length of maize, and increase the yield. N deficiency
could affect maize yield and its indicators seriously while P and K deficiency was
not significant. Based on reducing the application of chemical fertilizer, the optimized
fertilization could also improve the utilization rate of N, P, and K, and the yield increase
effect was obvious. In summary, it was a reasonable practice to reduce fertilizer by
combining local climate conditions and production conditions with fertilizer application
technology, then and improving fertilizer utilization.
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Abstract. The anti-slip performance of cable clamps is one of the important
structures to ensure the safety of suspension bridges, and there is currently limited
research on the influence of temperature. by using validated meteorological data,
an ABAQUS thermal coupling model is established to obtain the steady-state tem-
perature field for a representative period and apply it as a mapped field to analyze
the stress results of the cable clamp-main cable structure. The analysis concludes
that the derived analytical solution in this study is close to the numerical solu-
tion of the finite element method, with a maximum error of 4.2%, meeting the
requirements of practical engineering. The increase in temperature of the screw
itself reduces the pre-tensioning force, while the increase in structural temper-
ature, when the screw does not experience temperature variation, can actually
increase the friction force of the cable clamp to some extent, which is beneficial
for improving the friction resistance of the cable clamp. During the installation of
cable clamps, it is recommended to perform it at low temperatures, and the surface
of the screw can be thermally insulated to maximize the increase in friction force
caused by structural temperature rise.

Keywords: Cable Clamp · Solar Radiation · Temperature Field · Thermal
Coupling · Friction Resistance

1 Introduction

As a crucial connecting component between the hanger cable and the main cable, the
cable clamp mainly improves its anti-slip ability by increasing the friction force with
the main cable through bolt fastening [1, 2]. Once the cable clamp slips, it will cause

© The Author(s) 2024
G. Feng (Ed.): ICCE 2023, LNCE 526, pp. 250–260, 2024.
https://doi.org/10.1007/978-981-97-4355-1_24

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-97-4355-1_24&domain=pdf
https://doi.org/10.1007/978-981-97-4355-1_24


Research on the Clamping Force Performance of Cable Clamps 251

cracking and damage to the coating near the clamp and straight seams, redistribute the
internal force of the main cable, change the line shape of the main beam, affect the
safety of the bridge structure, and the process of change has a continuous divergent
effect, which is irreversible [3].

In order to investigate the influencing factors of cable clamp slippage, Miao et al.
[4, 5] proposed a new criterion for cable clamp sliding, which corrected the traditional
Coulomb friction formula and analyzed the anti-slippage performance of cable clamps
under different bolt tightening schemes through finite element modeling. Liu [6] and
Ruan [7] conducted small-scale model tests on cable clamp anti-slippage, collected a
large amount of test data, and obtained the influence laws of cable clamp tightening
force, friction coefficient, and creep under different factors. Tang [8] and Zhang [9]
mainly studied the reasons for the decay of cable clamp pre-tightening force. Shen [10,
11] studied the nonlinear relationship between the steel wires of the main cable at the
cable clamp site and researched the anti-slippage friction resistance of the cable clamp
based on a multi-scale model. Zhou [12], Zhao [13], and Zhao [14] based their research
on actual engineering projects and produced large-scale models of main cable-cable
clamp tests. The test data showed that the measured anti-slippage friction coefficient was
greater than the specification requirement of 0.15, and the contact surface of the cable
clamp was subject to nonlinear changes in force and had a complex stress composition.
In addition to using traditional materials for the main cable in the above studies, Li [15],
Zhuge [16], and Hou [17] also conducted related research on the sliding relationship
between CFRP materials for the main cable and cable clamps, making it possible to
further apply new material structures to suspension bridges.

The above research findings indicate that current studies have mostly focused on
the influence of factors such as bolt pre-tensioning force, cable tension, and main cable
creep. Suspension bridges are typical cable-supported structures, with the main load-
bearing structure being made of steel. They are sensitive to temperature changes, and
this effect is more pronounced in regions with large temperature differences between
day and night [18]. Therefore, further research is needed to investigate the anti-slippage
performance of cable clamps on suspension bridges under the influence of temperature.

2 Calculation of Temperature Effects on Cable Clamp Friction
Resistance

For the main cable, temperature changes can cause variations in the cross-sectional area
of the cable. This leads to the concept of the coefficient of thermal expansion for the
main cable, which is expressed as follows:

αs=
π(r2T − r2)

πr2�t
(1)

In the equation, αs represents the coefficient of expansion of the main cable surface;
rT represents the radius after temperature change; r represents the initial radius; �t
represents the temperature difference.
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Then the change amount of the main cable radius before and after the temperature
change is:

�r = r(
√

αs · �t + 1 − 1) (2)

According to the coordination relationship between the main cable, cable clamp and
screw deformation, it can be known:

εL = 2�r/L (3)

In the equation， εL represents the helical strain caused by the deformation of the
main cable section; L represents the initial length of the helix.

Therefore, the influence relationship of the cable clamp tightening force under the
temperature change of the main cable can be expressed by the following formula:

Pmc = 2 · r(√αs · �t + 1 − 1)

L
· ELAL (4)

In the formula, EL, AL are the elastic modulus and cross-sectional area of the screw
respectively.

According to the principles of material mechanics, the tightening force changes
under the temperature change of the screw itself are as follows:

Psc = αL�t · ELAL (5)

αL is the screw linear expansion coefficient.
Therefore, the total influence expression of screw tightening force under the influence

of temperature is:

P =
[
2r(

√
αs · �t + 1 − 1)/L + αL · �t

]
· ELAL (6)

According to the classic Coulomb friction law, the ultimate anti-slip friction
resistance between the cable clamp and the main cable can be expressed as Ffr .

Ffr = 2Nr = 4P

μθ

(1 − e−μθπ/2) (7)

Then the friction formula after the influence of temperature is:

Ffr= 4

[
2r(

√
αs · �t + 1 − 1)/L + αL · �t

] · ELAL

μθ

(1 − e−μθπ/2) (8)

3 Solar Radiation Data

The Xi He Big Data platform [19] introduces various meteorological data sources, and
based on artificial intelligence andmachine learning algorithms, it performs downscaling
calculations on existingmeteorological elements, and optimizes fusion and calibration of
meteorological data based on its own data grid. In order to verify the reliability of the data
results, the platform’s internal meteorological data and on-site radiation measurement
data were compared for inspection.
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The data collected by a solar radiation sensor installed at the construction site of the
Qingshui River Bridge project is used as a comparison source for verification. The time
span selected is August, when the sunlight is relatively strong, and the data collection
time is from 8:00 to 17:00 (August), with a time interval of 1 h. Rainy days in each
month are excluded. The data is shown below in Fig. 1.

Fig. 1. Comparison between radiation prediction and actual measurement in August

Based on the data curve in the graph, it can be observed that the measured values
and predicted values are well aligned. There is a relatively large deviation in the high
radiation value area, with a maximum deviation of 15.2% in July and 17.6% in August.
Overall, the measured values tend to be slightly higher. According to the calculation
formula of the MAPE function, the M value for July is 9.95%, and for August it is
11.08%. These values meet the requirements for accurate estimation and can be used in
practical engineering projects.

4 Project Overview and Model Construction

4.1 Project Overview

The Changshou Economic Development Zone Bridge is a single-span simply supported
steel box girder suspension bridge with a main span of 739 m and a vertical span ratio
of 1:9.11. The longitudinal spacing of the suspenders is 12 m, and the suspenders near
the tower are 15.5 m away from the tower centerline. The bridge cable clamps mainly
consist of upper and lower half clamps andM42high-strength bolts. The design clearance
between the two half clamps is set at 4 cm, and the effective length of the bolts is greater
than 0.7 times the diameter of the main cable inside the clamps in Fig. 2.

Fig. 2. Cable clamp design dimensions. (unit: mm)
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4.2 Model Parameter Selection

MainCable Properties. In reference [10], a large amount of actual field data on the ten-
sion forces of the cable clamps and the dimensions of the main cable were analyzed. The
three-dimensional (axial, tangential, and radial) anisotropic equivalent material property
relationship of the main cable was proposed, and its material adaptability was confirmed
through experimental data. The fitting curve and relationship equation are shown in
Table 1.

Table 1. Equivalent material parameter table

Elastic modulus (MPa) Poisson’s ratio

Axial Radial Tangential Axial Radial Tangential

195000 36000 22000 0.26 0.02 0.26

The author compared the main cable dimensions, construction methods, and design
aspects of the experimental bridge in reference [10] with those of the Changshou Eco-
nomic Development Zone Bridge, and found that except for slight differences in the
quantity of galvanized steel wires used for the main cable, all other indicators are com-
pletely consistent. Therefore, disregarding factors such as construction errors, it can be
considered that the three-dimensional anisotropicmaterial for themain cable in reference
[10] is equally applicable to the main cable model in this paper.

Thermophysical Parameters. Zhang [20] summarized the research results on the ther-
mal properties of themain cable in the past. By fitting the corresponding thermal property
parameter model of the main cable through laboratory and on-site main cable model test
data, the correctness of the parameter model has been verified in the paper, and can
be used for temperature field calculation and analysis of the main cable of suspension
bridges. As shown in Table 2.

Table 2. Thermophysical parameters.

Thermal Conductivity
(W·(m·°C)−1)

Convective heat
transfer
coefficient
( W·(m2·°C)−1)

Thermal
expansion
coefficient

radiation
heat
transfer
rate

Contact
heat
transfer

main
cable

Axial Radial Tangential 3.14 1.13e-5 0.8 complete
heat
transfer

40 1.2 25

rope
clip

38.53 46.52 1.14e-5 0.8



Research on the Clamping Force Performance of Cable Clamps 255

4.3 Finite Element Model Establishment

A model was created using the ABAQUS software, a large-scale general-purpose finite
element software. The main cable and cable clamps were simulated using C3D8T
thermal-coupledhexahedral elements,while the high-strengthboltswere simulatedusing
spatial beam elements. The contact surfaces between the ends and the nuts on the cable
clampswere coupled to simulate the transmission of bolt forces, with pre-tension applied
through bolt loading. The axial friction coefficient was set to 0.15, the circumferential
friction coefficient was set to 0.2, and the friction coefficient at the cable clamp stop-
per was set to 0.15. The ends of the main cable were fixed constraints, and a vertical
displacement was applied at one end of the cable clamp. According to the principle of
action and reaction, the frictional resistance of the cable clamps could be obtained by
extracting the boundary reaction forces of one end of the main cable. The computational
model is shown in Fig. 3.

Fig. 3. Finite element model diagram

5 Result Analysis

5.1 Analysis of the Influence of Screw Temperature

Based on the equation for calculating the frictional resistance of the cable clamps and the
finite element model, different values of bolt temperature were determined to analyze the
differences between the finite element solution and the analytical solution. The results
are shown in the table below. For different bolt temperatures, the maximum difference
ratio between the finite element solution and the analytical solution is -4.2%, and the
minimum is -0.3%. The comparison of the calculation results in these two cases shows
small differences, indicating that the finite element calculation results are close to the
analytical solution, further confirming the accuracy of the established finite element
model (Table 3).

5.2 Force Analysis of Cable Clamp Under Steady Temperature Field

During daytime solar radiation, factors such as radiation intensity, radiation angle, and
wind speed at different times can all affect the temperature field results. Therefore, to
simplify the calculation, we take the example of the day with the highest radiation at
the bridge site in mid-July 2023, with time set at 7 AM and 12 PM. The solar radiation
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Table 3. Comparison of friction resistance at different screw temperaturesa

Temperature change
value (°C)

Finite element
solution (N)

Analytical solution
(N)

Difference percentage
(%)

10 2139705 2162424 1.1

20 2043835 2037244 -0.3

30 1928565 1912064 -0.9

40 1823755 1786884 -2.0

50 1719035 1661704 -3.3

60 1604560 1536524 -4.2
aNote: The 500kN preload force model is used as the temperature effect calculation model/.

a 7 AM. b 12 PM.

Fig. 4. Temperature field results. (unit:°C)

is assumed to be horizontal at 7 AM and vertically from top to bottom at 12 PM. The
temperature field results are shown in Fig. 4.

The temperature results mentioned above were loaded into the model in the form of a
mapping field, with the ambient temperature based on the data provided by the platform,
and the bolt pre-tightening force set at 500 kN without applying temperature load to the
bolt.

The tangential friction force at the contact point of the cable clamp was extracted,
as shown in Fig. 5. According to the results in the figure, compared with the original
model, at 7 AM, the numerical range of the inner friction force distribution of the upper
cable clamp is basically consistent, and the distribution area of higher friction force
is expanding. Overall, the frictional resistance of the cable clamp is increasing at this
time. However, at 12 PM, although the maximum frictional force has increased, it is
mainly concentrated in the corner area of the cable clamp and local positions near the
screw hole, and the frictional force in a larger area at the top is decreasing. Combined
with the temperature field results, it can be inferred that during the transition from low
temperature to high temperature, the frictional resistance of the cable clampwill increase
to a certain extent. However, after exceeding a certain temperature, the deformation of the
cable clamp relative to the radial deformation of the main cable increases, causing some
deformation inconsistency and a decrease in contact density, resulting in a decreasing
trend in frictional resistance. Comparing with the results of cable clamp frictional force,
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it is basically consistent with the description above. The cable clamp frictional force at
the side is greatly increased under high temperature, while most areas show a decreasing
trend.

a Original model
b Friction force of upper rope clamp at 

7AM

c Friction force of upper rope clamp at 12 

pm
d Original model

e Friction force of lower rope clamp at 

7am

f Friction force of upper rope clamp at 12

pm

Fig. 5. Cable clamp friction force results. (unit: N)
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5.3 Screw Force Analysis Under Steady Temperature Field

Observing the bolt axial stress results shown in Fig. 6, it can be found that the bolt
axial stress increases correspondingly with the increase of temperature. At 7 AM, the
increase in bolt axial stress on the left and right sides is not consistent. Considering
the direction of radiation, the temperature on one side is higher than the other, and the
axial stress on the side with higher temperature will be higher than that on the other
side with lower temperature. In addition, the increase in bolt axial force caused by the
uneven temperature difference on both sides of the cable clamp is greater than the effect
of uniform temperature difference. Therefore, in actual bolt axial force testing, if the site
cannot reach a constant temperature state, testing can also be performed under uniform
temperature difference.

a Original model b Screw force at 7am

c Screw force at 12 pm

Fig. 6. Screw shaft stress results. (unit: Pa)

6 Conclusion

Based on the validated platform radiation data, this article establishes a thermal-
mechanical coupling model of the cable clamp-main cable using ABAQUS software,
and compares the finite element solution with the analytical solution to obtain the effect
of bolt temperature. In addition, the corresponding stress situation under steady-state
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temperature field is obtained for the frictional force of the cable clamp and the axial
stress of the bolt. The following conclusions are drawn:

With the increase of temperature, the bolt pre-tightening force decreases, and the
analytical solution is close to the finite element solution, with a maximum error of 4.2%,
which can be used for actual on-site engineering calculations.

The increase of temperature causes structural deformation of the main cable and
cable clamp under thermal variation, which increases the frictional force of the cable
clamp to a certain extent, which is beneficial to reducing the probability of slippage
during use.

Based on the above two analysis results, in actual projects, the cable clamp pre-
tightening should be performed at low temperature to avoid pre-tightening force loss
caused by cooling after high-temperature pre-tightening. In addition, thermal insulation
treatment can be applied to the surface of the bolt to maximize the increase in frictional
force caused by structural warming and improve the anti-slippage safety factor.
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Abstract. For themined land section of the river-crossing tunnel with small clear-
ance, the study should be carried out for excavationmethod and safe spacing before
the tunnel construction, for engineering properties of surrounding rock is poor and
the distance between two tunnel tubes is small. In this paper, in combination with
the mined land section works of the river-crossing tunnel on Rongjiang Fourth
Road, the finite difference numerical simulation software was adopted to calcu-
late mechanical behaviors of three constructionmethods: three-benchmethod, CD
method and CRD method under different excavation spacing (10 m, 20 m, 30 m
and 40m) on the basis of grouting and pre-reinforcement of surrounding rock in the
early stage. The calculation results indicate that vault displacement and ground set-
tlement can notmeet the specification requirements when the three-bench method
is adopted for construction, even if the excavation spacing between the former
and latter tunnels is 40m; When the CD method is adopted for construction, vault
displacement and ground settlement meet the specification requirements when the
excavation spacing between the former and latter tunnels is 40m; When the CRD
method is adopted for construction, vault displacement and ground settlement
meet the specification requirements when the excavation spacing between the for-
mer and latter tunnels is 30m; The control effect of initial support deformation
and surrounding rock displacement is in the following sequence: CRD method >
CD method > three-bench method. Considering various factors, it is found that
the CDmethod is more reasonable and efficient. Therefore, the CDmethod is rec-
ommended for tunnel excavation and the tunnelling spacing should be controlled
to 40m.

Keywords: River-Crossing Tunnel · Small Clearance · Numerical Simulation ·
Excavation Method · Safe Spacing

1 Introduction

Due to the small spacing between the two tunnels of the small clear distance, the con-
struction of the rear tunnel have adverse effects on the existing lining and the stress-strain
state of the surrounding rock of the first tunnel, seriously endangering the construction

© The Author(s) 2024
G. Feng (Ed.): ICCE 2023, LNCE 526, pp. 261–272, 2024.
https://doi.org/10.1007/978-981-97-4355-1_25

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-97-4355-1_25&domain=pdf
https://doi.org/10.1007/978-981-97-4355-1_25


262 Z. Gong et al.

safety of the first tunnel. For tunnels excavated by the bench cut method, the invert
closure distance has a great impact on the deformation and pressure of the surrounding
rock.

Jin Xiaoguang et al. [1] analyzed the construction mechanical behavior of side wall
heading and two-bench method, double wall heading method, and double hole and
two-bench method by numerical simulation. Jiang Kun et al. [2] relied on the Kuiqi
large-section and small clear distance tunnel project to reveal the influence of different
construction methods on the settlement of the tunnel arch through numerical simulation.
YanQixiang et al. [3, 4] used elastic-plastic numerical calculationmethods to analyze the
stress and deformation characteristics of the middle rock column in small clear distance
tunnels. Li Yunpeng et al. [5] calculated the reasonable clear distance by numerical
simulation under different levels of surrounding rock. Sun Zhigang [6] conducted a study
on the excavation steps of the front and rear tunnels of small clear distance overlapping
tunnels through three-dimensional numerical simulation.WangKang [7] relied on a large
-section and small clear distance tunnel to reveal the influence of excavation sequence
on the stability of surrounding rock through numerical simulation. Zhang Dingli et al.
[8] established an analytical formula for the stress state of the intermediate rock wall in
small clear distance tunnels using the bipolar coordinate method. Li et al. [9] analyzed
the viscoelastic plastic deformation during the excavation process of the small spacing
tunnel by benches method through numerical simulation. Chen et al. [10] revealed the
distribution of seepage field and its impact on structural mechanical properties of small
clean tunnels in water-rich areas through seepage model experiments. Li et al. [11]
revealed themechanical response lawsof the constructionprocess of large-span and small
clear distance tunnels throughmodel experiments and numerical simulations. Song et al.
[12] compared the effects of different excavation methods and clearance on the stress
characteristics and displacement of tunnel support through numerical simulation. Yao
et al. [13] analyzed the deformation patterns and stress characteristics of small spacing
tunnels under different levels of surrounding rock through numerical simulation. Tang
et al. [14] established numerical simulation models of two-bench method, core soil
method, and side wall heading method for a small clear distance highway tunnel. Su
et al. [15] analyzed the plastic zone and internal forces of shallow buried small clear
distance loess tunnels through numerical simulation.

Many scholars analyzed the stress and deformation effects of different excavation
methods on small spacing tunnels through numerical simulation,model experiments, and
othermethods. However, few scholars studied the excavationmethods and safe construc-
tion spacing of large cross-section and small clear distance underwater tunnels suitable
for weak surrounding rock conditions. Therefore, this study combines the Rongjiang
Tunnel Project with finite difference numerical simulation software to calculate the stress
and displacement under different excavation intervals using three construction methods,
namely the three step method, CD method, and CRD method, and reveal their evolution
laws. It is of great significance for guiding the safe construction of large cross-section
and small clear distance underwater tunnels in weak surrounding rocks.
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2 General Situation of the Project

Rongjiang Tunnel’s length of the main line is 2.412 km. The main works include the
cross-river tunnel and the entrance/exit ram. The minimum distance from the tunnel
cross-section is only 8.0m. The surrounding rock in this tunnel section has poor self-
stabilizing ability, with an overlying layer of weathered rock less than 1 times the tunnel
diameter. The landward segment of the tunnel is located near Chaoyang Road, requir-
ing stringent control of settlement caused by construction activities. Excavating a small
clearance tunnel in weak surrounding rock can have a significant impact on the surround-
ing environment. Implementing appropriate reinforcement measures and determining
a reasonable excavation method and construction spacing are crucial for controlling
settlement during the construction process.

3 Overview of Numerical Computational Models

In this paper, the finite difference software FLAC3D is used for three-dimensional
numerical simulation calculations.

3.1 Assumptions for Numerical Simulations

Due to the complexity of engineering practices and the non-uniform nature of geological
strata, it is impossible to fully encompass the actual conditions of the project in themodel
during model setup and numerical calculations. The following assumptions are made
under the premise of meeting the needs of the project:

The soil and rock layers are assumed to have a homogeneous layered distribution. The
surrounding rock is considered to be isotropic and a continuous elastic-plastic material.
Theweakening effects of groundwater on the surrounding rock and support structures are
not taken into account. When simulating soil and rock material, only self-gravitational
stresses are taken into account and tectonic stresses are ignored.

3.2 Model Dimensions

According to Saint Venant’s principle, in order to minimize the influence of the model
boundaries on the model calculation error, the length on both sides of the model is taken
as 7 times the diameter of the tunnel, and the overburden layer was taken to be the most
unfavorable conditions, and The thickness of the soil above the tunnel is 9.0m, which
takes into account the layering effect of the soil. The numerical model established in this
study has the following dimensions as shown in Fig. 1.
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Fig. 1. Three-dimensional numerical model

4 The Simulation of Construction Methods and Safe Spacing
for the Rongjiang Tunnel

Based on the results of on-site investigation, the surrounding rock of the tunnel in the
land section is class V. This tunnel is a super small clearance and large cross-section
tunnel. The commonly used construction methods for excavation of tunnels with super
small clearance and large cross-section in soft rock include the three-bench method,
CD method, and CRD method. This paper analyzes the minimum spacing between
tunnels under different excavation methods using these three methods. The excavation
step distance and tunnel step distance for the three excavation methods are shown in
Fig. 2.

(a) three-bench method                               (b) CD method

(c) CRD method

Fig. 2. Excavation steps for different excavation methods
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4.1 Material Properties and Boundary Conditions

The soil layer above the tunnel is mainly composed of soft soil layers such as sand
layers, and is generally described using the Mohr-Coulomb constitutive model. While
the tunnel is located in the hard weathered rock, which is generally described by D-P
constitutive model (Table 1).

Table 1. Physical and mechanical parameters of rock and soil strata

Name Density
/(kg/m3)

Elastic
modulus
/MPa

Poisson’s ratio Cohesive
force
/kPa

Internal
friction
angle /(°)

Miscellaneous
Fill

1760 30.9 0.32 32.5 10.5

Fine sand 1820 45.8 0.28 12.1 10.1

Round gravel soil 1860 32.5 0.3 19.1 14.1

Moderately
weathered
argillaceous
sandstone

1920 1100 0.31 1040 43.3

For the advanced small conduit grouting support of the tunnel, a single layer ofϕ42×
4mm advance grouting pipes with a length of 4.5 m is used. The circumferential spacing
is 0.4 m, the outer insertion angle ranges from 5° to 15°, and the longitudinal spacing
is 4 m. A total of 46 pipes are used in a single ring. To simulate the advanced support,
a numerical model is constructed using beam elements to represent the corresponding
pipes, as shown inFig. 3. The reinforcement area of the pipes is determined by calculating
the pipe’s range, and the strength of the soil within the reinforcement area is increased
to simulate the implementation of advance support measures.

Fig. 3. Advance small conduit support

For the initial support, anchor rods and shotcrete support are used. The shotcrete
thickness is 30 cm, and 6.0 m long hollow anchor rods are arranged within a 120° range
of the arch crown, with a longitudinal spacing of 1 m and a circumferential spacing of
0.6 m.There are a total of 26 anchor rods in one ring. Cable elements are used in the
modeling to represent the corresponding anchor bolts, as shown in Fig. 4.
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Fig. 4. Bolting support

The soil strength within the reinforcement area is increased to simulate the rein-
forcement measures. Existing research suggests that the soil strength in the advance
reinforcement area is generally increased by a factor of 1.2, while the soil strength in the
grouting area can be increased by a factor of 1.5. Rongjiang Tunnel’s pre-reinforcement
project in themined land section of the tunnel adopts a high-pressure jet groutingmethod.
This means grouting and pre-reinforcing from the tunnel roof to the ground surface. In
the model calculations, it is assumed that the reinforcement area is located above the
tunnel roof. When simulating the temporary invert arch support in the CD method and
CRD method, Shell elements included in FLAC3D are used to represent the temporary
support, as shown in Fig. 5.

Fig. 5. Temporary support

The physical and mechanical properties of the support measures used in the model
are shown in Table 2.

Table 2. Support parameters

Name Elastic modulus/MPa Poisson’s ratio

Advance small catheter 1.8 × 105 0.22

Anchor stock 2.2 × 105 0.22

Advance reinforcement area 1.32 × 103 0.28

Initial support 2.3 × 103 0.23

Shell 1.3 × 105 0.25

Grouting pre reinforcement area 1.98 × 103 0.26
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4.2 Simulation

In the numerical simulation, the three-bench method of excavation was carried out
according to the following steps:

Assign the properties of the advanced support material, excavating the upper bench
of the first tunnel step by step, with a depth of 2 m each time, and assign the properties of
the initial support material at the corresponding position, and assign the anchor strengths
to the anchors, and then run the calculations;

After excavating the upper bench of the former tunnel for 8 m, the middle bench
will be excavated at the same time, and after excavating the upper bench for 10 m, start
excavating the later tunnel. At this time, the excavation distance between the two tunnels
will be 10 m.

After 16 m of excavation for the upper bench of the former tunnel and 8 m for
the middle bench, start excavating the lower bench. At this time, the excavation of the
upper, middle and lower benches is the same, each time excavation is 2 m. After 18 m of
excavation for the middle bench of the former tunnel, start excavating the middle bench
of the later tunnel, and after 18 m of excavation for the lower bench of the former tunnel,
start excavating the lower bench of the later tunnel. The upper and lower benches of the
two tunnels keep the same speed, and the excavation work is completed after 5 steps
of cyclic excavation, analyzing the surface settlement and the deformation of the initial
support and other indicators, and changing the spacing between the former and later
tunnels to 20 m, 30 m and 40 m, comparing the control indicators, and determining the
reasonable spacing between the tunnels.

The excavation steps of CD and CRD methods are basically similar to those of the
three-step method and will not be repeated here. The ultimate relative displacements of
the initial support shall meet the provisions in Table 3. The maximum deformation of
the initial support at the vault should not exceed 0.08%H ~ 0.16%H. The height of the
crossing tunnel on Rongjiang Road 4 is H = 8.6 m, which means that the deformation
of the initial support at the top of the arch must not exceed 14 mm.

Table 3. Limit relative displacement of initial support with width 7 m < B ≤ 12 m.

Surrounding rock level Tunnel burial depth h/m

h ≤ 50 50 < h ≤ 300 300 < h ≤ 500

Relative horizontal displacement of arch foot/(%)

IV 0.10~0.30 0.20~0.80 0.70~1.20

V 0.20~0.50 0.40~2.00 1.80~3.00

Relative settlement of the arch crown/(%)

IV 0.06~0.10 0.08~0.40 0.30~0.80

V 0.08~0.16 0.14~1.10 0.80~1.40

The deformation of the structure was simulated using the three-bench method (10 m
between the former and later tunnels) and is shown in Fig. 6. In Fig. 6, after the tunnelwas
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excavated by the three-bench method, the deformation was that the top of the arch was
sinking and the bottom of the arch was bulging to a certain extent, and as the excavation
proceeded, the value of the top of the arch sinking and the value of the bottom of the arch
bulging increased, and the size of the surface settlement and the range of the settlement
increased as well.

(a) excavation of upper bench for 10m                (b) excavation of upper bench for 30m  

Fig. 6. Deformation by using three-bench method

Comparing the surface settlement data and vault settlement data under different
excavation spacing. The monitoring statements of corresponding cross sections were
compiled, and the changes of maximum surface settlement and vault settlement with the
depth of excavation on the upper bench of the three-bench method under the excavation
spacing of 10 m, 20 m, 30 m, and 40 m were plotted, as shown in Fig. 7.

(a) The maximum surface subsidence              (b) The maximum settlement of vault      

Fig. 7. Deformation of ground and vault during excavation by three-bench method

In Fig. 7, when the excavation distance between the first and the second tunnels are
10 m, 20 m, 30 m and 40 m, the maximum surface settlement are 14.3 mm, 13.1 mm,
12.2 mm and 11.7 mm, and the maximum vault settlement are 18.5 mm, 15.2 mm,
14.6 mm and 13.7 mm, respectively. As the excavation distance between the two tunnels
increases, the maximum settlement of the vault and the maximum surface settlement
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decreases, and the excavation distance between the two tunnels is greater than 40 m,
which still does not meet the requirements of the construction specification, and it is
necessary to increase the excavation distance between the two tunnels.

The deformation of the structure was simulated using the CD method of excavation
(10 m between the former and later tunnels) and the results are shown in Fig. 8.

(a) Excavation of upper left section for 10m  (b) Excavation of upper left section for 30m

Fig. 8. Deformation by using CD method

In order to compare the surface settlement and vault settlement data under different
excavation spacing. The monitoring statements of corresponding sections were com-
piled, and the maximum surface settlement and vault settlement with the excavation
depth of the upper-left part of the CD method were plotted under the excavation spacing
of 10 m, 20 m, 30 m, and 40 m, as shown in Fig. 9.

(a) the maximum surface subsidence                 (b) The maximum settlement of vault   

Fig. 9. Deformation of ground and vault during excavation by CD method

InFig. 9,with the increase of excavation spacingbetween the former and later tunnels,
the maximum arch settlement and surface settlement gradually decrease. When the
excavation spacing between the two tunnels is 20 m, 30 m, and 40 m, the maximum arch
settlement are 15.1 mm, 14.3 mm, and 13.6 mm, and the maximum surface settlement
are 11.4 mm, 10.4 mm, and 9.7 mm, in that order. The settlement control value can be
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satisfied when the excavation distance between the former and the later tunnels is 40 m.
The excavation spacing between the former and later tunnels must be at least three times
the diameter of the tunnel in order to meet the construction specification. It was also
demonstrated that the CD method was more effective in controlling the deformation
of the tunnel and the ground settlement deformation than the three-bench excavation
method.

The deformation of the structurewas simulated using theCRDmethod of excavation,
as shown in Fig. 10.

(a) Excavation of upper left section for 10m  (b) Excavation of upper left section for 30m

Fig. 10. Deformation by using CRD method

(a) The maximum surface subsidence                (b) The maximum settlement of vault

Fig. 11. Deformation of ground and vault during excavation by CRD method

Comparing with the surface settlement data and arch settlement data under different
excavation spacing, the monitoring statements of the corresponding sections were com-
piled, and the changes of the maximum surface settlement and the maximum arch set-
tlement with the depth of the upper left part of the CRD excavation under the excavation
spacing of 10 m, 20 m, 30 m, and 40 m were plotted, in Fig. 11.

In Fig. 11, with the increase of the excavation distance between the two tunnels, the
maximum value of the arch settlement and the maximum surface settlement decrease
gradually. When the excavation distance between the two tunnels are 20 m, 30 m and
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40 m, the maximum arch settlement are 14.1 mm, 13.5 mm and 12.7 mm, and the max-
imum surface settlement are 9.7 mm, 9.1 mm and 8.2 mm in the order of the excavation
distance between the two tunnels.When the excavation distance between the two tunnels
is ≥30 m, the settlement control requirement can be met. If the CRD method is used on
site, the excavation spacing between the former and later tunnels must be at least two
times the diameter of the tunnels in order to meet the construction specification. In terms
of the deformation of initial support and displacement control of surrounding rock, CRD
method > CD method > three-bench method.

5 Conclusion

Through the study of the construction mechanical behavior of the mined land section of
the Rongjiang Fourth Road river-crossing tunnel with different excavation spacing of the
former and later tunnels using the three-benchmethod,CDmethod andCRDmethod, and
the analysis of the surface settlement and vault displacement during the construction pro-
cess with the aid of three-dimensional numerical simulation, the following conclusions
were drawn:

(1) When the three-bench excavation method is used, the deformation of the tunnel and
surface settlement cannot meet the construction requirements. When the excava-
tion distance is 40 m, the maximum settlement value of the vault is 13.7 mm and
the maximum settlement value of the surface is 11.7 mm, which cannot meet the
requirements of the construction specification.

(2) Adopting the CD method of excavation can meet the construction specification
when the excavation distance between two tunnels is greater than or equal to 40 m.
Adopting the CRD method of excavation can meet the construction specification
when the excavation distance between two tunnels is greater than or equal to 30 m.

(3) In terms of the control effect of initial support deformation and perimeter rock
displacement, CRD method > CD method > three-bench method.

(4) Considering the factors of safety, economy and construction efficiency, it is recom-
mended to use CD method of excavation for this project, and the spacing of tunnel
excavation is controlled to be 40 m.
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Abstract. The surrounding rock in the closed section of the inverted arch creates
a bearing ring that, when combined with the upper initial support, provides stable
initial support. However, excavation of the inverted arch can disrupt the original
balance and significantly impact the tunnel’s stability. Using the classic Burgers
creep constitutive model, we conducted numerical analyses of the construction
process for tunnels with different closure and exposure distances of the inverted
arch under varying levels of surrounding rock, using the three-step excavation
method. We compared the maximum displacement of the arch crown to study the
influence of the closure and exposure distances of the inverted arch on the stability
of the initial support lining. Our results show that the displacement of the arch
crown is primarily influenced by the strength of the surrounding rock; the lower the
strength of the rock, the greater the displacement of the arch crown. Furthermore,
the displacement of the arch crown increases as the closure distance of the inverted
arch increases.Conversely, the exposure distance of the inverted archhas aminimal
impact on arch displacement, and the longer the exposure distance, the greater the
arch displacement. These findings can serve as a foundation for improving existing
standards and adapting them to the spatial requirements of large-scale mechanized
operations.

Keywords: Burgers Creep Constitutive Law · Numerical Calculation ·
Rheological Tunnel · Inverted Arch Excavation

1 Introduction

In the weak and broken surrounding rock, the inverted arch structure is often used to
increase the stiffness of the tunnel support to improve the mechanical performance and
control the overall deformation. It plays a very important role in the tunnel support struc-
ture. Wang et al. [1] effectively prevented the development of extreme deformation of
loess tunnels by using temporary steel arch and the temporary inverted arch combina-
tion. Shreedharan et al. [2] found that the inverted arch tunnel may be more efficient in
reducing roof sag and floor heave for the existing geo-mining conditions. Sung et al. [3]
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revealed the mechanical behavior characteristics of tunnel construction of weak rock by
using finite difference software. Fang et al. [4] found that the integrity of inverted arch
could effectively restrain the bottom deformation.

For tunnels excavated by the bench cut method, the invert closure distance has a
great impact on the deformation and pressure of the surrounding rock. Sun et al. [5]
discussed the characteristics of the influence of the closure time of the support on the
stress state of the surrounding rock. Designing of the tunnel support in weak rockmasses
is the most time consuming task of the tunnel engineers [6]. The support design is done
using the collected data. With realized optimum design, the loss of time and money is
prevented [7]. C.O et al. [8] used numerical analysis to simulate the mechanical behavior
of the tunnel rock mass more precisely. L. Cantieniet al. [9] evaluated the mechanical
behavior of the face core through extrusion measurement. The excavation method and
support system can be optimized by numerical simulation [10]. The combination of
the two methods is widely used to solve the problem of extreme deformation of tunnel
surrounding rock [11].

The study above put forward regular suggestions for the closure distance of the back
arch, but did not propose specific values for the reasonable distance. Based on those
analysis, Zhong [12] took a series of numerical analysis on the impact of disposable
excavation length of loess tunnel on additional displacement around the tunnel, yielding
the best disposable excavation length of loess arch. Meng [13] proposed the maximum
back arch closed distance under large-section loess tunnel deformation and support force
by field test measurement. Jin Baocheng [14] combined the numerical simulation of the
loess tunnel to analyze the clearance convergence of the arch. However, under different
surrounding rock conditions, the invert closure distance also shows greater differences
in different construction methods. Therefore, the invert closure distance during tunnel
excavation should be adapted to local conditions [15]. The surrounding rock has the
characteristics of time-deformation. When the rheological properties are considered, the
stability analysis of the tunnel will become particularly complicated, which puts forward
new requirements for the distance between the excavation face and the invert closure.
There are few researches on the spatial influence of rheological tunnels on excavation step
and invert closure distance. Based on this, relying on the Songshan Tunnel and Shimen
Gang Tunnel projects of Jiangxi-Shenzhen High-speed Railway under construction,
we study the impact of tunnel elevation arch excavation on tunnel deformation under
different surrounding rock conditions based on numerical analysis software, aiming to
further improve the relevant specifications and technical requirements and provide basic
research on large-scale mechanized operation.

2 General Situation of the Project

GSSG-2 bid for Front Station Project of Ganzhou-Shenzhen Railway from Jiangsu-
Guangdong Provincial Boundary to Tangxia Section, the length of the main line is
38.777 km. The Songgangshan Tunnel and Shimengang Tunnel are the controllable
works along the whole line within the benchmark section and the most difficult ones.
The total length of Songgangshan Tunnel is 9881 m, the first long tunnel along Gansu-
Shenzhen Railway, and the total length of Shimengang Tunnel is 5759 m. In the area,
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Class III surrounding rocks are constructed by two-step method and Class IV and V
surrounding rocks are constructed by three-step method.

Both tunnels use large-scale mechanized operation, which makes it difficult to exert
the mechanical effect during construction. Therefore, in this paper, a numerical anal-
ysis is conducted on the tunnel construction process with different closure distances
and exposed distances of the inverted arch, considering the creep constitutive model of
the surrounding rocks. Songgangshan Tunnel and Shimengang Tunnel Project is under
construction. The results provide a technical basis for improving relevant specifications
and large-scale mechanized operation.

3 Numerical Modeling Calculation

3.1 Numerical Model Establishment

Using FLAC3D6.0 software, we established a numerical calculation excavation model
to investigate the influence of tunnel excavation on surrounding rocks, excavation mode,
and support characteristics. The model followed the tunnel construction steps shown
in Fig. 1, with dimensions of 80 m along the tunnel strike (longitudinal Y-axis) and
70 m in the horizontal direction orthogonal to the tunnel, a buried depth of 20 m, and
a lower part depth of 30 m. The upper boundary of the calculation model adopted a
free boundary condition, while the remaining sides and underside used normal restraint
boundary conditions.

Fig. 1. Numerical analysis and calculation model

To simulate different conditions, we proposed various levels of surrounding rock
conditions, using a two-stepmethod in Class III surrounding rocks, with advance support
and initial support in accordance with the construction conditions. To investigate the
influence of different excavation steps and the length of the first excavation of the inverted
arch on tunnel deformation, we varied the excavation steps at 30 m, 40 m, 45 m, 50 m,
55 m, and 60 m, and the length of the first excavation of the inverted arch at 3 m, 4 m,
5 m, and 6 m.

3.2 Numerical Simulation Steps

The three-dimensional simulation considers the three step excavation method under
various levels of surrounding rock conditions, and the excavation diagram is shown in
Fig. 2:
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1

Fig. 2. Diagram of three-step excavation

To conduct the calculation, the model followed the following steps: (1) advanced
support by increasing the mechanical strength parameters of rock and soil within the
advanced support range; (2) excavation of upper steps; (3) first support of the upper
steps; (4) excavation of 10 steps (24.0 m) on the upper bench followed by excavation
of the middle bench; (5) primary support for the middle step; (6) construction of two
excavation steps (7.2 m) for the middle step, followed by excavation of the lower step;
(7) initial support provided for the lower steps; (8) excavation of the inverted arch after
three excavation steps (10.8m) of the lower step without initial support. The creepmodel
calculation had an excavation cycle time of 36000 s (10 h) for each step. The excavation
duration was 17 days for a 30 m closed distance, 22 days for a 40 m closed distance,
25 days for a 45 m closed distance, 29 days for a 50 m closed distance, 35 days for a 55
m closed distance, and 38 days for a 60 m closed distance.

3.3 Material Parameter Determination

In themodeling of tunnel excavation process, based on the experiment, the basic physical
parameters of surrounding rock, initial support and secondary support materials, soil and
support materials are mainly involved in Table 1.
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Table 1. Basic parameters of simulated materials.

Material
Science

Deformation
modulus/GPa

Poisson’s
ratio

Cohesion/MPa Internal
friction
angle/°

Density/kg/m3

V-grade
surrounding
rock

18 0.30 0.05 25 2000

Initial
expenditure

1.6 0.4 / / 2500

Secondary
support

20 0.25 / / 2500

IV-grade
surrounding
rock

30 0.25 0.35 30 2200

III-grade
surrounding
rock

40 0.22 0.50 35 2500

3.4 Creep Constitutive Law and Its Parameters

The classic Burgers creep model only considers rock viscoelasticity and cannot accu-
rately depict the creep behavior of soft rocks, which typically exhibit instantaneous
plasticity, elasticity, viscoplasticity, and viscoelasticity in Fig. 3.

(a)creep model                              (b) creep curve

Fig. 3. Typical burgers creep model and characteristic curve.

Under constant axial stress σ 0, the axial strain ε(t) is:

ε(t) = σ0

9K
+ σ0

3G1
+ σ0

3G2
+ σ0

3G2
e−E2/η2t + σ0

3η1
t (1)

In Eq. (1), K represents the bulk modulus of the rock sample, G1 represents the
elastic shear modulus of the model, and G2 represents the modulus of control delay
elasticity, η1 and η2 determine the rate of viscous flow and delayed elasticity in the
model, respectively.
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Fig. 4. Modified burgers creep model.

However, weak rocks often exhibit simultaneous properties of instantaneous plas-
ticity, instantaneous elasticity, viscoplasticity, and viscoelasticity. To address this issue,
using creep tests, we establish a new creep model that simulates the viscoelastic plastic
properties of various rock samplesy. A new plastic element based on the Mohr Coulomb
criterion, is added to the Burgers creep model as the basic model. Before the stress
reaches the yield stress determined by the Mohr Coulomb criterion, the element’s strain
is 0. Once the stress is greater than or equal to the yield stress, it fully follows the Mohr
Coulomb plastic flow law, in Fig. 4.

Table 2 presents the rheological parameters of the Kelvin and Maxwell bodies in the
modified Burgers model for different levels of surrounding rock, which were determined
based on on-site sampling and indoor experiments.

Table 2. Creep parameters of surrounding rocks of different grades.

Material Science shear-maxwell viscosity-maxwell shear-kelvin viscosity-kelvin

V-grade surrounding
rock

3.333 × 109 7.2 × 1012 3.8 × 109 1.8 × 1011

IV-grade surrounding
rock

3.67 × 109 7.2 × 1012 4.5 × 109 1.8 × 1011

III-grade surrounding
rock

4.2 × 109 7.2 × 1012 5.0 × 109 1.8 × 1011

3.5 Numerical Simulation Based Analysis of Arch Settlement of V-Class
Surrounding Rock Tunnel

Numerical simulations used the ideal elastic-plastic model based on the Mohr Coulomb
criterion. The inverted arch had a closed distance of 30 m, and a one-time excavation of
6 m was conducted for the inverted arch. The three-dimensional simulation results can
be observed in Fig. 5.

The maximum settlement curve of the arch crown is presented in Fig. 6, with a
maximum settlement deformation of only 2.5 mm.

The modified Burgers creep model was employed to numerically calculate the exca-
vation model of a V-level surrounding rock three-step tunnel, with a 30 m closed dis-
tance for the inverted arch and a one-time excavation of 6 m for the inverted arch. The
simulation results in three dimensions are presented in Fig. 7.
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Fig. 5. Settlement curve with Mohr-Coulomb model

(a) Excavation and lining of upper steps (b) Excavation of upper bench for 24m

(c) Excavation of middle bench 7.2m (d) Excavation of lower bench 10.8m

(e) Invert excavation (f) Invert closure distance of 30m

Fig. 6. Deformation nephogram of three-step excavation tunnel with Mohr-Coulomb criterion

Figure 8 presents the maximum settlement curve of the arch crown for various
closure distances. The maximum settlement of the arch crown reaches 24 mm when
the closure distance is 60 m. The settlement distribution is more realistic compared to
the Mohr Coulomb criterion based three-step excavation model. The failure to consider
the effect of stress release and timeliness on the mechanical and deformation properties
of surrounding rocks and deformation of the arch crown during excavation. During
excavation, the deformation at the arch waist of the unclosed section increases with
excavation steps. However, the deformation at the arch waist of the unclosed section of
the inverted arch remains stable, which differs significantly from the actual monitoring



280 Z. Gong et al.

(a) Excavation and lining of upper steps (b) Excavation of upper bench for 24m

(c) Excavation of middle bench 7.2m (d) Excavation of lower bench 10.8m

(e) Invert excavation (f) Invert closure distance of 30m

Fig. 7. Deformation nephogram of three-step excavation tunnel with modified Burgers model
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Fig. 8. Calculating the settlement curve of vault with modified Burgers creep model

situation. It is essential to consider the decrease in rock strength due to stress release
after excavation and the time-dependent nature of excavation steps.
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4 Analysis of the Influence of Tunnel Arch Subsidence

4.1 Impact of Invert Step Distance on Arch Crown Subsidence in V-Class
Surrounding Rock Tunnel

Based on the above method, we calculated the settlement of the arch crown caused
by different closure distances for V-grade surrounding rock in Table 3. As the closure
distance increases from 30 m to 60 m, the maximum displacement of the arch crown
increases from 13.33 mm to 25.1 mm.

Table 3. Maximum displacement of vault under different closure distances of inverted arch in
V-grade surrounding rock

Closing distance (m) Excavation time (day) Maximum displacement of vault (mm)

30 17 13.33

40 22 16.38

45 25 17.93

50 29 21.71

55 35 23.9

60 38 25.1

4.2 Influence of Excavation Length of inverted arch of Class V Surrounding
Rock Tunnel on Vault Settlement

The settlement of the arch crown caused by different lengths of the exposed inverted
arch in V-grade surrounding rock was calculated.

25 30 35 40 45 50 55 60 65

12

14

16

18

20

22

24

26

Fig. 9. Variation curve of vault settlement

The results are presented in Fig. 9 and Table 4. The calculation results show that
as the exposed distance of the inverted arch decreases, the maximum settlement of the
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arch decreases, indicating that a smaller exposed distance of the inverted arch leads to
stronger initial support stability and a more pronounced initial support force ring effect.
However, the settlement curve shows that the maximum settlement of the arch is not
sensitive to the exposed distance of the inverted arch, indicating that the effect of the
exposed distance of the inverted arch on stability is not significant.

Table 4. Maximum displacement of inverted arch without closure of 3-6m in V grade rockmass

Closing distance
(m)

Unenclosed
inverted arch 6 m
Maximum
displacement of
vault (mm)

Unenclosed
inverted arch 5 m
Maximum
displacement of
vault (mm)

Unenclosed
inverted arch 4 m
Maximum
displacement of
vault (mm)

Unenclosed
inverted arch 3 m
Maximum
displacement of
vault (mm)

30 13.33 12.3 12.2 11.98

35 14.98 13.1 13 12.7

40 16.38 15.85 15.55 15.1

45 17.93 17.13 16.47 15.94

50 21.71 20.7 19.78 18.64

55 23.9 22.78 21.77 20.54

60 25.1 23.96 22.95 21.64

4.3 Influence of Surrounding Rock Class on Arch Settlement

The stability of a tunnel is primarily influenced by the nature of the surrounding rocks.
Therefore, investigating the relationship between the closure distance of the inverted arch
and the maximum settlement of the initial support arch under different surrounding rock
classes, the strength of the surrounding rocks was varied based on the aforementioned
model.

The results obtained using the Burgers creep model are shown in Fig. 10 and Table 5.
The maximum settlement value of a V-grade surrounding rock vault is larger than that
of III and IV surrounding rocks, and the maximum settlement of a IV surrounding rock
vault is slightly higher than that of a III surrounding rock vault at each closure distance.
With an increase in the closure distance, the maximum settlement value of the vault
also increases. An increase in the grade of surrounding rocks results in a significant
reduction of the displacement of the tunnel vault. The stability of initial support is
closely linked to the grade of surrounding rocks. When the surrounding rock conditions
are good, the inverted arch closure distance can be increased, and the exposed distance
can also be increased to facilitate the operation of large machinery. Conversely, when
the surrounding rock conditions are poor, the inverted arch closure distance should be
shortened, and the exposed distance of the inverted arch reduced, while initial support
should be promptly applied to ensure the stability of the surrounding rock. Additionally,
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Fig. 10. Tunnel vault settlement curves caused by different levels of surrounding rock and
different excavation methods

Table 5. Numerical results

Closing distance (m) Maximum Settlement
of class V Surrounding
Rock Arch (mm)

Maximum Settlement
of Class IV
Surrounding Rock
Arch (mm)

Maximum Settlement
of Class III
Surrounding Rock
Arch (mm)

30 13.33 4.82 4.49

35 14.98 4.98 4.63

40 16.38 5.48 5.00

45 17.93 5.61 5.08

50 21.71 6.18 5.36

55 23.9 6.5 5.6

60 25.1 6.72 5.74

increasing the length of circular footage and reducing the time under good surrounding
rock conditions can significantly enhance the stability of the tunnel.
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5 Conclusion

(1) A decrease in the closure distance of the inverted arch results in a reduction of the
maximum settlement of the vault. The stability of the initial support is stronger with
a smaller closure distance. The maximum settlement of the vault is not sensitive
to the exposed distance of the inverted arch. So the influence of the distance of the
inverted arch on the stability of the initial support is not significant. Aftermechanized
operation, the sealing distance of V-grade surrounding rock inverted arch can be
controlled within a range of 55 m, while that of IV-grade surrounding rock inverted
arch can be controlled within a range of 70 m. For III-grade surrounding rock, the
sealing distance can be controlled depending on the specific situation.

(2) The excavation length of V-grade surrounding rock inverted arch can be controlled
within a range of 5 m at one time.

(3) The step method is suitable for excavation in Grade III, IV, and V surrounding rocks,
and the length can be controlled based on the settlement of the vault caused by the
excavation.
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Abstract. This study relies on the Huangbuling 500 kV transmission project to
investigate the dynamic response law of gas insulated line (GIL) pipe gallery under
vehicle traveling loads. A numerical model of GIL pipe gallery considering soil-
structure interaction is developed using finite element software ABAQUS, and
the effect of soil pressure on GIL is studied through static analysis. This study
proposes a continuous step loading method for simulating vehicle traveling loads,
and parametric analyses of different traveling directions and speeds are carried
out to reveal the GIL’s dynamic response law in depth. The results show that the
maximum stresses in the concrete and steel reinforcement cage of the GIL under
soil pressure are located at the root of the right-side wall (both are less than the
strength design value), and themaximumvalue of displacement is 6.556 cmoccurs
in the middle of the top plate. The maximum vertical acceleration, velocity and
displacement responses under vehicle load occur at the top midpoint of the pipe
gallery, while the maximum stress response occurs at the lower left corner. When
heavyvehicle passes over the pipe gallery at different speeds, the peak acceleration,
velocity and stress of the pipe gallery tends to increase with the increase of vehicle
speed, while the peak displacement does not change significantly.

Keywords: Vehicle Traveling Load · Gil Pipe Gallery · Soil Pressure Analysis ·
Dynamic Response · Parametric Analysis

1 Introduction

With the “Western Development” and “West-to-East Power Transmission” strategy,
China has launched a large number of large-scale hydroelectric power stations, these
large-scale projects are mostly arranged in the way of underground plant, and the con-
struction of their supporting transmission projects is more difficult, and gas-insulated
transmission lines (GIL) is one of the main approaches to solving this problem. The use
of GIL pipe gallery in the Huangbuling 500 kV power transmission project alleviated the
problem of coil out pipe gallery restriction, and improved the durability of engineering

© The Author(s) 2024
G. Feng (Ed.): ICCE 2023, LNCE 526, pp. 286–296, 2024.
https://doi.org/10.1007/978-981-97-4355-1_27

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-97-4355-1_27&domain=pdf
https://doi.org/10.1007/978-981-97-4355-1_27


Study on Dynamic Response of Gas Insulated Line Pipe Gallery 287

pipelines and reduced their maintenance costs. However, vehicle operation often causes
undesirable vibrations in GIL, and there will be hidden dangers such as pipeline scatter-
ing and structural collapse, increasing the maintenance cost of the transmission project
in later period.

Recently, scholars have conducted a large number of studies on the mechanical
properties and dynamic response of integrated pipe galleries based on field tests and
numerical simulations [1–6]. Yu [7] conducted numerical simulation analysis of a typical
integrated pipe gallery system and nonlinear dynamic analysis of the integrated pipe
gallery and its surrounding soil using finite element software.

When an integrated pipe gallery inevitably crosses traffic routes, the pipe gallery
is subject to traffic loads generated by moving vehicles. In this regard, related scholars
have developed a series of researches on the dynamic response of integrated pipe gallery
under traffic load [8–10]. Jiang L et al. [11] discussed the effect of different speeds on the
structure of the integrated pipe gallery under the same working condition, and analyzed
the dynamic stress change rule of the integrated pipe gallery under the actual traffic load.
The results show that the effect of vehicle speed on the left wall and axillary region of
the longitudinal integrated pipe gallery is greater than that of the cross-section.

Moreover, relevant scholars have conducted a series of studies on GIL pipe gallery
[12, 13]. Tang P et al. [14] analyzed in detail the seismic performance of the cross-
river GIL integrated pipe gallery structure in terms of structural deformation, shield
tunnel segment opening and structural seismic damage for the special characteristics of
cross-river GIL integrated pipe gallery structure.

Based on the above, most of the current studies mainly focus on integrated pipe
galleries, and some of them involve GIL pipe galleries, while there are even fewer
studies on the dynamic response of GIL pipe galleries under vehicle loads.

The rest of this study is structured as follows: Sect. 2 develops a coupled numerical
model of GIL considering soil-structure interaction. Section 3 carries out the analysis
of the effect of soil pressure on the structural response of GIL. Section 4 proposes a
simulation method for vehicle traveling loads and investigates the dynamic response
law of GIL in depth by parametric analysis of traveling direction and speed. Finally, the
systematic conclusions of this study are presented in Sect. 5.

2 Soil-GIL Coupling Numerical Model

2.1 Engineering Situations

The structure type of GIL pipe gallery of this project is reinforced concrete structure,
the pipe gallery is made of C35 waterproof concrete, the cross-section size is 5.5 m
× 5.2 m, and the top plate is 1.5 m from the ground surface. The cushion is made of
100-thick C20 concrete. Steel bars are of HPB300 and HRB400 grade. The GIL pipe
gallery structure is shown in Fig. 1. The parameters of the steel bars used in the pipe
gallery are shown in Table 1. According to the geotechnical engineering investigation
report of this project, the soil layer around the pipe gallery mainly consists of silty clay,
fully weathered volcanic breccia and strongly weathered volcanic breccia.
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Fig. 1. Structure of GIL pipe gallery

2.2 Basic Assumptions

The following basic assumptions are considered in the numerical modeling process: 1)
the underground pipe gallery structure can be simplified as an elastic structure for anal-
ysis. The soil body will be considered as an elastic material in the numerical simulation;
2) The soil is considered to be uniformly distributed in layers without considering the
internal pore ratio of the soil and the effect of groundwater; 3) the materials are all
isotropic and homogeneous.

2.3 Finite Element Modeling

The finite element analysis software ABAQUS is used to establish the numerical model
of GIL pipe gallery considering soil-structure interaction, as shown in Fig. 2. The width
of the road above the pipe gallery is 5.5 m, the direction of the length of the pipe gallery
is perpendicular to the direction of the road, and the length of the pipe gallery is taken as
5.5 m. The model size in the vertical pipe gallery length direction is taken as 40 m. The
final size of the finite element model is determined to be 40 m × 5.5 m × 20 m. In the
finite element model, the soil body, GIL pipe gallery and concrete cushion are simulated
using solid element (C3D8R); the reinforcement is simulated using wire element (B31).
After the meshing is completed, the number of model nodes is 30096 and the number
of cells is 33009.

The “Embedded” in “Constraints” is used between the concrete and the steel rein-
forcement cage inside the pipe gallery; “Surface-to-surface contact” is used between the
pipe gallery, the concrete cushion and the silty clay, and the tangential behavior in the
“Contact Properties” defines the friction coefficient µ= 0.194, and the normal behavior
is defined as “Hard Contact”; Only the normal behavior between the fully weathered
volcanic breccia and the strongly weathered volcanic breccia is defined as “Hard Con-
tact”; The pipe gallery and the concrete cushion are poured as a single entity, with “Tie”
in “Constraints” between the two. The soil surrounding the pipe gallery has a large pro-
portion of volcanic breccia, which are in rigid contact with each other, so the soil body
boundary conditions can be defined as fixed constraints. The material parameters of the
soil are shown in Table 1 and the material parameters of the GIL structure are detailed
in Table 2.



Study on Dynamic Response of Gas Insulated Line Pipe Gallery 289

(a) (b) (c)

Fig. 2. GIL pipe gallery-soil body finite element model. (a) Overall finite element model; (b) GIL
model; (c) Reinforcement cage model

Table 1. Soil material parameters.

No. Soil
thickness
(m)

Density
(kg/m3)

Friction
coefficient

Cohesion
(Pa)

Friction
angle

Poisson’s
ratio

Elastic
modulus

1 2.5 1930 0.194 49000 10.9° 0.25 31.25 MPa

2 0.95 2590 0 0 0° 0.2 52.65 MPa

3 16.55 2590 0 0 0° 0.2 135 MPa

Note: Soil layer numbers 1, 2 and 3 are silty clay, fully weathered volcanic breccia and strongly
weathered volcanic breccia, respectively.

Table 2. GIL structure material parameters.

Material Material
strength

Elastic modulus
(Pa)

Density
(kg/m3)

Poisson’s ratio Yield stress
(MPa)

Concrete C40 3.15E10 2500 0.2 35

Steel bar HRB400 2E11 7850 0.3 330

HPB300 2.1E11 7850 0.3 270

3 Static Analysis of Soil Pressure in GIL Pipe Gallery

3.1 Soil Pressure Analysis

After geo-stress balance, a static general analysis step is created to analyze the effect
of soil pressure on the pipe gallery. The stress and displacement clouds of the concrete
and the reinforcement cage of the pipe gallery are shown in Fig. 3. It can be seen that
overlying soil body gravity and pipe gallery’s own gravity, region of high structural
stress in the pipe gallery appears in the pipe gallery side wall root, the maximum value
of stress is located in the pipe gallery right side wall root (1.814MPa) under the effect of
lateral soil pressure. The concrete strength used in the pipe gallery is C35 and the design
value of strength is 16.7 MPa, which is much larger than 1.814 MPa, the pipe gallery
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concrete strengthmeets the requirements. Region of high stress in the reinforcement cage
appears in the cage side root and the middle of the bottom surface, the maximum value
of stress is located in the cage right side root (17.94MPa). The longitudinal bars strength
used in the cage are of HRB400 grade and the design value of tensile and compressive
strength is 360 MPa, which is much larger than 17.94 MPa, the cage strength meets
the requirements. From the displacement cloud map, it can be seen that overlying soil
body gravity and pipe gallery’s own gravity, the maximum displacement response of the
concrete and the maximum displacement of the steel reinforcement cage appear in the
middle of the top plate and are both 6.556 cm under the effect of lateral soil pressure.

(a) (b)

(c) (d)

Fig. 3. The stress and displacement clouds of the concrete and the reinforcement cage of the pipe
gallery. (a) Concrete stress cloud; (b) Concrete displacement cloud map; (c) Reinforcement cage
stress cloud map; (d) Reinforcement cage displacement cloud map

4 Dynamic Response Analysis of GIL Under Vehicle Traveling
Loads

4.1 Vehicle Traveling Load Simulation

In order to simulate the vehicle load in a more standardized way, the vehicle load pass-
ing through the road with buried GIL pipe gallery is now expressed according to the
standard vehicle load on bridges in the Technical Specification of Urban Road Engineer-
ing (GB51286–2018), which is the Urban-Class B vehicle load, as shown in Table 3.
Figure 4 shows a distribution diagram of the vehicle traveling load.
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Table 3. Urban-Class B vehicle load

Axle number Unit 1 2 3 4 5

Axle weight KN 30 120 120 140 140

Wheel weight KN 15 60 60 70 70

Longitudinal 

wheelbase
m 3.0 1.4 7.0 1.4

Transverse center 

distance per axle group
m 1.8 1.8 1.8 1.8 1.8

Wheel footprint area m 0.3×0.2 0.6×0.2 0.6×0.2 0.6×0.2 0.6×0.2

Fig. 4. Distribution diagram of the vehicle traveling load. (a) Elevation distribution diagram; (b)
Plane distribution diagram.

In this study, the application of vehicle traveling loads is achieved by using the
continuous step loading method, and the spacing between the vehicle loads applied by
two adjacent steps is set to 3 m. In the model, the length of the soil body in the vertical
pipe gallery length direction is 40 m, and the length of the selected standard heavy
vehicle is 12.8 m, after calculation, a total of ten steps are required to move the vehicle
from one side of the soil to the other in the direction of the vertical GIL to simulate the
whole process of vehicle passing through the GIL.

4.2 Dynamic Response Analysis

Four speeds, 10 km/h, 20 km/h, 30 km/h and 40 km/h, are selected to analyze the dynamic
response of the pipe gallery. The vehicle load conditions are shown in Table 4.

Table 4. Vehicle load conditions

Condition No. Vehicle speed (km/h) Individual step time (s)

1 10 1.08

2 20 0.54

3 30 0.36

4 40 0.27
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In order to comprehensively analyze the effect of heavy vehicle passing through
on various parts of the GIL pipe gallery, a total of five locations in the pipe gallery
cross-section are selected for analysis: a) midpoint at the top of the pipe gallery, b)
upper-left corner of the pipe gallery, c) midpoint of the pipe gallery side wall, d) lower-
left corner of the pipe gallery, and e) midpoint at the bottom of the pipe gallery, as shown
in Fig. 2(b). By extracting the dynamic response time travel curves of heavy vehicle
traveling vertically in the direction of the pipe gallery in the above mentioned parts
under different working conditions, the dynamic response of different locations of the
pipe gallery to the heavy vehicle load transmitted from the soil body above is analyzed,
and at the same time, the location of the pipe gallery structure most affected by the heavy
vehicle load is summarized.

A comparison of the peak vertical and horizontal acceleration, velocity, displacement
response and stress response of each part of the GIL pipe gallery when the vehicle speed
is 10 km/h is shown in Fig. 5. It can be seen that the vertical acceleration, velocity and
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Fig. 5. Peak response of each measurement point in the GIL pipe gallery at a vehicle speed of 10
km/h. (a) Acceleration; (b) Velocity; (c) Displacement; (d) Stress
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displacement responses of the midpoint at the top of the pipe gallery are the largest, and
subsequently only themidpoint at the top of the pipe gallery is extracted as a characteristic
point for vertical acceleration, velocity and displacement response analysis; the lower-
left corner of the pipe gallery has the largest stress response, and subsequently only
the lower-left corner of the pipe gallery is extracted as a characteristic point for stress
response analysis.

Figure 6(a) shows the acceleration response of the GIL pipe gallery under each
working condition, and it can be seen that when heavy vehicle passes over the pipe
gallery at different speeds, the peak acceleration of the pipe gallery tends to increase
with the increase of the vehicle speed, and the peak acceleration reaches a maximum
of 18.99 m/s2 when the vehicle speed reaches 40 km/h. The analysis results of velocity
response are illustrated in Fig. 6(b), it can be seen that when heavy vehicle passes over the
pipe gallery at different speeds, the peak velocity of the pipe gallery tends to increase
with the increase of the vehicle speed, and the peak velocity reaches a maximum of
50 mm/s when the vehicle speed reaches 40 km/h. Figure 6(c) shows that when heavy
vehicle passes over the pipe gallery at different speeds, the peak stress of the pipe gallery

Fig. 6. Peak dynamic response of GIL in vertical direction under each working condition. (a)
Acceleration; (b) Velocity; (c) Displacement; (d) Stress
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tends to increase with the increase of the vehicle speed, and the peak stress reaches a
maximum of 2.484 MPa when the vehicle speed reaches 40 km/h. For Fig. 6(d), when
heavy vehicle passes over the pipe gallery at different speeds, the peak displacement of
the pipe gallery does not change significantly and fluctuates within a small range as the
speed increases, and the peak displacement reaches a maximum of 6.806 cm when the
vehicle speed reaches 30 km/h.

Figure 7 illustrates the dynamic response cloud map of the GIL in vertical direction
for the condition where the peak response is the largest, the maximum acceleration and
velocity values occur at the GIL’s top midpoint, the maximum stress value occurs at the
GIL’s lower-left corner, and the maximum displacement value occurs at the GIL’s right
top, and the dynamic response of the other parts is small.

(a) (b)

(c) (d)

Fig. 7. Dynamic response cloudmapofGIL in vertical direction forworking conditionswithmax-
imum peak response. (a) Acceleration (Condition 4); (b) Velocity (Condition 4); (c) Displacement
(Condition 4); (d) Stress (Condition 3)

5 Conclusions

This study relies on the Huangbuling 500 kV transmission project to investigate the
dynamic response law of GIL pipe gallery under vehicle traveling loads. A numerical
model of GIL pipe gallery considering soil-structure interaction is developed using finite
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element software ABAQUS, and the effect of soil pressure on GIL is studied through
static analysis.A continuous step loadingmethod for simulating vehicle traveling loads is
proposed, and parametric analyses of different traveling directions and speeds are carried
out to reveal the GIL’s dynamic response law in depth. The following conclusions are
mainly obtained:

(1) Based on soil pressure analysis, the Max. Stress value of pipe gallery is located in
the root of the right-side wall (1.814 MPa), which is much smaller than the concrete
strength design value. The Max. Stress value of the reinforcement cage is located
in the root of the right-side face (17.94 MPa), much smaller than the tensile and
compressive strength design value. The Max. Value of displacement occurs in the
middle position of the top plate (6.556 cm).

(2) The vertical acceleration, velocity and displacement responses are largest at the
midpoint of the top of the pipe gallery and the stress response is largest at the lower-
left corner under vehicle load. When heavy vehicle passes over the pipe gallery at
different speeds, the peak acceleration, velocity and stress of the pipe gallery tends
to increase with the increase of vehicle speed, while the peak displacement does not
change significantly.
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Abstract. Deployable coilable tape-spring booms have many advantages espe-
cially for use in space, such as light-weight, high folded-ratio and small stor-
age volume. The boom’s folding and deploying process is accompanied with the
large-scaled deformation of thin-walled materials, which may damage the boom
on stress concentration points. For the sake of avoiding failures during coiling
and deployment process, this paper aimed at acquiring the critical points on a
boomwhich were vulnerable to be destroyed. Since the interactions of the boom’s
infinitesimals were complicated, a numerical model was considered to be intro-
duced. Meanwhile, the mechanical properties of the boom’s deployed state were
also analyzed for a better design, and both the deploying and deployed behaviors
were further analyzed through parametric study. The research of this paper will
give more guidance on the design of tape-spring booms and the selection of the
key parameters.

Keywords: Deployable · Tape-spring · Mechanical Property · Aerospace

1 Introduction

Extendable thin-walled tape-spring boom is a new kind of deployable mechanism which
has been widely used for many applications especially for aerospace technologies. This
should thank to its advantages such as light-weight, high folded-ratio and self deploy-
able property. The boom is usually used for combining with flexible membranes form-
ing large-scale boom-membrane structures after wholly deployed, such as membrane
antennas, solar arrays, solar sails, space-telescope star-shaders, etc.

A diagram is presented in Fig. 1 to illustrate the deployment process of the boom. The
boom looks like a carpenter’s tape, which is like a slit boomwhen fully deployed. Before
the deployment, the boom is coiled and locked onto a cylindrical hub, and thus some
strain-energy is restored in the boom material in the process. During the deployment,
either the boom tip or the hub is selected to be fixed (depending on working conditions),
and the other side would be released and deployed under the drive of the restored strain-
energy. In some conditions the boom is needed to be placed into a restraint mechanism
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for a better control (usually with a motor), while sometimes it can be self-deployed [1,
2].

The boom’s first famous practical use in space was on Hubble Telescope as the
supporting structures for the solar arrays. In this mission, the booms deployed and
worked on orbit successfully at the beginning and were unfortunately out of work before
long because of the bending and buckling failures [3]. Apart from the semi-circular style
boom as shown in Fig. 1 (which was commonly called Storable Tubular Extendable
Member, STEM), the boomwith a lenticular cross-section was also used for engineering
on a solar sail by DLR, Germany [4]. The lenticular boom (commonly called Collapsible
Tubular Mast, CTM) was able to obtain relatively higher torsional stiffness because of
its closed cross-section configuration. Besides, a boom with a triangular cross-section
(commonly called Triangular Rollable And Collapsible, TRAC) was also invented and
launched in NanoSail-D mission by NASA. The triangular boom could acquire higher
bending stiffness and buckling load as its cross-section geometry was more dispersed,
however, the torsional stiffness was relatively low just because of this [5, 10, 12].

The existing research concerning tape-spring booms was mainly concentrated on
analyzing the boom’s moving behaviors during deployment process, and upgrading
or optimizing the boom’s cross-section configurations for acquiring better mechanical
properties. However, since the deployment process was accompanied by large-scale and
complex deformations on the boom materials, the booms were easily to be damaged by
extremely high stress caused by stress concentration [6]. Therefore, finding the stress
concentration point which was the most vulnerable to be damaged during the whole
deployment process was necessary to be investigated. As the interaction of the boom
infinitesimals was too complicated to be analyzed, establishing a numerical model was
considered for use. Section 2 built a finite element model of a tape-spring boom for
analyzing the stress concentration during the deployment. For giving some verifica-
tion and providing some support on the corresponding parametric study, the analytical
method for driving force calculation was also carried out. Sec. 3 focused on investigating
the mechanical properties of the boom’s deployed state based on both numerical and
theoretical methods. According to the analysis in Sects. 2 and 3, Sect. 4 studied the
parametric impact on the boom’s deploying and deployed states, and Sect. 5 concluded
the whole paper. The research in this paper would provide more guidance on the design
of extendable tape-spring booms and the parametric selections.

Fig. 1. Tape-spring boom diagram
(STEM)

Fig. 2. Numerical model of a tip-spring boom
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2 Deployment Process Analysis

Deployment process was one of the most important modes of a tape-spring boom, which
directly determined the working success of a boom and even the corresponding mem-
brane structures. From the experimental study previously, tearing-failure caused by stress
concentration was easily to be found on a boom material because of the large deforma-
tions happening in this process [7, 8]. Therefore, finding the concentration points and
acquiring the highest stress a boom needed to sustain were necessary for boom designs
and material selections.

Since a boom’s infinitesimal deformations were too complicated to study through
analytical methods, a numerical model was considered to be used for the analysis. Mean-
while, the deployment process could be regarded as the inverse process of coiling at low
moving speed, which was easier to be analyzed. From above, a numerical model of a
tape-spring boom with a central hub was established in Abaqus which was presented in
Fig. 2. The parameters used in the model were selected to mimic those used in InflateSail
CubeSat mission which was launched in 2015 where the definitions and values of the
parameters were listed in Table 1 [9], and the corresponding geometric diagram was
shown in Fig. 3 (in which O1 presented the boom’s circular center, and Ix2 marked the
neutral surface of the cross-section). Based on the simulation experience, the S4R shell
elementswere selected and the rectanglemesheswere used [9]. According to the element
refinement, twentymeshes along the boom’s cross-section were proved to be appropriate
through considering calculation amount and simulation precision comprehensively, as
themodelwith fortymeshes output very similar results. For the sake of universality of the
analysis, the isotropic material was introduced into the model. Furthermore, the material
property of the central hub was set as rigid body since the hub deformation was able to
be ignored during the deployment, while the mesh size was selected to be appropriate
for the boom meshes. For obtaining the stress distribution caused by boom deformation
accurately, the quasi-static analysis was used for all the steps in the simulation. The
simulation steps and analysis details were shown as follows:

Table 1. Boom parameters

Name Symbol Units Value

Opening-angle θ deg 10

Boom external radius r mm 180

Hub external diameter R mm 150

Boom length l m 20

Wall wall-thickness t mm 0.8

Modulus of elasticity E GPa 70

Step 1 introduced equal edge loads on the boom’s both edges for making the boom
flat; Step 2 added a surface pressure acting on the boom root making the root attached
and fixed on the central hub; Step 3 released the edge loads and the root pressure, and
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Fig. 3. Parameter diagram of the boom
cross-section

Fig. 4. Definition for outer, middle and inner
longitudinal cross-sections of a coiled boom
(1 turn)

spun the hub for coiling the boom on the hub (during this step, a slight concentrate force
was introduced on the boom tip pointing at the opposite side of the hub for preventing
the boom’s uncoiled section rotating around the hub, and the force was removed at the
end of the step). The stress distribution of the boom during the coiling process (also
regarded as the deployment process) was obtained and recorded in Step 3.

2.1 Stress Distribution During Deployment

Based on the numerical model established in Abaqus, the stress distribution on the
boom during coiling (deploying) could be acquired. Since the boom’s configuration was
symmetric during the whole process, the results from one side of the symmetry were
recorded from the analysis. The forth strength theory was selected for analysis and Von
Mises stress was acquired from the model, because plastic deformation of the materials
was strictly prohibited during the whole process. Figure 4 showed the definition of
the outer, middle and inner (longitudinal) cross-sections, while Fig. 5 presented Von
Mises stress along the cross-sections respectively. The results listed in Fig. 5 were the
distribution after the boom was coiled for one turn as a representative. In this figure,
x-axis showed the actual path-length along the longitudinal cross-section, and 1mboom-
length from the root was present since this section with sharp stress change was easier
to be failed.

According to the plots shown in Fig. 5, it could be found that the sharp stress change
happened at the boom’s root region and the connecting region between the coiled section
and the transitional section, while the plots away from the two regions changed smoothly.
Meanwhile, the highest stress of the inner cross-section was higher than that of the other
two cross-sections. Moreover, the highest stress occurred at the inner cross-section near
the boom root. From above, the highest stress point would appear on the middle of the
boom root when coiling.

Furthermore, for checking the stress variation trend during coiling, the stress of the
boom’s transversal cross-section on the boom rootwas acquired from themodel. Figure 6
showed the stress on the root when the boom was coiled for one turn to three turns as a
representative for finding the changing regularity, while the simulation contour was also
presented in Fig. 7 for providing more clarification. The definition of x-axis in Fig. 6
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Fig. 5. Stress distribution along the boom’s
longitudinal cross-sections

Fig. 6. Stress distribution on boom root when
coiling (1–3 turns)

Fig. 7. Simulation contour

was the path-length along the boom’s transversal cross-section, and the stress presented
in Fig. 6 and Fig. 7 were both Von Mises stress.

From Fig. 6 and Fig. 7, it could be observed that the stress along the transversal
cross-section rosewith the number of the coiled turns, while the plots fromdifferent turns
looked fairly similar. Also, all the plots were generally symmetric around x = 0 because
of the boom’s configuration. The stress plots in Fig. 6 ought to be continuously along the
cross-section, while the broken lines listed was because of the mesh limit. Nevertheless,
the plots in this figure was precise enough to acquire the variation regularity of the stress.

To sum up, the boom’s most vulnerable point during deployment was always staying
at the middle of the transversal cross-section on the boom root, and the value of this
point rose gradually following the growing of the number of the coiled turns.

2.2 Driving Torque Analysis

Based on the numerical model established, the boom’s deployment torque was also able
to be obtained through adding another analysis step after Step 3 in the simulation as
follows.
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Step 4 released the restraints acted on the central hub for making the boom deploy
automatically, and the driving torque on the hub was recorded during the deployment
process (3 turns for deployment).

In order to avoid calculation abortion, explicit analysis was used for this step, and the
corresponding numerical results were been given in Fig. 8. According to the simulation
plots in this figure, the torque overall increased with the deployment progress. This
was because the bending curvatures of the inner coil layers was smaller than those on
the outer coil layers, which gave the boom higher spring-back ability. Meanwhile, the
fluctuation of the plots was mainly caused by the boom’s untight coiling resulted from
mesh limit of the finite element models (see Fig. 9 for clarification), and the troughs
appearing at the starting point of each turn were caused by the hump on the connecting
part between the boom and the central hub.

For the sake of giving some verification for the numerical results and providing some
support on the parametric study in the following sections, an analytical model for driving
torque analysis was also established.

When coiled on the central hub, the boom’s longitudinal cross-section could be
approximately regarded as an Archimedes spiral (see Fig. 10 where A1 presents the
boom’s coiling angle around the hub)[10–13]. According to the geometric analysis from
Fig. 10, the boom’s bending/coiling curvature when coiled at A1 can be expressed as

κα1 = 1

R + t
2 + t

2π α1
(1)

while, the boom’s coiled length is given as:

l1 =
∫ α1

0

[(
R + t

2

)
+ t

2π
α

]
dα (2)

Based on the elastic mechanical theory, the boom’s driving torque when deploying
at the point with the angle A1 is shown as M = κα1EIz where

Iz =
(
r − t

2

) · (
π − θ

2

) · t3
6

(3)

which is given through material mechanical method.
By introducing the results calculated from the theoretical analysis into Fig. 8, it

could be found that the numerical results were generally scattering around the corre-
sponding analytical results. Therefore, the numerical model was available for analyzing
the mechanical properties of the boom during coiling/deploying process.



Mechanical Property Analysis of a Deployable Tape-Spring Boom 303

Fig. 8. Driving torque
during deployment

Fig. 9. Untight coiling
caused by mesh limit

Fig. 10. Diagram of
longitudinal cross-section

3 Deployed State Analysis

Bending stiffness and buckling load are a boom’s critical properties when at its deployed
state. The numericalmodel built in Sect. 2 is able to be applied for deployed state analysis
aswell, while an analyticalmodelwill also be established for providing some verification
and for the further parametric study.

3.1 Bending Stiffness Analysis

Based on the numerical model established in Sect. 2, the bending stiffness around x-
axis and y-axis (axis definitions shown in Fig. 3.) could be acquired respectively. The
numerical results were listed in Table 2.

For giving more verification and providing support on parametric study, the
theoretical analysis for bending stiffness was presented as follows.

According to the material mechanical methods [11], the moment of inertia around
x-axis Ix can be given as:

Ix =
∫
A
y2dA = 2

∫ r

r−t
γ dγ

∫ π
2 − θ

2

− π
2

r2 sin2 ϑdϑ (4)

where A is the area of the boom’s transversal cross-section which can be expressed as:

A = π
[
r2 − (r − t)2

]2π − θ

2π
(5)

Based on Eq. (5) and geometric analysis in Fig. 3, the boom’s inertia moment
(deployed state) around x1-axis can be shown as:

Ix1 = r3t

[
1 − 3

2

(
t

r

)
+

(
t

r

)2

− 1

4

(
t

r

)3
](

π − θ

2
− sin θ

2

)
(6)
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Table 2. Numerical and analytical results comparison

Bending stiffness Numerical result Analytical result Relative error

Around x-axis (×105 N·m2) 1.1551 1.2094 4.50%

Around y-axis (×105 N·m2) 1.6677 1.7765 6.12%

Because t < < r, i.e. t/r → 0, Eq. (6) can be simplified written as:

Ix1 = r3t

(
π − θ

2
− sin θ

2

)
(7)

Meanwhile, the distance between x1-axis (circular center) and x2-axis (neutral
surface) d is able to be found through:

d = y =
˜

A yd�

A
=

2
∫ r
r−t γ dγ

∫ π−θ
2

− π
2

r sin ϑdϑ

A
(8)

According to the parallel-axis theorem, the inertia moment around x2-axis is
presented as:

Ix2 = Ix1 − d2A = Ix1 − y2A (9)

Therefore, the boom’s (deployed state) bending stiffness around x-axis is acquired
through Ux = EIx2.

In the similar way, the bending stiffness around y-axis can be shown by analogizing
with Eqs. (6) and (9) as:

Uy = E · Iy = Er3t

(
π − θ

2
+ sin θ

2

)
(10)

where y-axis is the boom’s symmetric surface and neutral surface simultaneously in this
case.

According toEqs. (9) and (10), the boom’s (deployed) bending stiffness around x-axis
and y-axis are also listed in Table 2. By comparing the results from numerical model and
theoretical analysis, it can be observed that the errors are relatively low (around 5%), and
the results generally match with each other well. Besides, the analytical result is slightly
higher that that from the numerical model, and this is because the boom’s cross-sections
are totally non-deformable in the theoretical analysis.

3.2 Buckling Load Analysis

Buckling is also a critical mechanical property for a boom’s deployed state, which is
researched by numerical analysis and analyticalmethod in this subsection. For numerical
analysis, a reference point was introduced at the circular center of the boom tip, which
was rigidly connected with the tip edge for mimicking a closure head commonly used on
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the tip (especially for boom-membrane structures). The load was acted on the reference
point aiming at the boom root which had been fully fixed before the analysis. By using
linear perturbation step in Abaqus, the boom’s first buckling load Pcr was acquired which
was listed in Table 3. Similarly with the bending stiffness analysis, analytical method by
Euler formula as Eq. (13) was also used to provide some analytical verification, whose
result was presented in Table 3.

Table 3. Buckling load results comparison

Numerical result Analytical result Relative error

Buckling load Pcr (N) 533.16 746.02 28.53%

According to the comparison in Table 3, the error between the numerical and ana-
lytical results was relatively high (up to 30%) and the analytical value was higher the
numerical one. This was because the boom was not only bent but also twisted under the
the pressure of the concentration force in the simulation, while the Euler formula was
only used for calculating the cases under ideal conditions (flexural buckling). There-
fore, the theoretical method was only able to be used for sketchy calculating the boom’s
buckling load in this case, and the numerical method was more precise for predicting.

4 Parametric Study

For the sake of providing some guidance for a boom design, based on the analytical
methods in Sects. 2 and 3, a parametric study was carried out in this section.

4.1 Driving Torque Study

Based on the analytical method in Sec. 2, the impact of the boom radius (r), hub radius
(R), boom wall-thickness (t) and half opening-angle (θ /2) on the boom’s driving torque
was investigated (shown in Fig. 11). The figure was plotted when the boom was coiled
for 2 turns as a representative. On account of the plots in Fig. 11, the driving torque
rose with the increasing of boom radius and decreasing of hub radius. This was because
higher boom radius made the boom have longer cross-section path-length, and the lower
hub radius led to higher coiling curvature which provided higher strain-energy for drive
during the deployment. Moreover, the driving torque also went up when the boom wall-
thickness was rising or the opening angle was reducing with the similar reasons. Mean-
while, the plots changed non-linearly in the figures, and increasing the values of the
boom wall-thickness and the hub radius was more efficient for improving the boom’s
driving torque.

4.2 Bending Stiffness Study

Furthermore, the parametric study on the boom’s bending stiffness was also investigated
based on the theoretical analysis in Sect. 3. The influences of boom wall-thickness (t),
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hub radius (R), boom wall-thickness (t) and half opening-angle (θ /2) on the bending
stiffness around x-axis (easier to be failed according to the study in Subsect. 3.1) was
presented in Fig. 12.

(a) Hub and boom radii (b) Wall-thickness and half opening-angle

Fig. 11. Driving torque parametric study

(a) Boom wall-thickness and 

boom radius

(b) Half opening-angle and 

boom radius

(c) Half opening-angle and 

boom wall-thickness

Fig. 12. Parametric study of boom bending stiffness around x-axis

According to the plots shown in Fig. 12, the bending stiffness rose linearly with the
increasing of the boom wall-thickness, and the stiffness went up non-linearly with the
deceasing of the half opening-angle and the increasing of the boom radius. Further, from
the figure, changing the boom radius was the most efficient way to improve the boom’s
bending stiffness around x-axis.

5 Conclusion

Extendable tape-spring boom is a new kind of deployable mechanism which is widely
using for many applications especially for aerospace technologies in recent years. As the
boom is a large-deformation flexible mechanism during folding or deployment process,
failure caused by stress concentration is one of themost commonways for boomdamage.
Therefore, acquiring the point with the highest stress on the boom during the whole
process is necessary to be carried out. Since the interactions of the infinitesimals were
fairly complicated during the deformation process, the numericalmethodwas considered
to be introduced into the investigation.

This paper established a numerical model of an isotropic tape-spring boom. Through
analyzing the stress distributions along the boom’s longitudinal and transversal cross-
sections, the point with the highest stress during the deployment process was found.
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Meanwhile, the boom’s deployment driving force was also obtained from the simula-
tion. For the sake of verifying the results from numerical analysis and providing support
for further parametric study, the theoretical model was also built for acquiring the boom’s
driving force during deployment. From the comparison, the results from the two meth-
ods generally matched well. Furthermore, the bending stiffness and buckling load at
the boom’s deployed state were analyzed through both numerical model and theoretical
analysis as well. Afterwards, a parametric study was carried out to find the most efficient
method for improving the boom’s driving torque and bending stiffness. From the inves-
tigation, increasing the boom wall-thickness was the most efficient way to improve the
driving force, and increasing the boom radius was the best mode for promoting the bend-
ing stiffness. The research from this paper will provide more guidance on tape-spring
boom designs and the corresponding parameter selections.

The authors would like to acknowledge that the research presented in this paper was
carried out with the aid of the National Natural Science Foundation of China (Grant
No. 52205027) and the Science and Technology Project of Jiangsu Province (Grant No.
BK20220496).
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Abstract. The study of the stability of rock masses in hydraulic tunnels is a
highly complex problem with significant uncertainty, involving a large amount of
randomness and fuzziness. Traditional deterministic analysis methods are insuf-
ficient in capturing the aforementioned characteristics. Therefore, based on fuzzy
random theory, this paper establishes a fuzzy random reliability calculation model
for the stability of rock masses in hydraulic tunnels. The model constructs a func-
tional relationship that represents the safety margin of the stability, taking into
account the fuzziness and randomness of the failure events in hydraulic tunnels.
The proposed model is applied to an engineering case study, and the computed
results align well with the actual conditions. This model provides a more accu-
rate reflection of the real state of the rock masses in hydraulic tunnels and offers
a scientifically rational alternative for calculating the stability of rock masses in
hydraulic tunnels.

Keywords: Hydraulic Tunnels · Rock Masses · Fuzzy Random Theory ·
Stability

1 Introduction

Hydraulic tunnels are crucial components inwater infrastructure projects, serving impor-
tant functions such as diversion and water conveyance. However, the stability of the rock
masses directly affects the safety of tunnel structures. Due to the complex geological
nature of rockmasses, which consist of various types of rocks and structural planes, their
stress states are also influenced by groundwater and in-situ stress conditions. Therefore,
the stability analysis of rock masses in hydraulic tunnels is an uncertainty problem that
involves fuzziness and randomness [1].Currently, in the analysis of rock mass stabil-
ity in hydraulic tunnels, methods such as the safety factor method and finite element
method are commonly used. These methods share the common characteristic of rep-
resenting many design parameters with single values, often failing to reflect the actual
stress conditions of the structures.
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Fuzzy random reliability theory considers the randomness of rockmechanics param-
eters, dimensions of structures, loads, and lining material properties. Engineering struc-
tural reliability regards these engineering variables as random variables [2, 3]. Zou
Shanshan proposed a probability-based Miner’s rule using fuzzy theory to predict the
fatigue life of critical components under random load stress and obtained a fatigue life
prediction model [4].

Currently, in water infrastructure projects, there are still many factors that impact
hydraulic structures, and the design parameters vary greatly, while the number of sta-
tistically available parameters is limited. Therefore, reliability theory is less commonly
used in hydraulic structures [5, 6]. This paper primarily focuses on the fuzzy random
reliability theory and establishes a fuzzy random reliability model for the stability of
rock masses in hydraulic tunnels. The calculation method of fuzzy random reliability
for rock masses is considered when support structures are present.

2 Establishment of the Fuzzy Random Reliability Calculation
Model for the Stability of Rock Masses in Hydraulic Tunnels

2.1 The Construction of Function Function

Establishment of safety reserve function:
In order to facilitate analysis, computation, and practical application, a functional

relationship is constructed to represent the safety margin of rock masses in hydraulic
tunnels. The safety margin is defined as:

Z = R − S (1)

S—Load Effects on Rock Masses; R—Structural Resistance.

2.2 Basic Assumptions and Fundamental Mechanical Models.

Basic Assumptions and Fundamental Mechanical Models. In order to avoid exces-
sive complexity in the established model and solution process, assumptions are adopted
for the analytical process inclueded: the rock mass is considered as an isotropic con-
tinuum;the initial stress field in the rock mass is due to self-weight and is in a state of
hydrostatic pressure (λ = 1);the tunnel is relatively long, and the analysis is conducted
based on the assumption of plane strain, within the small deformation range;the tunnel
cross-section is assumed to be circular; after yielding, the rock mass still satisfies the
Mohr-Coulomb criterion; only the overall deformation and failure of the rock mass are
considered.

Determination of Equivalent Strain Values around the Tunnel Periphery. For
axisymmetric problems, when body forces are neglected, the equilibrium differential
equation is given by:

∂σr

∂r
+ σr − σθ

r
= 0 (2)
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The stress within the plastic zone satisfies the plasticity criterion:

σθp = 1 + sin ϕ

1 − sin ϕ
σrp + 2c × cos ϕ

1 − sin ϕ
(3)

When the tunnel is freshly excavated without lining, the radial load at the inner edge
of the plastic zone, which is the tunnel periphery, is zero. This serves as the boundary
condition at this stage. By using Eqs. (2) and (3) along with the boundary condition, the
stress field and displacement field of the surrounding rock can be determined:

εθp = −u
∣
∣
∣Rp

Rp

r2
= 1 + μ

E
· (p · sin ϕ + c · cosϕ)

R2p

r2
; ε =

√

2

3
· eij · eij; ε1p = εrp, ε2p = 0, ε3p = εθp (4)

In the equation,Rp represents the radius of the plastic zone, c is the cohesive strength,
ϕ is the internal friction angle, r is the radius of the tunnel.

Thus, the strain field of the surrounding rock in the plastic zone is obtained as:

εrp = u
∣
∣
∣Rp

Rp

r2
= 1 + μ

E
· (p · sin ϕ + c · cosϕ)

R2p

r2
; εθp = −u

∣
∣
∣Rp

Rp

r2
= 1 + μ

E
· (p · sin ϕ + c · cosϕ)

R2p

r2
(5)

According to the plasticity theory, the equivalent shear strain is obtained as:

ε =
√

2

3
· eij · eij (6)

As the tunnel is a plane strain problem, ε1p = εrp, ε2p = 0, ε3p = εθp.
So the equivalent variation field is obtained as:

ε = 2
√
3

3
· 1 + μ

E
· R

2
0

r2
·
[
(p + c · ctgϕ)(1 − sin ϕ)

d · ctgϕ

] 1−sin ϕ
sin ϕ · (p · sin ϕ + c · cosϕ)

(7)

Since (ε)pi = 0 ismaximumat the perimeter of the tunnel, decreasingwith increasing
radius r, In Eq. (7) let r = R0 then we have:

ε = 2
√
3

3
· 1 + μ

E
· R

2
0

r2
·
[
(p + c · ctgϕ)(1 − sin ϕ)

d · ctgϕ

] 1−sin ϕ
sin ϕ · (p · sin ϕ + c · cosϕ)

(8)

The Fuzzy Random Reliability Calculation Process of Surrounding Rock
Stability. Using the limit strain criterion, the limit state equation of surrounding rock
stability can be obtained:

Z = ε0−ε = 2
√
3

3
· 1 + μ

E
· R

2
0

r2
·
[

(p + c · ctgϕ)(1 − sin ϕ)

d · ctgϕ

] 1−sin ϕ
sin ϕ · (p · sin ϕ + c · cosϕ) (9)

The formula contains fuzzy random variables E, c, ϕ, ε0, μ, p, Considering the
actual situation of the surrounding rock’s Poisson ratio μ, the variation of bulk den-
sity γ is generally one order of magnitude smaller than c, ϕ, so only E, c, ϕ, ε0 are
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taken as basic fuzzy random variables in the above formula. In geotechnical engineer-
ing, most of the variables related to geotechnical parameters are normally distributed,
so E, c, ϕ, ε0, ε are fuzzy random variables with normal distribution, The fuzzy ran-
dom reliability is calculated by using the composite function derivation rule and Harlin
method.

Then the limit state equation is:

Z(x) = x1 −
(
x2
x3

)x4
· x5 (10)

The limit state equation contains five substitution variables xi(i = 1, 2, · · · 5), and
each substitution variable is a function of four variables E, c, ϕ, ε0.

Let E, c, ϕ, ε0 correspond to variables yi = (i = 1, 2, 3, 4) respectively, namely:
E = y1, c = y2, ϕ = y3, ε0 = y4.
then get:

∂Z

∂yi

∣
∣y∗ =

5
∑

j=1

∂Z

∂xj
· ∂xj
∂yi

∣
∣y∗ (11)

As long as the reliability index β is obtained, the fuzzy random reliability can be
obtained. Harlin method believes that the geometric meaning of the reliability index is
the shortest distance from the origin to the limit state equation in the standard normal
coordinate system,

If the basic fuzzy randomvariables aremutually independent, they all followanormal
distribution, and have mean values ui and mean square deviations σi respectively, and
the functional function is a linear combination of basic fuzzy random variables, namely:

Z(x) = a0 +
n

∑

i=1

ai, β =
a0 +

n∑

i
ai · ui

(
∑

a2i · σ 2
i

) 1
2

(12)

If the functional function is a nonlinear combination of basic variables, then the
functional function can be expanded into a Taylor series at the verification point p∗ as
follows:

Z(x) = Z
(

x∗
1, x

∗
2, · · · x∗

n

) +
n

∑

i=1

(
∂Z

∂xi

)

p∗
· (

xi − x∗
i

)

(13)

Thus, it can be obtained:

β =

n∑

i=1

(
∂Z
∂xi

)

p∗ · (

ui − x∗
i

)

(
n∑

i=1

(
∂Z
∂xi

)2

p∗ · σ 2
i

) 1
2

; x∗
i = ui + σiλiβ; (14)
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λi =
−

(
∂Z
∂xi

)

p∗ · σi

(
n∑

i=1

(
∂Z
∂xi

)2

p∗ · σ 2
i

) 1
2

;Z(

x∗
1, x

∗
2 · · · , x∗

n

) = 0; (15)

Since the verification point is unknown in advance, when expanding into a Taylor
series, a point must be assumed in advance, such as the mean value point of each basic
variable. In the calculation process, use the iteration method to gradually approach
the real verification point and correct the obtained β value until the result converges
satisfactorily. Assume the initial value of x∗

i , generally take the average value ui.
Hydraulic tunnels aremore complex than above-ground structures,making thework-

ing state of the surrounding rock very fuzzy. Therefore, using the exact judgment criterion
of “either this or that” sometimes does not match the actual situation. If considering the
fuzziness of the judgment criterion, it is necessary to fuzzify the limit strain judgment
criterion and make it a fuzzy subset 
, whose membership function is shown in the
following formula:

u
(ε0, ε) =

⎧

⎪⎨

⎪⎩

0 ε0 − ε ≺ −L
ε0−ε+L

2L −L ≤ ε0 − ε ≤ L
1 ε0 − ε � L

(16)

The value of L in the formula can be taken according to the actual situation, and here
L can be set to 0.05%.

3 Example

A circular hydraulic tunnel with a diameter of 6 m, a burial depth of 300 m, located
in limestone strata, sprayed C30 concrete immediately after tunnel excavation, with a
concrete thickness of 8 cm. Through the indoor test of rock samples, the mechanical
parameters of surrounding rock samples and themechanical parameters of concrete used
in working state, after fuzzy random processing, the statistical characteristic values of
normal distribution are shown in Table 1. Since the variation of bulk density γ , Poisson’s
ratioμof rock and elasticmodulusE1 andPoisson’s ratioμ1 of concrete aremuch smaller
than that of other parameters, they are considered as constants.

Table 1. Fuzzy random statistical values of mechanical parameters

Fuzzy
random
variable

Surrounding rock concrete

c(MPa) ϕ(◦) μ E(MPa) λ E1(MPa) μ1 Rc

average 1 40 0.34 20000 2.2 30000 0.17 20

Variance 0.11 4.2 4000 4.0
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The vertical component of the initial ground stress is calculated from the above data
as follows:

Pv = γ · H = 2.2 × 300 = 6.6 MPa λ = μ

1 − μ
= 0.34

1 − 0.34
= 0.52 (17)

The average ground stress is: P = 1+0.52
2 × 6.6 = 5.0MPa.

According to Eq. (5), we get D = 53.323,F = 3.602, and rearrange to get.

1194.05

(
Rp

R0

)5.602

+ 6345.43

(
Rp

R0

)3.602

− 11783.48 = 0 (18)

Using Newton’s iteration method, we get after 3 iterations:
Rp
R0

= 1.12

Therefore, the plastic radius is: Rp = 3.36m，then: Pr = 706×(10−c·ctgϕ)
E+2123 .

According to Eq. (4), the tangential stress on the inner side of the lining is:

σθ = 26828 × (10 − c · ctgϕ)

E + 2123
(19)

According to the limit strength criterion, the functional function is:

Z = Rc − σθ = Rc − 26828 × (10 − c · ctgϕ)

E + 2123
(20)

This functional function contains four basic variables, namely Rc, E, c, ϕ. And this
function is a nonlinear function of these four variables. Therefore, this time we use the
Halin method to solve the reliability index β.

After iteration, the reliability indexof the lining is finally determined to beβ = 3.949,
and the support structure is stable and reliable.

4 Conclusion

This papermainly expounds the fuzzy stochastic reliability analysis method of surround-
ing rock stability of hydraulic tunnel. Based on the fuzzy stochastic reliability theory, a
fuzzy stochastic reliability calculation model for surrounding rock stability of hydraulic
tunnel is established, and the accuracy of the reliability calculation model is verified by
practical engineering cases:

(1) On the basis of considering the fuzziness and randomness of surrounding rockparam-
eters, a fuzzy stochastic model for surrounding rock reliability analysis of hydraulic
tunnel is proposed.

(2) On the basis of the established fuzzy stochastic reliability model for surrounding
rock stability, the influence of support structure on surrounding rock stability is
considered, and the fuzzy stochastic reliability of support structure is calculated.

(3) The fuzzy stochastic reliability model of surrounding rock stability of hydraulic
tunnel is applied to a circular hydraulic tunnel, and the surrounding rock reliability
considering the support structure is calculated, and its reliability index β = 3.949 is
obtained. The support structure is reliable and consistent with the actual situation.
This model considers both the fuzziness and randomness of surrounding rock, which
is more scientific and reasonable than the traditional reliability method.
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Abstract. In order to study the dynamic characteristics and seismic performance
of a large LNG storage tank, a finite element analysis model of the shaking table
test model of a large LNG storage tank was established by using finite element
calculation software with the background of 160,000 m3 LNG storage tank. The
seismic response of the model structure was studied from the three directions of
acceleration amplification factor, relative displacement and strain, and the seis-
mic performance of the storage tank model under different seismic waves was
obtained. The research results are of great significance for the study of dynamic
characteristics and overall seismic performance of large LNG storage tanks.

Keywords: Lng Storage Tank · Finite Element Analysis · Acceleration
Amplification Factor · Relative Displacement · Strain · Seismic Wave

1 Introduction

As an important force to achieve China’s “double carbon” goal, the consumption of
natural gas is increasing year by year, and the construction of LNG receiving stations and
storage tanks is developing rapidly [1–3]. At present, China has several LNG receiving
stations and storage tanks under construction or have been put into operation.

The loss of property and life caused by earthquake [4, 5] disasters cannot be mea-
sured, especially when the gas storage tank and liquid storage tank in the energy industry
are damaged and leaked in the earthquake disaster, which causes huge damage. There-
fore, the study of earthquake response has important engineering significance for the
safety design of storage tank. In 1969, Edwards used finite element method for the first
time to conduct numerical simulation research on the coupled seismic response of tank
and liquid [6].W.a.ash and Haroun et al., from the United States, have conducted various
researches on cylindrical liquid storage tanks by applying the finite element theory [7–
10]. They apply the theory of potential flow to discrete the fluid into ring elements with
rectangular sections without the free sloshing of the fluid surface, and transform the cir-
cumferential displacement into a one-dimensional problem assumed to be linear elastic
deformation. The Sanders shell theory is used as a thin elastic shell on the wall of the
tank and is discrete into ring elements. Finally, the coupling problem of tank and liquid
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is simplified into an empty tank vibration problem with mass. The dynamic response of
empty tank and liquid storage depth, the influence of soil contact and geometrical initial
defects were studied. It is reasonable in theory to use finite element theory to calculate
the natural characteristics and dynamic response, and it can be used to simulate the
vibration situation of storage tank. However, the finite element method is more suitable
for solving the natural characteristics of storage tank because of its large calculation
amount and the difficulty in compiling the calculation program. This simulation study
is of great significance to the research of dynamic characteristics and overall seismic
performance of the storage tank.

2 Storage Tank Geometry

Taking 160,000 m3 LNG storage tank as an example, the tank Liquefied Natural Gas
is 51.00 m tall, and the largest diameter is 87.10 m. As shown in Fig. 1, it is a sealed
double-wall structure with an inner tank made of 9% nickel steel and supported by
anchoring bands, and an outer tank consisting of prestressed reinforced concrete walls
and a combined reinforced concrete and steel plate dome structure.

Fig. 1. Prototype structure of full containment LNG storage tank

2.1 Structural Unit Analysis Model

The basic components of the overall structure of LNG storage tanks can be divided into
two categories: beam and column components and wall panel components. In this simu-
lation, fiber beam element and layered shell element are used to simulate the composite
beam-column component and wall panel component respectively. Figure 2 shows the
fiber beam element model.

Figure 3 shows the model of the layered shell element. For reinforced concrete wall
panels, the in-plane deformation and out-of-plane bending are described by plane stress
element and layered shell element respectively. For the plane stress element (sometimes
called the membrane element in structural engineering), the element model commonly
used in the traditional finite element method can be used. The strain in the plane of the
steel bar and the concrete is consistent, and the internal force of the plane element is the
sum of the internal forces of the steel bar and the concrete.



318 J. Su et al.

Fig. 2. The fiber beam element model.

Fig. 3. Layered shell element model

2.2 Structural Analysis Model

Based on the finite element method, the spatial discretization of the continuous structure
can form the following structural dynamic equation:

Mü + Cu̇ + Ku = f ext (1)

whereM, C andK are themass matrix, dampingmatrix and stiffness matrix respectively.
Is the external force vector; u is the displacement vector. The solution of the above
dynamic equation is generally based on the Newmark method. Here, the three-stage
Newmark method expression is adopted.

2.3 Additive Mass Model

The additional mass method [11] is an approximate method to calculate the liquid-
solid coupling problem. The basic idea is to equate the impact dynamic pressure of the
liquid on a certain point of the tank wall with the inertia force of the additional mass
moving together at the point, and simulate the impact effect of the liquid by applying
the additional mass to the inner tank wall. This calculation model makes the calculation
decouple, thus reducing the calculation amount.

2.4 Constitutive Relation of Concrete Damage

In order to simulate the whole process of cracking, crushing, damage and destruction
of concrete after being stressed, the concrete damage model [12–14] is mainly adopted.
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According to the Code for Design of Concrete Structures (GB50010-2015), the concrete
damage model is introduced as follows:

By introducing the tensile damage variable, the uniaxial tensile stress-strain curve
of concrete is expressed as:

σ = (1 − dt)Ecε

dt =
{
1 − ρt

[
1.2 − 0.5x5

]
x ≤ 1

1 − ρt

αt(x−1)1.7+x
x > 1

x = ε

εt,r

ρt = ft,r
Ecεt,r

(2)

where: αt is the uniaxial tension pressure-strain curve.

2.5 Main Material Parameters

The main mechanical parameters of concrete, steel and thermal insulation materials
involved in the scale model of LNG storage tank are listed in Table 1 and Table 2.

Table 1. Concrete material parameters.

Concrete Compressive strength/fcu
(MPa)

Average tensile
strength/fctm
(MPa)

Modulus of elasticity/Ec
(GPa)

C50 32.4 2.64 34.5

Table 2. Other material parameters

Name Elastic modulus(MPa) Poisson’s ratio Density(kg/m3)

130 thick foam brick 965 0.24 120

100 thick foam brick 900 0.24 200

Expanded perlite 12 0.2 66

Glass Mat 800 0.12 16

3 LNG Tank Structure ABAQUS Finite Element Model

The finite element software ABAQUS is used to analyze the seismic response of the
LNG storage tankmodel. The basic idea of numerical simulation is as follows: firstly, the
whole model is established, including prestressed tendons, ordinary rebar, concrete cap,
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concrete outer tank, steel dome, steel inner tank and thermal insulation layer. According
to Housner theory [15, 16], the equivalent additional mass of hydraulic pressure is
obtained, and the additionalmass is distributed on thewall of the tank. The corresponding
structural analysis of the seismic response results of the storage tank is carried out to
evaluate its seismic performance.

3.1 ABAQUS Numerical Model for LNG Storage Tank

Outer and InnerTankModels.TheABAQUSfinite element analysismodel of theLNG
storage tank model structure was established using the aforementioned unit model. The
geometric model and mesh division of the inner and outer tanks are shown in Fig. 4
respectively.

(a)ABAQUS model for steel inner tanks (b)ABAQUS model for reinforced 

concrete outer tanks

Fig. 4. Geometric model of inner and outer tanks

Reinforcement and Prestressing. T3D2Truss unit is used for both common reinforce-
ment bars and prestressed tendons of the storage tank, and the geometric model is shown
in Fig. 5. In ABAQUS, a cooling method is used to apply prestressing force to the steel
bars.

Fig. 5. ABAQUS Model of Steel Fabric Fig. 6. ABAQUS model of insulation layer

Geometric Model of Insulating Layer. The insulating layer on the side wall of the
storage tank is 46mm thick expanded perlite and 24mm thick glass fiber felt. ghABAQUS
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uses C3D8 solid unit to build the insulating layer, as shown in Fig. 6. The insulating
layer is processed in different layers, and each layer is assigned with different material
properties. The bottom insulating layer is modeled in the same way as the side wall
insulating layer.

Additional Mass Distribution. As shown in Fig. 7 and Fig. 8, ABAQUS adopts the
additional mass method to carry out dynamic response numerical simulation analysis of
the inner tank. A layer of user-defined units is laid at the interface between the storage
tank and the liquid and attached to the wall of the storage tank. One is tank wall element
mesh, and the two types of finite element mesh share nodes.

Fig. 7. Finite Element Model of Storage Tank Fig. 8. Additional Mass Model

4 ANSYS Builds the Finite Element Model

The seismic response analysis of LNG storage tank model is carried out with ANSYS
finite element software. The basic idea of numerical simulation is as follows: firstly,
the whole model is established, including prestressed tendons, concrete cap, concrete
outer tank, steel dome, steel inner tank and thermal insulation layer. Then, according to
Housner theory, the equivalent additional mass of hydraulic pressure is obtained, and the
additional mass is distributed on the wall of the tank. ANSYS-APDL is used to analyze
the seismic response results of the tank and evaluate its seismic performance [17–20].

4.1 Establishment of LNG Storage Tank Model

Outer TankModel.The external tank structure includes the external wall and the roof of
the tank, as shown in Fig. 9. The external wall and roof structure adopts solid SOLID65
unit, which is a three-dimensional solid unit specially designed in ANSYS software to
face concrete materials and can simulate the unique mechanical phenomena of concrete
materials.

Steel BarModel. As shown in Fig. 10, the prestressed tendon of the storage tank adopts
Link180 unit. In the shaking table test, the prestressed steel bar imposes prestressed
constraint on the external wall of concrete through the anchor hole installed on the
external wall. For the convenience of modeling, the prestressed steel bundle is directly
attached to the surface of the external wall, and shared with the external wall concrete.
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(a) ANSYS exterior wall model                                 (b) ANSYS tank top model

Fig. 9. Finite Element Model of Outer Tank

(a)ANSYS pre-stressed reinforcement model                     (b)ANSYS insulation layer model

Fig. 10. Model of prestressed reinforcement and insulation layer for storage tanks

According to Housner’s theory, when a storage tank is subjected to a horizontal
acceleration a1(t) from the bottom of the tank, the liquid impact pressure acting on any
point on the tank wall (θ, y) is shown in formula (3).

PR = a1ρh

(
y
/
h − 1

2

(
y
/
h
)2)√

3 tan h

(√
3
R

h
cos σ

)
(3)

In the formula:
a1(t)—horizontal acceleration (m/s2).
ρ—Liquid density in the storage tank (kg/m3).
r—radius of the storage tank (m).
h—Liquid level height (m).
σ—Azimuth angle of any point along the circumference (rad).
y—Height from the point to the bottom plate (m).
In ANSYS, a coolingmethod is used to apply prestress to steel bars. The temperature

difference T between the initial and the temperature field that reaches the effective stress
value is calculated by formula (4).

σpe = λ · �T · E (4)

In the formula:
σpe—effective tensile stress;
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λ—Linear expansion coefficient of steel bars, taken as 1.2 × 10–5;
E—Elastic modulus of steel bars, taken as 2.3269 × 1011 N/m2;
When the initial temperature is 0 °C, the effective stress value can be reached by

applying − 55.64 °C to the prestressed steel bar.

5 Comparative Analysis of Two Finite Element Simulation Results

5.1 Seismic Wave Input

In order to study the seismic performance of LNG storage tank under earthquakes with
different spectrum and amplitude acceleration, two artificial seismic waves were synthe-
sized by El Centro wave (El), and the site-specific seismic response spectrum. Artificial
waves are denotingRG-1 respectively. The acceleration time history are shown inFig. 11.

(a)El Centro wave acceleration history                (b)Artificial wave 1 acceleration time histor

Fig. 11. Acceleration time history of two seismic waves

5.2 Analysis of Test Results

As shown in Fig. 12 and Fig. 13, for seismicwave input, the amplitude of the acceleration
dynamic amplification coefficient for the outer tank of the empty tank model is between
0.85 and 1.50, and the acceleration dynamic amplification coefficient for the inner tank is
between 1.00 and 2.00; Under the same PGA and seismic wave conditions, the dynamic
amplification coefficient amplitude of the half tank water outer tank model is slightly
lower than that of the empty tank outer tank model, ranging from 0.90 to 1.60, while the
dynamic amplification coefficient amplitude of the half tank water inner tank model is
larger than that of the empty tank inner tank model, ranging from 1.30 to 2.10.

For different seismicwave inputs, the distribution of the acceleration dynamic ampli-
fication coefficient of the model along the height has a similar variation pattern, with the
following characteristics:
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(1) There is a significant turning point in the outer tank, and for different operating
conditions and whether the interior is filled with water, there is a significant turning
point that occurs at the transition between the outer tank sidewall and the dome.

(2) The acceleration dynamic amplification coefficient at the end of the model increases
more significantly from above the outer tank ring beam to the observation opening
of the dome compared to other tank side parts of the outer tank.

(3) For different working conditions and whether the interior is filled with water, the
acceleration amplification coefficient of the inner tank increases with height.

(a)0.1g acceleration amplification coefficient (b)0.2g acceleration amplification coefficient

(c)0.4g acceleration amplification coefficient      (d)0.6g acceleration amplification coefficient

Fig. 12. Comparison of Acceleration Amplification Coefficients of Outer Tank under El Centro
Wave Seismic Action

As shown in Fig. 14 and Fig. 15, in the maximum relative displacement of the outer
tank, for the horizontal relative displacement within the height range, it can be observed
that the values of the outer wall and dome increase as the height increases.
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(a)0.1g acceleration amplification coefficient (b)0.2g acceleration amplification coefficient

(c)0.4g acceleration amplification coefficient (d)0.6g acceleration amplification coefficient

Fig. 13. Comparison of Acceleration Amplification Coefficients of Outer Tank under RG-1Wave
Seismic Action

For the acceleration amplification coefficient in the height range, when the design
seismic wave is small, the lower part of the exterior wall has a good barrier effect on
the seismic wave, resulting in a smaller acceleration value. However, when the design
seismic wave is small, the acceleration amplification coefficient is larger, while when the
design seismic wave value is large, the acceleration amplification coefficient is smaller.
Within the height range, as the height increases, the overall amplification coefficient
shows an increasing trend.

The relative displacement at the variable cross-section of the outer tank is relatively
large, and the maximum interlayer displacement angle is significantly greater than other
positions. Due to the large bendingmoment and shear force at the bottom of the structural
model under earthquake action, it often has large relative displacement and interlayer
displacement angle.
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Below the middle of the outer tank, the maximum relative displacement increases
with height, and decreases from the middle to below the ring beam. For vibrations domi-
nated by the first mode of vibration, if the deformationmechanism ismainly bending, the
relative displacement will increase with the increase of height, while for structures dom-
inated by shear deformation, the relative displacement will decrease with the increase
of height.

(a)0.1g maximum relative displacement  (b)0.2g maximum relative displacement

(c)0.4g maximum relative displacement  (d)0.6g maximum relative displacement

Fig.14. Maximum relative displacement of outer tank along height under El Centro wave seismic
action
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(a)0.1g maximum relative displacement        (b)0.2g maximum relative displacement

(c)0.4g maximum relative displacement (d)0.6g maximum relative displacemen

Fig. 15. Maximum relative displacement of outer tank along height under RG-1 wave seismic
action

6 Conclusion

This article establishes a finite element analysis model for the vibration table test model
of large LNG storage tanks using ABABQUS and ANSYS finite element calculation
software. The dynamic time history response analysis of the structure with empty and
half tankwater was conducted through a finite element model, and the results of dynamic
time history analysis such as acceleration, displacement, and stress were obtained. The
main conclusions are as follows:

(1) Under the same peak groundmotion (PGA) condition, the acceleration amplification
coefficient of the model along the height under the action of artificial waves is
generally larger than that under the action of natural waves. Overall, there is no trend
of decreasing the dynamic acceleration amplification coefficient with the increase
of earthquake amplitude under the same seismic wave action.

(2) Under the action of seismic waves with the same waveform, as the peak ground
motion increases, the relative displacement response of the model increases. At the
same time, the sudden change in size at the variable cross-section of the outer tank
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leads to stress concentration, making the stiffness at the variable cross-section less
than other positions, resulting in the maximum displacement angle between the
variable cross-section position of the outer tank and the root of the outer tank being
greater than other positions; Due to the shaking ofwater during vibration, the relative
displacement below the middle of the outer tank increases. As the distance from the
water surface increases, it can be roughly assumed that the impact of water vibration
on relative displacement is decreasing.
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Abstract. Seismic fragility analysis is of paramount significance in studying the
seismic characteristics of bridges, especially for special structures like special-
shaped bridges. Special-shaped bridges exhibit more complex geometric and
mechanical properties. Therefore, it is even more essential to conduct seismic
fragility analysis for special-shaped bridges. Analyzing the response of special
structures to lateral seismic loads benefits the evaluation of their seismic perfor-
mance and facilitates enhancements in seismic design. A finite element model
was established using Midas/Civil to investigate the seismic fragility of a space
special-shaped steel box arch bridge under lateral seismic loads. To assess the
seismic fragility of space special-shaped steel box arch bridges, displacement
data from bridge abutments, arch support platforms, and bearings were selected
as damage indicators. The seismic fragility curves for bridge components were
constructed using the incremental dynamic analysis (IDA) method. In the end, the
weightingmethodwas adopted to calculate the seismic fragility curve for the entire
bridge system. The bearings and bridge abutments are more susceptible to seismic
damage under lateral seismic loads, making them the vulnerable components of
the bridge. Among the four bearings, the ones located near the arch ribs have
poorer seismic performance and constitute vulnerable areas in the bearing layout.
Through the case study of the seismic fragility analysis of space special-shaped
steel box arch bridge, common issues in the fragility analysis of special bridges
were explored. This further provides rational recommendations for enhancing and
improving the seismic design of special-shaped bridge structures.

Keywords: Space Special-Shaped Steel Box · Seismic Performance · Bridge
Structural System Fragility · Incremental Dynamic Analysis Method

1 Introduction

With the continuous development of technology, various aesthetically pleasing new
types of bridges have emerged. Among these, spatial special-shaped arch bridges have
garnered significant attention in existing literature, primarily focusing on their design and
construction [1, 2]. However, there has been relatively limited research on the seismic
fragility of spatial special-shaped steel box arch bridges. Analyzing a bridge’s response
to lateral seismic forces allows us to better assess and improve its seismic performance,
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ensuring that the bridge remains safe and stable during earthquakes. This is of critical
importance for enhancing a bridge’s earthquake resistance, as it helps reduce potential
losses and risks associated with earthquakes.

Kim et al. [3] utilized the Monte Carlo simulation method and response spectrum
analysis to establish fragility curves for bridges. The findings revealed that bridges
consideringmultiple excitation factors aremore susceptible to seismic damage compared
to those considering uniform excitation. The fragility curves were represented using
different seismic indicators such as PGA, PGV, and SA. It was concluded that PGA
and SA are more suitable and efficient seismic indicators. Choi et al. [4] simultaneously
considered the correlation between the failure modes of bearings and pier columns under
seismic actions. They introduced the first-order boundary method to establish the upper
and lower bounds of systemic fragility curves for bridges. Li et al. [5] considered the
correlation between the failure modes of pier, bearing, and abutment components and
established systemic fragility curves for medium-span reinforced concrete continuous
beam bridges using a comprehensive second-order boundary method. Pan [6] conducted
a seismic fragility analysis on a steel bridge in New York State and found that nonlinear
regression outperforms traditional linear regression in fitting the bridge’s response data.

Currently, most research on seismic fragility focuses on conventional bridges, with
limited studies on the seismic fragility of irregular arch bridges. This paper takes a spe-
cific spatial irregular steel box arch bridge as an example and establishes a finite element
model. By applying fragility theory and conducting incremental dynamic analysis (IDA),
the fragility curves of bridge components are developed to evaluate their vulnerability.
Additionally, the paper explores the systemic fragility curve of such bridge structures
using the weight method. The findings of this study can serve as a reference for similar
vulnerability research on bridges.

2 Bridge Analytical Model

To ensure the accuracy and reliability of the finite element numerical model, this paper
used the finite element analysis softwareMidas/Civil to establish a complete spatial finite
element model of the bridge. In this model, the main beam, main arch, pile foundation,
and abutment were simulated using beam elements, while the cables were simulated
using truss elements. Themodel consisted of 1,209 beam elements and 12 truss elements.
The main beam is elastically connected to the abutments, whereas the main arch is
rigidly connected to the foundation of the arch seat. The bearings are simulated using a
combination of rigid and elastic connections. The connections between the main beam
pile foundations and the abutments, as well as between the arch seat pile foundations
and the foundation of the arch seat, are treated with master-slave constraints. The finite
element model of the bridge is shown in Fig. 1.

There are No. 1 to No. 4 bearings on the main beam, and the specific arrangement
is shown in Fig. 2. Among them, bearing 1 is a fixed bearing, bearing 2 is a longitudinal
moving bearing, bearing 3 is a transversemoving bearing, and bearing 4 is a bidirectional
moving bearing. The maximum allowable displacement of the bearing is 200 mm.
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Fig. 1. Bridge Finite Element Model

Fig. 2. Bearings Arrangement

3 Seismic Fragility Analysis of Bridge

3.1 Selection and Division of Damage Index

The damage indicators for the bearing components are calculated based on themaximum
allowable displacement of the bridge’s movable bearings and coefficients corresponding
to different damage states. The damage indicators for the bridge abutments and arch
bearings are determined based on the damage states proposed by the scholar Zheng
Kaifeng [7]. The damage state and damage index of the bearing, abutment, and arch
support platform are shown in Table 1.

3.2 Seismic Fragility Analysis of Components

The ‘frequency statistics method’ is used for the statistics of the failure state of the
component under different PGA. When the ‘ frequency statistics method ‘ is used to
draw the fragility curve, because the probability points corresponding to the failure state
of each level under each level of PGA are directly connected, the obtained will be a set of
broken lines. The current fittingmethods for probabilistic points assume that the fragility
curves of components conform to a lognormal distribution. These methods employ the
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Table.1 Component failure index

Damage State Displacement of
Bearing

Displacement of
Abutment

Displacement of Arch
Support Platform

No Failure μ ≤ 60 μ ≤ 25 μ ≤ 25

Slight Failure 60<μ ≤ 100 25<μ ≤ 50 25<μ ≤ 50

Moderate Failure 100<μ ≤ 160 50<μ ≤ 100 50<μ ≤ 100

Extensive Failure 160<μ ≤ 200 100<μ ≤ 150 100<μ ≤ 150

Complete Failure μ>200 μ>150 μ>150

probability density function of the lognormal distribution to perform regression analysis
on the probabilistic points. This analysis enables the determination of the mean and
standard deviation of the failure probability density function for each component at
various levels. Subsequently, these computed mean and standard deviation values are
inserted into the cumulative distribution function of the standard normal distribution.
By doing so, the fragility curves for the different damage states of each component
can be derive [8]. This article utilizes the lognormal distribution function and employs
maximum likelihood estimation in the Matlab software to fit the lognormal distribution
for structural fragility.

Assuming that the seismic fragility curves conform to a two-parameter lognormal
distribution:

Fj(IM ) = Φ

[
ln(IM /cj)

ζj

]
(1)

where, Fj(·) represents the fragility function of the damage state, whereas cj and ζj
represent the median and logarithmic standard deviation, respectively, corresponding to
that damage state. The fragility curve of components is shown in Fig. 3.

Fig. 3. Bridge Abutment and Bridge Arch Support Platform and Bridge Bearing Fragility Curve

The probability of failure states for the four bearings of the irregular arch bridge
under different PGA values was analyzed statistically, as shown in Figs. 4 and 5.
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Significant differences exist in the probability of complete failure among the four
bearings, At a PGA of 1.0g, the probabilities of complete failure for bearings 2 and 3 are
70% and 90%, respectively. Bearing 4 exhibits the lowest probability of complete failure
among the four bearings at a PGA of 1.0g, with a probability of 35%. This demonstrates
its strong seismic resistance and higher safety performance.

Fig. 4. Extensive Damage Fragility Curve of
Bearing

Fig. 5. Complete Damage Fragility Curve of
Bearing

3.3 Seismic Fragility Analysis of System

The bridge structure is a complex system composed of a large number of different
components. If only the fragility analysis of a certain component is carried out, the
seismic performanceof thewhole bridge systemcannot be fully reflected.The calculation
results show that the damage level and failure probability of the components are quite
different, so it is necessary to carry out the fragility analysis of the bridge system.

The weighting method takes into account the importance of each component in the
bridge system. It categorizes the major components, which are the ones that, if damaged,
would lead to the failure of the entire bridge system, as one group, and the remaining com-
ponents as another group, considering their respective weights. The weighting method
has been proven to be suitable for the analysis of bridge system fragility [9].

In this paper, the bridge abutment and arch support platform are divided into main
components, and the bearing is divided into other components [10]. The weight of each
component is calculated as shown in Table 2. The corresponding calculation weights are
computed based on the provided weights of the components, as shown in Eq. (2):

ωη = ωq

ωmq
(2)

where, ωη represents the calculated weight of the component, ωq represents the weight
of the component, and ωmq represents the weight of the main component.

The weight method [9] is used to calculate the failure probability of the bridge
system. The calculation formula of the weight method is shown in Eq. (3).

Psys = m
max
i=1

Pfi + η
n
�
j=1

Pfj ≤ 1 (3)
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Table 2. Member weight calculation

Member Weight Calculation weight

Abutment 23 1

Arch Support Platform 23 1

Bearing 3 0.13

where, Psys is the failure probability of the bridge system. Pfi is the probability of failure
of the i th main member.m is the number of main components. Pfj is the probability
of failure of the j th other component.n is the number of other components. η is the
corresponding weight.

It is evident from Fig. 6 that the maximum bandwidths for the system and its main
components, ranging from slight failure to complete failure, are 0.111, 0.121, 0.113,
and 0.085, respectively. This indicates that the probability of failure at each level on the
system’s fragility curve is higher than that of the main components, aligning with the
actual earthquake-induced damage observed in the project.

Fig. 6. Fragility Curve of System and Main Components in Failure State
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4 Conclusions

The conclusions derived from this study are as follows:
A comparative fragility analysis of multiple components reveals that the maximum

probability of complete failure for bearings is 70%, for the bridge abutment is 40%,
and for the arch support platform is 10%. This indicates that the bridge abutment and
bearings are susceptible to damage under seismic actions,while the arch support platform
exhibits better seismic performance. It suggests that the bridge abutment and bearings
are the vulnerable components of the bridge, and their seismic protection should be given
priority.
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Abstract. The construction of infrastructure inChina faces substantial challenges
due to the complex geological conditions and groundwater in karst areas, particu-
larly in tunnel construction. The construction of the Maoping Port railway tunnel
in theThreeGorgesHub area has been accompanied by the emergence of caves and
faults. The excavation process for the tunnel has been found to expose caves and
cavities, leading to sudden surges of water and mud, which can pose a risk. Hence,
there is a pressing need to precisely forecast the water inflow in the karst region of
Yangmuling Tunnel, in order to furnish guidance for the tunnel’s drainage and to
avert surging water disasters in the absence of a relief hole. This study focuses on
the water-rich karst issue in Yangmuling Tunnel. The research employed on-site
hydraulic pressure monitoring and finite element numerical simulation to inves-
tigate the seepage and water influx properties of the tunnel without water relief
hole. The outcomes of the study reveal that a low water pressure zone forms near
the tunnel after excavation, and water pressure gradually increases outward.When
the tunnel reaches the karst pipe, there is a sharp increase in water influx. Simul-
taneously, the low water pressure zone in the karst area sharply expands, resulting
in an irregular shape. Excavation of the tunnel exposed the karst pipe, causing
a rise in flow velocity in the karst zone towards the front of the tunnel face, but
it subsequently declined rapidly. The alteration in flow velocity within the rock
section surrounding the tunnel face was comparatively uniform.

Keywords: Karst Tunnel · Water Pressure Monitoring · Water Inflow
Prediction · Numerical Simulation

1 Introduction

The development of China’s infrastructure construction within the karst landscape of
southwest China poses significant challenges. The complex geological conditions and
higher instances of groundwater in karst areas result in immeasurable negative impacts on
tunnel construction. These challenges seriously threaten construction safety and impede
the progress of project1. Numerous tunnels fail to recognize the karst geological con-
ditions and groundwater distribution characteristics, resulting in severe water and mud
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surges. Frequent disasters in water-rich karst tunnels require extensive and thorough
research into key scientific issues, namely predicting tunnel water ingress and prevent-
ing and managing major water and mud surges. Such research can efficiently inform
engineering practice and guarantee the safety of construction projects.

Although predicting water surges during tunnel construction is challenging, schol-
ars at home and abroad have recently made significant progress in forecasting such
phenomena in water-rich karst tunnels. Wang et al. devised an equation for computing
the water surge at the tunnel face when exposed to fault fragmentation using the poten-
tial function’s superposition method [2]. Zhang Qingsong used a model test system to
investigate the changes in physical quantities such as seepage pressure, stress-strain dis-
placement and surge material in the tunnel perimeter rock after fault exposure in the
fault fragmentation zone [3, 4]. Fu Hailin et al. have established a simplified model of
tunnel seepage near faults by equating faults with a certain dipping angle in the tunnel
cross-section to a vertical dipping angle. They have deduced a formula for calculating the
water influx in the tunnel [5]. However, traditional research oversimplifies the geological
model, often neglecting the complex geological conditions and hydraulic properties of
karst aquifers. In areas of strong karst development, the water-bearing medium exhibits
highly non-homogeneous characteristics, resulting in extremely uneven spatial distri-
bution of karst groundwater. The hydrogeological conceptual models and associated
mathematical models can often provide an insufficient representation of the characteris-
tics of karst groundwater movement [6]. As a result, current predictions of water inflow
in karst tunnels continue to deviate significantly from observations. Therefore, it is cru-
cial to identify water surge conditions systematically in karst tunnels to predict water
surge effectively. To achieve this, a more efficient method of water surge prediction in the
tunnels needs to be found, and a karst groundwater model should be established within
the study area of the tunnels. This will enable a precise description of their structural
features and water flow behavior [7, 8].

Currently, numerical simulation has become a widely used tool for predicting tun-
nel water infiltration in various complex geological environments. Chiu and Chia [9]
employed amodular three-dimensional finite difference groundwater flowmodel (MOD-
FLOW) in order to reproduce the groundwater seepage field whilst simultaneously util-
ising a drainage package with the aim of predicting the activity of the tunnel. Using the
numerical simulation method, Fang Yong [10] conducted a simulation of surge water
behaviour in tunnels located in complex tectonic areas.

This study focuses on the issue ofwater-rich karst present in theYangmuling tunnel at
Maoping Harbor Relief Railway in the Three Gorges Hub. Firstly, the monitoring results
of the pore water pressure are analysed, and subsequently, a numerical model is created
using the finite element method. The study examines the issue of sudden water influx in
the Yangmuling tunnel due to karst formation in the absence of relief holes. The research
incorporates numerical calculations to determine the extent of water influx in the karst
area of the tunnel without relief holes, providing a robust foundation for simulating the
surge water in the karst region. The study conducts a numerical calculation of water
ingress in Yangmuling Tunnel in the absence of a water discharge hole. The findings
offer valuable reference and guidance for estimating water inflow in karst tunnels and
preventing water surge disasters.
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2 Project Overview

The Yangmuling Tunnel spans 3648.3 m and is situated in Yiling District, Yichang City,
Hubei Province, between Mouyang Village and Taojiaxi. Figure 1 shows the regional
geographic location of the tunnel site area. The tunnel inlet’s designed shoulder elevation
is at 305.026 m, while the tunnel outlet’s is at 292.743 m. The maximum depth of the
tunnel reaches 428.934 m. The strata in the tunnel location are mainly composed of
Shipai Formation (∈1t), Shuijingtuo Formation (∈s), and Tianzhushan Formation (∈sh)
of the Lower Cambrian alongside Dolomite from the Upper Aurignacian Lampshade
Formation (Z2dn). Dolomitic greywacke from the Upper Aurignacian Steep Mountain
Tuo Formation (Z2d), conglomerate from the Lower Aurignacian Nantuo Formation
(Z1n), and sandstone from the Lower Aurignacian Liantuo Formation (Z1l) can be found
in the tunnel area.

Fig. 1. Geographical location of the tunnel site area

Based on the excavation situation on site, the surrounding rock in the tunnel construc-
tion section predominantly comprises medium to weakly weathered sandstone. The rock
body also features soft and weak interlayers, leading to poor rock stability. Additionally,
the rock body exhibits a fragmented structure, with joints and fissures more developed,
resulting in poor rock stability and high water content. Due to the non-soluble rock
stratum in this section, the surrounding rock does not contribute to tunnel water surge.
However, the rock body contains ample bedrock fissure water, resulting in water surges
in the form of rain or strand surge, with a minor amount of water surge. Given that the
tunnel excavation is about to penetrate the soluble rock layer, the rock mass displays a
high degree of fragmentation and there is a plentiful groundwater system.Water disasters
in this area often exhibit a high incidence and suddenness, and feature abundant water
and sediment. Hence, it is imperative to anticipate the volume of water inflow in the
tunnel of the karst water-rich area and present appropriate measures for prevention and
management to ensure tunnel construction safety. Figure 2 illustrates the water leakage
at the site of the Yangmuling Tunnel.
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(a) water seepage and gushing from the tunnel face (b) Water surges in the sidewalls of the 

tunnel

Fig. 2. Water leakage in Yangmuling Tunnel site

3 Pore Water Pressure Monitoring in Tunnels

3.1 Instrument Introduction and Installation

For this water pressure test on the Yangmuling Tunnel, the JYKYJ-370 vibrating string-
type permeameter is utilized to measure fluid pressure. Figure 3 shows a photograph of
the vibrating string seepage manometer and a schematic diagram of the installation of
the seepage manometer in the tunnel wall.

(a) Sinusoidal piezometers
(b) nstallation of seepage 

manometers on tunnel walls

Fig. 3. Photo of sinusoidal osmometer and schematic diagram of installation osmometer
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3.2 Osmotic Pressure Analysis

Thewater pressure on the surrounding rock of the tunnel section ismeasured by the seep-
age manometer, and the monitoring results of the Yangmuling Tunnel exit DK22+354
point 1 and DK22+370 point 2 are shown in Fig. 4.

At measurement point 1 of the Yangmuling Tunnel (Fig. 4a), data shows that as
of July 31st, there is a maximum water pressure of 6.84 kPa on the tunnel’s surface
at the Yangmuling Tunnel point. This pressure corresponds to a groundwater depth of
0.68 m, and the pore water pressure remains stable at 6. Technical term abbreviations are
explained when first used. At pressures ranging from 0 to 6.84 kPa, the pore pressure on
the tunnel surface is low, and the water level only reaches 0.6 to 0.68 m. Although there
is a consistent water influx in the section, the overall amount is not significant. The main
water source comes from the bedrock fissures, which has a relativelyminor impact on the
tunnel’s construction. The construction of the tunnel is minimally affected. Data from
Point 2 of the Yangmuling Tunnel (Fig. 4b), as of 31st July, indicates that the maximum
water pressure at the tunnel surface is 2.55 kPa, corresponding to a groundwater depth
of 0.26 m. The pore water pressure is stable at 2.0–2.55 kPa, and the tunnel surface pore
pressure is relatively low, with a head of only 0.2–0.26 m.
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(a) DK22+354 (b) DK22+370

Fig. 4. Pore water pressure variation curve of surrounding rock at measuring points 1 and 2 of
Yangmuling Tunnel

4 Numerical Calculation Model for Tunnel Seepage and Surge

4.1 Modelling

To investigate sudden water flow in a tunnel that has a karst pipe in front of the tunnel
face, we utilized the Abaqus finite element software to develop a 150 m × 70 m × 70 m
three-dimensional geological model based on the actual geological conditions of the
Yangmuling Tunnel. Refer to Fig. 5 for the model’s visual representation. The tunnel
has a depth of 428.9 m and features a bottom section designed as a side wall, while the
top section is shaped like a horseshoe. The tunnel is 6.5 m wide and 8.6 m high, with
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the side wall measuring 3.25 m in height. In this model, a karst pipeline with a diameter
of 6 m is present in front of the tunnel face. The rock layer contains groundwater, with
the water level 40 m above the tunnel base. The aim is to simulate the pore pressure
distribution of the tunnel, and the seepage and surge of the tunnel water, over a 100-h
period after excavation. The peripheral rock and tunnel surfaces serve as free drainage
boundaries after tunnel excavation. The tunnel’s left, right, front, and rear boundaries
are set to hydrostatic pressure according to the actual groundwater level. The bottom
boundary is a no-flow boundary.

Fig. 5. 3D geological model and tunnel profile

4.2 Governing Equation

Effective Stress Principle. The overall stress upon any plane located inside a saturated
geotechnical body can be split into two distinct entities: the effective stress and the pore
water pressure [11]. Pore water pressure is defined as such.

σ = σ + (χuw + (1 − χ)ua)I (1)

where σ is the total stress, σ is the effective stress, χ is related to the surface tension
between the saturated geotechnical body and the liquid-gas, χ = 1.0 for fully saturated
geotechnical body and χ = 0.0 for dry geotechnical body.

Seepage Equation. The permeability of a geotechnical body ought to be deter-
mined within a coupled fluid permeability/stress analysis. The permeability law is
Forchheimer’s permeability law [12], which defines the permeability coefficient k as:

k = ks

(1 + β
√
vwvw)

k (2)

where: k is the permeability coefficient of saturated geotechnical soil; β is a coefficient
reflecting the effect of velocity on the permeability coefficient. When β = 0.0, Forch-
heimer’s law of osmosis simplifies to Darcy’s law. vw is the velocity of fluid. ks is the
coefficient related to the degree of saturation, and ks= 1.0 when the degree of saturation
Sr = 1.0.

The flow rate of pore fluid is related to pore pressure [13], i.e.:

vn = ks(uw − u∞
w ) (3)
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where: vn is the flow velocity in the direction normal to the boundary, ks is the seepage
coefficient, uw is the pore water pressure at the boundary, and u∞

w is the reference pore
pressure.

Calculation Parameter Selection Determination. According to the geological inves-
tigation report of Yangmuling Tunnel, the rock mechanical parameters of the peripheral
rock, and the permeability parameters, are as selected and shown in Table 1 below. Due
to the development of peripheral rock fissures in the specified section of the model and
the high degree of rock fragmentation, the material parameters of the peripheral rock
area of class V are chosen for calculation in this study.

Table 1. Rock mechanics parameters of tunnel surrounding rock

Perimeter
rock grade

density
(kg/m3)

elastic
modulus
(GPa)

poisson’s
ratio

internal
friction
angle (°)

cohesion
(MPa)

Porosity permeability
coefficient
(m/s)

III 27 15 0.27 45 0.42 0.25 2 × 10−9

IV 20 5 0.32 30 0.18 0.43 5 × 10−9

V 18.5 0.02 0.3 23 0.03 0.54 5 × 10−7

5 Results

5.1 Overall Analysis of the Seepage Field

Overall Analysis of the Water Pressure Field. When the tunnel is excavated into the
karst region, Fig. 6 and Fig. 7 show water pressure cloud maps of various profiles (XYZ
= 0, YZX = 0).

The water pressure map of the tunnel profile after excavation is shown in Fig. 6.
Figure 6(a–d) shows the water pressure map under different distance conditions from
the tunnel face to the karst pipe. Before excavation, the maximum pore water pressure is
312.45 kPa, and after excavation, a low water pressure zone is formed in the vicinity of
the tunnel, and the outward water pressure gradually increases, and the water pressure
distribution is symmetrically distributed. With the discharge of pore water, the pore
water pressure of the rock around the hole will eventually be reduced to 0 kPa, which
corresponds to the monitoring results of the pore water pressure in the tunnel. At this
time, the zone of low water pressure in the karst area expands sharply and shows an
irregular shape, the shape of which is related to the distribution of karst caves and karst
pipes.

Figure 7 illustrates the water pressure map of the YZX = 0 profile following the
tunnel excavation. If the tunnel is not excavated to the karst pipe, a low water pressure
zone forms near the cave following excavation, where the water pressure distribution
is symmetrically distributed along the Z-axis. When excavating the tunnel to expose
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(a) 40m (b) 20m

(c) 10m (d) 0m

Fig. 6. Water pressure cloud map of section XYZ = 0 when the tunnel was excavated to the karst
pipeline

(a)40m (b) 20m

(c) 10m (d) 0m

Fig. 7. Water pressure cloud image of YZX= 0 section when tunnel excavation to karst pipeline.

the karst pipe, the low water pressure area surrounding both the tunnel and the vault
expands. This creates an inverted triangle water pressure distribution on either side of
the tunnel, and there is no alteration in the water pressure at the base of the tunnel. These
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findings suggest that the primary discharge location for karst water is the vault and the
two gangs, and there is less water surging at the bottom.

Overall Analysis of the Seepage Field. The cloud diagram of seepage flow in the unit
nodes in the tunnel when the tunnel face is 10 m away from the karst pipe and when the
tunnel is excavated to the karst pipe is shown in Fig. 8.

(a) 10m

(b) Excavation to karst pipe

Fig. 8. RVF after tunnel excavation (a: excavate to 10 m from karst pipe; b: excavation to karst
pipe)

From Fig. 8, at a distance of 10 m from the karst pipe, the maximum nodal seepage
recorded in the tunnel is a mere 9.95 × 10−2 m3/h. The overall tunnel seepage remains
relatively low, with the maximum seepage occurring at the bottom foot of both sides of
the tunnel. When the tunnel is excavated up to the karst pipe, there is no drainage hole
to constrain the tunnel drainage. Thus, groundwater will gush into the tunnel from the
karst pipe. This results in an exponential rise in the water inflow within the tunnel. At
this point, the maximum nodal seepage present in the tunnel’s surrounding rock amounts
to 39.3 m3/h.

5.2 Water Pressure and Fluid Velocity Analysis

In order to visually represent the changes of the water pressure and velocity fields of
the surrounding rock, four probe lines were selected in the range of 50 m in front of the
tunnel face to be analysed and studied. The number and location of the selected probe
lines are shown in Table 2.

For the four probe lines mentioned above, their corresponding profiles of infiltration
water pressure and fluid velocity are displayed in Fig. 9.
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Table 2. Select the number and position of detection lines

Serial number Detection line range Selection of detection points

1 X = 0–50 m, Y = 0 m (bottom of the tunnel) 22

2 X = 0–50 m, Y = 3.0 m (median line of a cave) 22

3 X = 0–50 m, Y = 6.0 m (top of the cave) 22

4 X = 0–50 m, Y = 8.6 m (top of arch) 22
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(a) Water pressure curve         (b) Fluid Velocity Curve

Fig. 9. Pore water pressure and velocity curves 50 m in front of the tunnel face

Based on the data presented in Fig. 9(a), it can be inferred that the water pressure is
zero at the tunnel face for both themiddle line and top line of the cavern. Additionally, the
water pressure fluctuates slightly within a span of 3 m in front of the tunnel face before
increasing abruptly. The growth rate then decreases at a distance of 20 m, ultimately
stabilising at 348.54 kPa and 321.16 kPa. The water pressure at the tunnel face is 0 kPa
for both the bottom line of the tunnel and the top line of the arch. Subsequently, the
water pressure gradually rises, slowly increasing until it reaches the maximum values of
381.05 kPa and 295.37 kPa. The water pressure starts at 0 kPa, gradually increases, then
slowly rises again, finally tending towards the aforementioned maximum values. Once
passing through the karst pipe, water pressure rises sharply and then gradually continues
to increase. The water pressure in the tunnel section close to the tunnel face is evidently
lower compared to the exterior, and it increases as it moves farther away from the tunnel
face.

From Fig. 9(b), it can be inferred that the excavation of the tunnel uncovered the karst
pipe, resulting in the maximum fluid velocity of 14.5 m/s and 13.3 m/s at the bottom line
and top line of the cavern, respectively, at the tunnel face. Subsequently, the fluid velocity
experiences a rapid decrease within four meters in front of the tunnel face, eventually
stabilising at 1.7 × 10−4 m/s. The maximum fluid velocity at the midline of the cavern
opening is 10 m/s at the tunnel face. The velocity rapidly decreases within 5 m in front
of the opening and then changes gradually. The karst pipe does not extend to the top of
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the tunnel, resulting in minimal variation of fluid velocity at the top. The maximum fluid
velocity at the tunnel face is 6.7× 10–3 m/s. Beyond a range of 5 m in front of the tunnel
face, the flow velocity remains consistent among the lines. The highest fluid velocity is
observed near the tunnel face according to the tunnel excavation which uncovered the
karst pipe, causing a surge in velocity in the karst region immediately ahead of the tunnel
face. Then, the velocity quickly drops off and eventually levels out in the surrounding
rock segment.

5.3 Surge Analysis

Based on the model calculation, the sum of seepage volume can be acquired from the
nodes of the tunnel face and the 2 m perimeter of the hole behind the tunnel face. If
the tunnel traverses through the crushed rock body, the estimated tunnel water influx is
35.12 m3/h. On the other hand, if the tunnel face passes through the karst pipeline, the
highest influx of water in the tunnel is at 638.5 m3/h.

6 Conclusion

Taking the Yangmuling water-rich karst tunnel boring project as a case study, we con-
structed a numerical model via the finite elementmethod, whichwas then combinedwith
the monitoring data on pore water pressure within the tunnel. The findings demonstrate
that:

(1) The maximum water pressure on the surface of Yangmuling Tunnel is 6.84 kPa,
which corresponds to a groundwater depth of 0.68 m. Additionally, the pore water
pressure remains stable between 6.0 and 6.84 kPa, and the pore pressure on the
surface of the tunnel is minimal.

(2) Prior to tunnel excavation, the highest recorded pore water pressure surrounding
the tunnel was 312.45 kPa. Post-excavation, a zone of low water pressure develops
around the tunnel, and water pressure gradually rises. As pore water is discharged,
the rock surrounding the tunnel experiences a reduction in pore water pressure,
eventually decreasing to 0 kPa, in accordancewith themonitored porewater pressure
results within the tunnel. When the excavation of the tunnel reveals the karst pipe,
the outpouring of karst groundwater leads to a dramatic expansion in the low water
pressure zone within the karst region.

(3) As the tunnel is excavated to the karst pipe, the tunnel water inflow increases rapidly,
resulting in a maximum nodal seepage of 39.3 m3/h and a maximum water inflow
of 638.5 m3/h.

(4) Once it passes through the karst pipe, the water pressure in front of the face increases
rapidly, followed by a slow increase. The peak velocity of the fluid appears near the
tunnel face. As a result of the tunnel excavation, the karst pipe that causes a high
flow velocity in the karst area ahead of the tunnel face is revealed. Nonetheless, it
then swiftly decreases towards the front of the tunnel face, and then the velocity of
the flow starts to change gradually in the surrounding rock section. Afterward, the
flow rate in the encircling rock section tends to stabilise.
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Abstract. In order to study the effect of styrene butadiene rubber (SBR) latex
at various dosages on the properties of emulsified asphalt and its mixtures as
well as to reveal SBR’s modification mechanism and action, the conventional
test, dynamic shear rheology test, fluorescence microscopy test, infrared spec-
troscopy test, contact angle test, wet wheel abrasion test and rutting deformation
test were carried out to investigate the conventional properties, rheological prop-
erties, microphase structure, adhesive properties and the abrasion resistance of
its mixtures, the resistance to water damage and rutting resistance of the modi-
fied SBR emulsified asphalt. The results show that SBR can make a significant
improvement in ductility and softening point of emulsified asphalt with reduction
in emulsified asphalt’s penetration. SBR emulsified asphalt complex shear mod-
ulus and rutting factor increases and the phase angle decreases with the dosage
of SBR The spatial structure of SBR can be stabilized in the emulsified asphalt,
the linear correlation coefficients between the SBR doping and its area share
were found to be high by binarized fluorescence microscopy image analysis. The
SBR can make improvement in the contact angle for emulsified asphalt and in
free energy on emulsified asphalt’s surface. The physical modification between
SBR and emulsified asphalt. And SBR features excellent road properties, such as
abrasion resistance, water damage resistance and rutting resistance.
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1 Introduction

As of 2022, China’s has realized over 170,000 km of highway mileage with 5 million
km of road mileage, ranking first in the world. There has been a highway maintenance
mileage of 5,350,300 km, accounting for 99.9% of highway mileage [1], China’s high-
way maintenance industry is undergoing a period of rapid development. Emulsified
asphalt features such advantages as excellent fluidity at room temperature, no heating
during construction, green and low-carbon [2, 3]. It is widely used in highway main-
tenance projects, and it has just become one of the core materials for highway main-
tenance [4–6]. As improvement has been made in latex preparation process in recent
years, polymer-modified emulsified asphalt has become a research hotspot in the indus-
try. Such modified latex as styrene butadiene styrene [7, 8], SBR rubber [9, 10] and
waterborne epoxy resin [11–13] have been widely used in emulsified asphalt. Of them,
SBR latex has significantly improved the low-temperature resistance to cracking and
adhesion of emulsified asphalt while improving the high temperature performance of
emulsified asphalt, having become the most widely used modifier. Domestic and foreign
counterparts have carried out relevant researches such as Meng [14], Wang [15] and Che
[16] found that SBR latex can improve the storage stability and high temperature per-
formance of emulsified asphalt, and further enhance the rutting and cracking resistance
of the mixture. SBR latex blending amount is recommended to be 3%–5%. Yang GM
[17], Yang TW [18], Gong R [19] and Hu FG [20] studied the conventional properties
of SBR emulsified asphalt, rheological properties, fluorescence microscopy and road
performance of SBR asphalt mixtures, and found that the high temperature resistance
to deformation, low-temperature resistance to cracking and relaxation characteristics of
the modified asphalt as well as the shear capacity of the mixture have been improved
with the increase of SBR doping, and the SBR doping should not be more than 4%.
However, there are few reports both at home and abroad which describe the microscopic
phase structure and dichotomization analysis, surface energy and adhesion concerning
emulsified asphalt modified with SBR latex.

This paper starts with the effect of SBR latex dosing on the properties of emulsified
asphalt, and further reveals the role of SBR latex on the performance enhancement
of emulsified asphalt and its mixtures through conventional test, DSR, fluorescence
microscopy, contact angle and infrared spectroscopy so as to further reveal the role
of SBR latex on the performance enhancement of emulsified asphalt and its mixtures,
with a purpose to provide a theoretical basis at certain level and a basis of data for the
application of real engineering.

2 Materials and Testing

2.1 Raw Materials

(1) Matrix asphalt
70 # matrix asphalt is employed. Asphalt specific conventional performance

indicators are shown in Table 1.
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(2) Modified SBR latex
The modified SBR latex is a high solid content latex provided by a company in

the United States with a solid content of 63%, of which the proportion of styrene is
24% and the proportion of butadiene is 76%.

(3) Aggregate
The aggregate consists of 0–5 mm limestone and 5–10 mm basalt, and all its

properties are in compliance with the existing specifications.

Table 1. The basic Properties of Matrix Asphalt.

Pilot project Unit Test results Specification Test Method

Penetration (25 °C, 100 g,
5 s)

0.1 mm 70.4 60–80 T0604-2011

Softening point °C 50.2 ≥45 T0606-2011

Power Viscosity (60 °C) Pa · s 185 ≥160 T0620-2011

Ductility (15 °C,
5 cm/min)

cm >150 ≥40 T0605-2011

Wax content (distillation
method)

% 1.6 ≤2.2 T0615-2011

Flash point °C 280 ≥260 T0611-2011

Density (15 °C) g/cm3 1.030 Actual measurement T0603-2011

2.2 Preparation of Modified Emulsified Asphalt

In this paper, the method where emulsification is followed by modification is employed.
The emulsifier is of a slow-cracking and fast-setting cationic emulsifier with a dosage of
2%. SBR emulsified asphalt is prepared as follows: 0%, 1%, 2%, 3%, 4%, 5% SBR (and
emulsified asphalt mass ratio) were added to the matrix emulsified asphalt respectively,
and stirred well for later use; the mixing duration is 3 min with a mixing rate of 500 rpm.
Then SBR modified emulsified asphalt was formed. The preparation process is shown
in Fig. 1.

Fig. 1. SBR Modified Emulsified Asphalt Preparation Process.
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2.3 Micro-surfacing Grading Design

The micro-surfacing grade composition is shown in Table 2.

Table 2. Micro-surfacing Grading.

Grading Sieve size/mm

13.2 9.5 4.75 2.36 1.18 0.6 0.3 0.15 0.075

Synthetic grades 100.0 100 75.9 61.8 44.4 25.8 15.3 11.7 10.0

Lower limit of design gradation range 100.0 100 70.0 45.0 28.0 19.0 12.0 7.0 5.0

Higher limit of design grading range 100.0 100 90.0 70.0 50.0 34.0 25.0 18.0 15.0

Median value 100.0 100 80.0 57.5 39.0 26.5 18.5 12.5 10.0

The composition of the gradation at the micro-surfacing was finalized by the tests
and the amount of water added was determined to be 5%, the amount of cement was 1%
and the optimum oil/gravel ratio was 6.3%.

2.4 Test Methods

Conventional Performance Test. According to JTG E20-2011 “Highway Asphalt and
Mixture Test Procedure”, the evaporated residue of emulsified asphalt modified with
SBR at varied dosages was tested for penetration at 25 °C, softening point and ductility
at 5 °C in order to characterize the effect of SBR on the conventional properties of
emulsified asphalt.

DSR Test (Temperature Scanning Test). The temperature scanning test was carried
out on the emulsified asphalt modified with SBR using an AR 1500ex dynamic shear
rheometer. The test conditions were described as follows: the angular velocity was
10 rad/s, the control strain was 12%, the scanning temperature was 30–66 °C, and
the temperature interval was 6 °C.

Microscopic Phase Structure. The microstructure of SBR emulsified asphalt was
observed by LW300LFT-LED type fluorescence microscope with a magnification of
400 times. And its fluorescence microscope pictures were subjected to digital image
processing to convert the effective information in the figure into digital information. The
area percentage of SBR was employed thus to further analyze the effect of SBR on the
phase structure of emulsified asphalt.

A Therom Scientific Nicolet iS5 Fourier infrared spectrometer was used to test the
changes in functional groups and chemical composition of SBR emulsified asphalt. The
tested wave numbers range from 400 cm−1 to 4000 cm−1, and the number of scans was
32 with a resolution of 4 cm−1.

Adhesion Test. HARKE-CA contact angle tester was used tomeasure the contact angle
of SBR emulsified asphalt by lay-drop method and calculate free energy on its surface,
and thus to study the interfacial adhesion strength of SBR emulsified asphalt from the
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point of view of work and energy, and to gain the effect of SBR blending on the adhesion
performance of emulsified asphalt.

Mixture Test. Mixable tests, wet wheel abrasion tests and rutting tests were carried
out on the mixtures to analyze the effect of SBR on the abrasion resistance, water
damage resistance and rutting resistance of modified emulsified asphalt micro-surfacing
mixtures.

3 Results

3.1 Conventional Performance

The general performance test results of SBR emulsified asphalt are shown in Fig. 2.
When the ductility is greater than 100 cm, it is recorded 100 cm. It can be seen from
the figure that: With the increase of SBR mixing, the softening point and ductility of
asphalt increase, and the degree of penetration decreases. The softening point of the
original emulsified asphalt is low, the degree of penetration is high, and the asphalt is
brittle in the 5 °C ductility experiment. When the dosage of SBR goes up to 3%, the
softening point of the modified emulsified asphalt has increased by 11.4% compared to
the original sample of emulsified asphalt. Ductility at 25 °Cwent up increased to 100 cm,
the penetration decreased to 57.6 (0.1 mm). This indicates that the low-temperature
cracking resistance of SBR-modified emulsified asphalt was enhanced and the high-
temperature performance was improved. This is because the addition of SBR absorbs
the light oil from asphalt and produces a swelling reaction, with the asphalt changing
from the solgel type to the sol-gel type. A more stable mesh structure takes shape after
the molecules inside the asphalt are restrained.
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Fig. 2. Conventional performance of Emulsified Asphalt with Different SBR.

3.2 Rheological Performance

Temperature scanning tests were carried out on emulsified asphalt with varied SBR
dosages. The results are shown in Fig. 3. When the temperature is determined, the
addition of SBR induces reduction the phase angle (δ) of emulsified asphalt along with
increment in both complex shear modulus (G*) and rutting factor (G*/sin δ). It shows
that the addition of emulsified asphalt leads to a more stable spatial structure of SBR,
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and the reduction in light oil content lowers the temperature sensitivity of asphalt and
improves the high-temperature deformation resistance and rutting resistance of asphalt
as well. When SBR doping remains unchanged, the phase angle tends to increase and the
complex shear modulus and rutting factor decrease with the increment in temperature.
At this moment, the internal elastic component of asphalt is transformed into a viscous
along with weakened deformation resistance of asphalt.
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Fig. 3. Rheological Properties of Emulsified Asphalt with Varied SBR.

3.3 Microscopic Phase Structure

FluorescenceMicroscope. Fluorescencemicroscopewith 400 timesmagnificationwas
used to observe the distribution of SBR and asphalt. As shown in Fig. 4, fluorescence
microscope image on the left hand side is darker than on the right hand side. But there is
a similarity in proportion for fluorescent area which shows noticeable 3D characteristics.
The emulsified asphalt image shows indistinct fluorescence emitted from the emulsifier,
and the rest of the images show noticeable fluorescent material emitted from the SBR.
When the dosage of SBR stands at 1%, SBR exists in the continuous phase of emulsified
asphalt in the form of small particles that are well dispersed. When SBR is 3%, spatial
network structure takes shape in modified emulsified asphalt along with high struc-
tural strength, improved high temperature performance and enhanced softening point as
opposed to that for the conventional performance. When the dosage of SBR continues to
increase to 4%, the latex begins to aggregate with a poor degree of dispersion. It shows
from an overall point of view that it is best for SBR’s content to stand 3%.

Digital Image Processing of fluorescence microscope images of emulsified asphalt
modified with SBR was performed using MATLAB. First of all, the fluorescence micro-
scope images of asphalt with SBR of varied dosage were converted to grayscale image.
Due to noticeable difference in gray levels between the SBR region and the background
region in the image, unequal threshold segmentation of asphalt images with SBR of
varied dosages was carried out to accurately extract the pixels in the target region when
the original image was converted to grayscale image. The ratio of the SBR region and the
background region is finally obtained, and the data obtained for each sub-block region
is averaged to obtain the data results of the global image. The segmentation is shown in
Fig. 5, where the black part is asphalt and the white part is SBR latex.

The binarized image of SBR emulsified asphalt was analyzed at each dosage to gain
the ratio of the number of SBR pixel points to the number of pixel points of the modified
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Fig. 4. Fluorescence Microscope Images of Emulsified Asphalt with SBR of varied dosages.

Fig. 5. Grayscale Plot and Binarized Image of Emulsified Asphalt with SBR of Varied Dosages.

emulsified asphalt in this image, namely the area percentage of SBR at each dosage. The
results are shown in Fig. 6, and the formula is shown in Eq. (1) (2).

R =

n∑

i=1
i

m∑

j=1
j
× 100%

(1)

R− =

k∑

R=1
R

K
(2)
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where i—pixel points of SBR in the sub-block;
j—all pixel points in the sub-block;
k—the number of sub-blocks;
R—the area percentage of the sub-block;
R−—the area percentage of the total block, namely the average of the sub-block

summation.
It is indicated in Fig. 6 that the area percentage of SBR is linearly distributed with

the increase of butadiene doping. The area percentage is only 5.52% at 1% of SBR
doping. As the dosage of SBR increases, the area percentage also increases linearly. The
percentage of area reached 12.37% at 3% of SBR. The linear fitting of the data shows
that the linear pattern of the dosage of SBR and its area percentage is good, and the
correlation coefficient can go up to 98.9%, which indicates that the SBR and emulsified
asphalt are highly compatible.

Fig. 6. The Area Percentage of SBR.

Infrared Spectrum. Infrared spectroscopic tests were performed on the evaporated
residues of as-received emulsified asphalt and 3% SBR emulsified asphalt. These results
are shown in Fig. 7. The same absorption peaks appeared in the two infrared spectral
curves, including 2919 cm−1 and 2849 cm−1 for the absorption peaks of the stretching
vibration of -CH2 alkanes, and 1456 cm−1 and 1376 cm−1 for the absorption peaks of the
bending vibration of -CH3 alkanes. In addition to the above-mentioned absorption peaks,
absorption peaks of butadiene and styrene components of the SBR composition appeared
in the 3% SBR emulsified asphalt. These include 966 cm−1 for trans-butadiene, which is
an out-of-plane bending vibration of trans-C-H olefin, and 699 cm−1 for styrene, which
is an out-of-plane bending vibration of monosubstituted benzene ring C-H olefin. As
a result, it can be seen that there is no new functional group in the emulsified asphalt
of 3% SBR. Therefore, no change was found in the chemical composition of SBR and
emulsified asphalt which was just subject to a physical reaction in Fig. 8.

3.4 Adhesion Performance

According to the first law of thermodynamics, the work consumed by the molecules
inside a substance to migrate to the surface is the potential energy of the molecules on
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Fig. 7. Infrared Spectrums of SBR Emulsified Asphalt.

Fig. 8. Contact Angle Pictures.

the surface, called the surface free energy (γ ). When asphalt adheres to the aggregate,
the aggregate will adsorb the asphalt to reduce its own surface free energy under the
influence of the force field. As a result, the surface energy is an intrinsic factor that
affects the adhesion performance of asphalt. Surface energy by the polar component
(also known as Lewis acid-base component, γ P) and dispersion component (also known
as van der Waals component, γ d ). The polar component in turn consists of Lewis acid
(γ +) and Lewis base (γ −). The expression for the surface energy expression is show as
follows:

γ = γ d + γ p = 2
√

γ +γ − (3)

The relation between the surface energy parameters for the liquid and bitumen are
expressed as follows:

γL(1 + cos θ) = 2
√

γ d
a γ d

L + 2
√

γ +
a γ −

L + 2
√

γ −
a γ +

L (4)

where γL—surface energy of the liquid;
γ d
a , γ d

L —Dispersive component of bitumen and liquid;
γ +
a , γ +

L —Lewis acid fraction of the bitumen and liquid;
γ −
a , γ −

L —Lewis base fraction of the bitumen and liquid.
Themodified emulsified asphalt with SBRof varied dosageswas subjected to contact

angle tests using three test liquids: water, glycerol and formamide. The surface free
energy parameters of each liquid at 25 °C are shown in Table 3 below:

As shown in Fig. 9, the contact angle results of emulsified asphalt for each SBR
dosage are slightly different. The contact angle results obtained for all three liquid
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Table 3. Surface Free Energy of Liquids.

Liquid type γL γ d
L γ P

L γ +
L γ −

L

Water 72.8 21.8 51.0 25.5 25.5

Glycerol 64.0 34.0 30.0 3.92 26.08

Formamide 58.0 38.0 19.0 2.28 16.72

reagents showed an increasing trend with the increase of SBR dosage, in which the
contact angle of emulsified asphalt with water was the greatest, and the contact angle
with formamide was the smallest. The coefficients of variation of the contact angles
measured for the three liquids were around 2% with good reproducibility. The results
of the linear analysis of the surface energy of the three liquids tested and its product
with the cosine value of the contact angle are shown in Fig. 9. The figure shows that
the correlation coefficients of the linear fits of the six SBR doped emulsified asphalt are
all greater than 90%, indicating a good linear relationship. It indicates that the selected
fluids are applicable to the surface energy testing of SBR modified emulsified asphalt.

The results of the contact angle test were used in Eqs. (3) (4), and the results are
shown in Fig. 10:With the addition of SBR, the surface energy of themodified emulsified
asphalt increases, and the surface free energy ismore prone to decreasingwhen combined
with the aggregate, and the asphalt-aggregate adhesion performance is better. This is due
to the formation of a stable 3D network structure between the SBR and the asphalt, which
enhances the adhesion of the asphalt.
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Fig. 9. Contact Angle Results of SBR Modified Emulsified Asphalt.

3.5 Mixture Test

MixableTest. The performance of asphalt is subject tomixable durationwhen asphalt is
used during a project. Required mixable duration is necessary when modified emulsified
asphalt is applied to micro-surfacing. In this paper, emulsified asphalt dosage is 10%,
water dosage is 5% and cement dosage is 1% in the mixable test. The above-mentioned
materials were poured into 100 g of the graded aggregate and mixed to observe the
mixing duration. The temperature during testing was 23 °C and the measured solid



360 Q. Zhou et al.

0 1 2 3 4 5
0

5

10

15

20

25

γ
/(

m
J·

m
-2

Dosage of SBR/%

Fig. 10. Surface Free Energy of SBR Modified Emulsified Asphalt.

content of the modified emulsified asphalt was 63%. The mixing duration of the asphalt
mixtures are shown in Table 4. With increasing amount of SBR, the mixing duration
becomes longer along with increasing fluidity. This may be the result of formation of a
more stable spatial network structure of the modified emulsified asphalt, which becomes
stronger when combined with the mixture.

Table 4. Mixable duration of SBR emulsified asphalt Mixture.

Dosage of SBR (%) Mixable duration (s) Slurry state

0 122 Dry and harder to mix

1 150 Sizing general

2 175 Sizing general

3 >180 Good pulping

4 >180 Good pulping

5 >180 Good pulping

Abrasion Resistance and Resistance to Water Damage. The 1 h and 6 d wet wheel
abrasion tests were conducted on modified emulsified asphalt mixtures with SBR of
varied dosages using the above-mentioned mixing test formulations. The wet wheel
abrasion values are shown in Fig. 11. From the 1 h and 6 d wet wheel abrasion results,
it can be concluded that the wet wheel abrasion values of the mixes are higher when
no SBR is added. As the dosage of SBR increases, the adhesion and consolidation of
asphalt and aggregate become more noticeable, and the abrasion resistance and water
damage resistance of the mixture increase. As shown in Fig. 12, the cohesion between
aggregates is weak when SBR is not added, and the falling of stone in shape of large
particles can be noticeably found. And when the SBR dosing is 3%, the emulsified
asphalt and aggregate have strong adhesion ability and the mixture loss is less. This
may be the result of the stable structure formed by SBR and asphalt, which inhibits the
movement of molecules within the asphalt, thus reducing the effect of water immersion
on the asphalt mixture. However, when the dosage of SBR was increased to 4%, the
abrasion resistance and water damage resistance of the mixture decreased instead of
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increasing. Asphalt mixture’s resistance to water damage was the highest at 3% SBR
dosage.
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Fig. 11. Wet Wheel Wear Values of SBR Modified Emulsified Asphalt Mixture.

Fig. 12. Wet Wheel Abrasion Specimens of SBR Modified Emulsified Asphalt Mixture.3.5.3.
Rutting resistance.

Rutting Deformation Test. The load wheel rolling test was conducted on the SBR
emulsified asphalt mixture, and the rutting deformation test results are shown in Fig. 13.
The width deformation rate and rutting depth rate of SBR modified emulsified asphalt
mixture both become higher first and lower later with the increment SBR doping, which
shows that the rutting resistance of modified emulsified asphalt mixture is enhanced
first and weakened later. The improvement in the performance of the mixture is the
result of the swelling reaction between SBR and asphalt, which restricts the movement
of molecules within the asphalt, and the asphalt becomes harder, which enhances the
rutting resistance after combiningwith themixture. However, when the dosage of SBR is
overly high, they will be aggregated. Consequently, the structure of modified emulsified
asphalt becomes weaker and the performance of SBR-emulsified asphalt mixtures will
deteriorate.

Rutting Test. A modified asphalt mixture rutting test was employed as a rutting test
method. The 5 cm-thick rutting plate specimen spares set aside a top at a height of
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Fig. 14. Dynamic Stability of SBR Modified Emulsified Asphalt Mixture.

1 cm, and the SBR emulsified asphalt mixture of each dosage was put into the surface
of other graded asphalt mixtures, simulating the asphalt structure at the time of micro-
surfacing. The results of the dynamic stability of the rutting test at 60 °C are shown
in Fig. 14. Figure 14 shows that the dynamic stability of the mixture increases as SBR
dosage is increased, and the rutting resistance at the micro-surfacing is improved, and
the dynamic stability of the mixture is higher and the rutting resistance is stronger when
SBRdosage is increased to 3%. This is because the emulsified asphalt and aggregatewith
3% of SBR has better combining ability, high structural strength and strong resistance
to deformation. Similarly, the rutting resistance of SBR emulsified asphalt mixtures
decreases when SBR is doped at 4% and higher.

4 Conclusion

In summary, the results of conventional test, rheological test, microscopic phase struc-
ture, adhesion test and Fourier infrared spectroscopy test performed on the SBR emulsi-
fied asphalt showed that the SBR can effectively improve the high and low temperature
performance and adhesion properties of emulsified asphalt; the type of modification of
SBR and emulsified asphalt is of physical modification; a stable spatial network structure
can be formed via 3% SBR and emulsified asphalt, when the doping is overly high, SBR
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Aggregation occurs. Thus, it is not recommended to overly dope SBR; after the fluores-
cence microscope images of SBR emulsified asphalt were digitized, it is concluded that
the compatibility between SBR and emulsified asphalt is good.

Tests on SBR emulsified asphalt mixtures showed that the water damage resistance,
abrasion resistance and rutting resistance of SBR emulsified asphalt are improved by
increment in SBR. The mix performance of emulsified asphalt reached its optimum at
3% of SBR dosing. In an overall consideration of the results of test on SBR emulsified
asphalt and its mixture, dosage of SBR is recommended to be at 3%.
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Abstract. In order to enhance the blast resistance capabilities of critical structural
elements in buildings, a blast-resistant honeycomb sandwich protective structure
based on a negative Poisson’s ratio structure was proposed and designed. The fail-
ure mechanisms of the protective structure under distributed impulse loads were
investigated. The structural parameters of the protective structure were optimized
using the response surface methodology, and simulation analysis was conducted
using the finite element method. The results demonstrate that the optimized neg-
ative Poisson’s ratio honeycomb sandwich protective structure exhibits excellent
blast resistance performance.

Keywords: Negative Poisson Ratio · Auxetic Honeycomb Structure · Response
Surface Methodology · Latin Hypercube Experimental Design Method

1 Introduction

Many modern architectures, such as factories, airports, train stations, theaters, etc., are
large-span shell structures lacking internal supports. In the event of an accidental explo-
sion, the impact of the explosion shock wave can easily lead to building collapse. There-
fore, implementing effective blast engineeringmeasures to reduce the explosive dynamic
response of shelter structures and enhance the survivability of buildings is of paramount
importance. Currently, buildings often employ methods such as reinforced concrete
structures, steel structures, and the construction of blast walls as blast protection mea-
sures. However, these protection measures are time-consuming to deploy, construction-
intensive, and limited in terms of size. There is a need for a structurally simple, easily
deployable, cost-effective, and highly blast-resistant architectural structural protection
scheme.

One of the protective measures is to limit the deformation of the building structure
during impact to prevent further accidents. Therefore, a protective structure capable
of absorbing impact energy has been developed to reduce the risk of accidents. The
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protective structuremust be able to effectively absorb dynamic impact energy and should
also be lightweight to reduce the load on the building and effectively lower costs, as
shown in Fig. 1.

The Poisson’s ratio of a material refers to the ratio of transverse strain to axial strain.
Structures or materials with a negative Poisson’s ratio are called auxetic structures or
materials. Negative Poisson’s ratio means that when an axial force is applied to the
material, it tends to increase in the direction perpendicular to the applied force [1].

Under the impact load, materials with a positive Poisson’s ratio will move outward
from the impacted area in the direction perpendicular to the impact load, while materials
with a negative Poisson’s ratio will contract towards the impacted area. At this time, the
local density of the material with a negative Poisson’s ratio increases and the modulus
increases, thus exhibiting better impact resistance and blast resistance compared to other
honeycomb structures as shown in Fig. 2.

Fig. 1. Diagram of blast-resistant honeycomb sandwich protective structure.

Fig. 2. The deformation of the material under impact compression.

Due to the unique properties of materials with a negative Poisson’s ratio, which
originate from their internal structure, there is a growing interest in optimizing methods
to further enhance their performance [2–4]. Researchers are actively exploring various
approaches to improve the properties of materials with a negative Poisson’s ratio, such
as optimizing the internal structure of the material to enhance its auxetic properties. This
can involve designing specific patterns or arrangements of the structure’s constituents
to achieve desired mechanical behaviour.

By focusing on these research areas and utilizing optimizationmethods, it is possible
to further enhance theperformanceofmaterialswith a negativePoisson’s ratio andunlock
their potential for various applications, including in protective materials [5–7].

In order to enhance the blast-resistance capabilities of buildings, this paper proposes
a honeycomb sandwich protective structure based on a negative Poisson’s ratio structure.
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The stress-strain relationship of the structure under impact loads was analysed using the
finite elementmethod. Furthermore, a combination of response surfacemethodology and
genetic algorithm was employed to optimize the structural parameters of the protective
structure [8].

2 Numerical Modelling and Validation of Auxetic Structure

The structural parameters of the auxetic structure depicted in Fig. 3 is presented. Pre-
liminary modelling and simulation need to be conducted to establish precise parameters
and validate the structure.

Fig. 3. Diagram of blast-resistant honeycomb sandwich protective structure.

The initial model chosen for this purpose is based on the work by references [9] and
[10]. The geometric dimensions of the model can be found in Table 1.

Table 1. The geometric dimensions.

Value Description

d 8 mm internal diameter of the tubes

D 10 mm external diameter of the tubes

W1 8 mm centre distance of two adjacent tubes in the x-direction

W2 20 mm centre distance of two adjacent tubes in they-direction

h 1 mm the thickness of the corrugated sheets

l – length of the straight ligaments

θ – angle of the perpendicular line of the straight ligament to x-axis, which
corresponds to the half wrapping angle formed between the corrugated sheet and
tube

In this paper, a finite element simulation was conducted to investigate the defor-
mation process of the proposed impact-resistant protective shell, as shown in Fig. 4.
The numerical analysis of the in-plane impact characteristics of honeycomb materials
was conducted using the ANSYS/Explicit Dynamic Finite Element software. In the cal-
culations, the matrix material utilized was aluminium alloy, assumed to exhibit ideal
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elastoplastic behaviour. The material parameters for the aluminium alloy were set as
follows: shear modulus Es = 27.6 GPa, yield stress σy = 680 MPa, density ρ = 2.7 ×
103 kg/m3, and Poisson’s ratio ν = 0.3.

Fig. 4. Finite element mode of the blast-resistant honeycomb structure.

The cell walls were modelled using the SHELL163 shell element. To ensure conver-
gence, five integration points were defined along the thickness direction. Additionally,
a single-sided automatic contact algorithm was applied in the calculations. The surfaces
of the rigid plate and the external surface of the honeycomb specimen were considered
to be smooth, with no friction between them.

The proposed impact-resistant protective shell subjected to an initial velocity of
50 m/s and a duration of 3 ms on its upper surface (Fig. 5).

t= 0ms t= 1ms t= 2ms

Fig. 5. Finite element mode of the blast-resistant honeycomb structure.

The process of deformation occurring in auxetic structure under low-speed impact
can be divided into four stages (Fig. 6): elastic zone, plateau zone, enhancement zone,
and densified zone. The graph below illustrates this, with the x-axis representing strain
and the y-axis representing stress.

The force-deformation behaviour of an auxetic structure is initially unstable when
subjected to impact. The elastic zone is also very brief. In the plateau zone, the stress
of the structure fluctuates within a small range around a constant value. However, as the
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Fig. 6. Stress strain curve of auxetic structure.

strain increases, the stress no longer fluctuates around a constant value but gradually
increases. The structure enters the plateau stress-enhanced zone, and the strain at this
point is known as the plateau-enhanced strain. As the strain of the auxetic structure
further increases, the honeycomb walls start to compress, and the slope of the stress-
strain curve rapidly increases and approaches a constant value. The structure enters the
densified zone, and the strain at this point is known as the densified strain. Densification
occurs because as the deformation increases, the voids between the honeycomb cells
gradually fill up. Ideally, densified strain should be reached when the voids are filled.
However, in practical situations, the densification strain is generally smaller than the ideal
case. This is because in real-world scenarios, some of the rods in the auxetic structure
experience compression and friction between each other, leading to densified strain even
when some voids still exist.

Due to the instability and transient nature of the elastic region of an auxetic struc-
ture under impact loads, the energy absorbed during the entire deformation process is
relatively small. Therefore, when studying the theoretical model of how much energy a
negative Poisson’s ratio structure can absorb under impact loads, the focus is primarily
on two stages: the platform region and the platform stress-enhanced region. The theo-
retical results are used to represent the energy absorbed by the negative Poisson’s ratio
structure from the onset of the impact load until densification. From the onset of the
impact load until densification, the absorbed energy E can be expressed as the sum of
the energy absorbed in the platform region E1 and the energy absorbed in the platform
stress-enhanced region E2, i.e., E = E1 + E2. This can be represented on the equiva-
lent stress-strain curve as the area enclosed by the equivalent stress-strain curve and the
horizontal axis.

Clearly, in the case of constant corrugated plate thickness and tube wall thickness,
the microstructure of the negative Poisson’s ratio influences the shape of the equivalent
stress-strain curve, thereby affecting the energy absorption capacity of the structure.

3 Response Surface Methodology and Genetic Algorithm
Optimization

Based on this research foundation, it is necessary to further optimize the structure with
the energy absorption-to-mass ratio as the optimization goal. In order to expedite the
optimization process, this paper adopts an optimization method based on response sur-
face models. The Latin hypercube experimental design method was used to randomly
select 15 sample points, and a polynomial response surface model was used to fit the
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simulation results of these 15 sample points, in order to obtain the model parameters
that result in the maximum energy absorption-to-mass ratio.

3.1 Style and Spacing

The response surface methodology involves fitting a polynomial regression equation
to model the complex nonlinear relationship between the optimization objective and
the design variables [8]. The regression equation for a multivariate quadratic response
surface approximation model is given by:

y(x) = β0 +
n∑

i=1

βixi +
n∑

i=1

βiix
2
i +

n∑

i<j

βijxixj + ε (1)

where y(x) represents the predicted response, x1, x2, …, xn are the design variables, β0,
β1, β2, …, βn are the regression coefficients, βii are the quadratic coefficients, βij are
the cross-product coefficients, and ε is the error term.

The negative Poisson’s ratio structure introduced in this paper is determined by
three independent variables: the lateral spacing W1, the longitudinal spacing W2, and
the pipe diameter D. Any change in one of these variables will have a certain impact on
the structural strength. However, in order to expedite the search for optimal results, this
paper selects two of these variables, lateral spacing W1 and longitudinal spacing W2, as
the influencing factors, while keeping the pipe diameter D, which has a relatively small
impact on the structure, constant.

This paper uses the Latin hypercube sampling method for experimental design. The
range of values for the lateral spacing W1 is set to [6.5, 8], and the range of values for
the longitudinal spacing W2 is set to [16, 20]. A total of 15 random samples were taken.

Based on the previous analysis, the energy absorbed by the impact-resistant structure
from the onset of impact to densification, denoted as E, can be calculated using the finite
element method. After matrix calculation, the energy-mass ratio response surface model
is obtained as follows:

y = −5422.13+ 920.08x1 + 246.85x2 − 32.03x21 − 1.72x22 − 25.41x1x2 (2)

The response surface fitting model is shown in the Fig. 7, from which it can be seen
that the optimization problem has a global optimal advantage. The two-dimensional
variable optimization of the response surface model is carried out, and the optimal
advantage is found to be x= 6.821 mm, y= 18.65 mm, and the maximum energy-mass
ratio is 158.3J/kg. The optimized impact energy mass ratio is greater than the original
structure’s impact energy mass ratio of 137.2 J/kg.
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Fig. 7. Response surface fitting model.

4 Discussion and Conclusions

In this paper, theoretical analysis and optimization simulation of the energy absorption
process of the newnegative Poisson’s ratio structuralmodel under impact load are carried
out, and the following conclusions are obtained:

(1) The impact calculation model of the new negative Poisson ratio structure is estab-
lished, and the stress-strain curve of the impact-resistant structure is obtained
from the finite element calculation results, so as to obtain the energy-absorption
energy-mass ratio.

(2) By using the Latin hypercube experimental design method, the variables related to
the structure parameters of negative Poisson ratio were randomly sampled, and 15
sample points were obtained. Through the finite element calculation results of 15
sample points, the response surfacemodel of the new negative Poisson ratio structure
was obtained by response surface fitting technology.

(3) According to the response surface model, the optimal impact model parameters of
the negative Poisson ratio impact resistant structure were found with the energy-
absorption-mass ratio as the optimization objective, and the impact resistance finite
element calculation of the optimal model was re-performed. The calculation results
verified the effectiveness of the optimization results.
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Abstract. Secondary grouting can effectively control the ground settlement
caused by shield construction and is widely used in urban shield tunnel con-
struction. Therefore, it is necessary to study the grouting material and grouting
effect of secondary grouting. Based on the background of below-passed Metro
Line, this paper determines the optimal ratio of grouting materials by studying the
effects of different cement content and superplasticizer addition on the fluidity,
consistency, initial setting time and compressive strength of cement inert slurry,
this paper also studies the influence of grouting on the settlement of soil above the
tunnel by monitoring the settlement value of soil above the tunnel during grout-
ing. This study contributes to the understanding of grouting techniques in urban
shield tunnel construction. The results show that Grouting has a significant effect
on controlling the settlement of shield machine in the later stage of crossing, and
the ground settlement can be basically stable within 4 days.

Keywords: Secondary Grouting · Soil Settlement · Shield Tunnel

1 Introduction

With the continuous development of China’s transportation industry, the living popu-
lation of many large cities is increasing, and the urban area is expanding. In order to
facilitate citizens’ travel, reduce citizens’ travel commuting time, and alleviate urban traf-
fic pressure, subway tunnels may be in the process of construction or normal service. For
some reasons (such as adjacent construction, vehicle load, etc.) have a certain uneven
settlement. Many cities in China (such as Beijing, Shanghai, Guangzhou, Hangzhou,
etc.) are increasing subway mileage.

The shield tunnel can well control the construction disturbance and has strong adapt-
ability to different strata. However, in the process of shield tunnel construction, it will
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inevitably cause surface subsidence,whichwill have a serious impact onnearbybuildings
and structures [1]. Controlling the ground settlement caused by shield tunnel excava-
tion is the key to the safe construction of the tunnel, especially the below-passed tunnel
project. The grouting strength and grouting pressure of the shield tunnel gap have a sig-
nificant impact on the ground settlement. Kasper [2] analysed the influence of parameters
such as grouting pressure behind the wall and balance pressure on the surface settlement
during shield tunnel construction, and concluded that the surface settlement decreased
with the increase of grouting pressure and balance pressure on the surface. In the past, the
research on ground surface settlement caused by shield tunnelling was usually carried
out from two aspects: horizontal ground surface deformation caused by shield tunnelling
and ground surface deformation along the direction of shield tunnelling. In recent years,
researches on surface settlement caused by shield constructionmainly include field mea-
surement analysis [3, 4], theoretical analysis [5], numerical simulation [6] and machine
learning [7]. The use of suitable groutingmaterials and grouting parameters will improve
the effect of grouting and better control the settlement of soil above the tunnel. Among
the existing groutingmaterials, cement-water glass slurry has good injectability and high
strength after solidification. However, it has poor water resistance and is not suitable for
high water-bearing strata. In this paper, the optimal ratio of secondary grouting mate-
rials is obtained through laboratory tests. The influence of secondary grouting on the
soil above the tunnel is studied by monitoring the settlement of the soil above the tunnel
before and after secondary grouting.

2 Engineering Background

The U-shaped groove between the railway station and the test section has a length of
3126.220 m on the left line and 3126.555 m on the right line. The left line of the section
corresponds to ring numbers 1890 to 1945, while the right line corresponds to ring
numbers 1892 to 1951. The test section (as shown in Fig. 1) is located before the subway
line and passes through a silty sand layer with a full-section designation of 5–4 (as shown
in Fig. 2). The depth of burial for the test section is 25.36 m. The horizontal section of
the design axis is a straight-line segment, and it has a vertical slope of 15‰.

test section

Fig. 1. Position diagram of test section
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Fig. 2. Stratum distribution graph

The test section of the below-passed subway line is required to be located in an area
with the same geological stratum and buried depth as the crossing section. Specifically,
the left line test section is designated within the 1890 ring to 1949 ring. Both the test
section and the crossing section are characterized by a full-Sect. 5–4 silty sand layer.

3 Indoor Test

The indoor test of secondary grouting was carried out for the silty sand stratum in the
test section. According to the indoor test results, the relevant parameters and ratios of
synchronous grouting in the test section were determined.

The test section is located in the silty sand layer. The silty sand layer is quite different
from the clay layer in front of the excavation. The permeability coefficient of the silty
sand layer is relatively large, while the hard slurry has the characteristics of good filling
performance and good impermeability. Comparedwith the inert slurry, it is more suitable
for the silty sand layer. However, the hard slurry is more prone to plugging in the
actual grouting process, resulting in shutdown and delays in the construction period.
Considering the goodfilling performance of the inert slurry and the difficulty of plugging,
the project intends to add a small amount of cement to the inert slurry. In the case of
ensuring fluidity, the formation of slurry strength is accelerated as much as possible, so
that the slurry has early strength faster.

In order to improve the inert slurry obtained by optimization, different amounts of
cement were added on the basis of the original site ratio to shorten the initial setting
time and improve the compressive strength. Combined with the dosage of cement and
water reducing agent of common hard slurry, the dosage of cement is 10kg/m3, and the
dosage of 20kg/m3,30kg/m3,40kg/m3 is set respectively. The engineering performance
of cement inert slurry with different cement content is studied. The research focuses on
the fluidity, consistency, initial setting time and compressive strength of the slurry. The
specific ratio is shown in Table 1.
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Table 1. Proportioning Table.

test number lime coal fly ash fine sand bentonite water cement additive

1 80 350 1050 80 420 0 2.5

2 80 350 1050 80 420 20 2.5

3 80 350 1050 80 420 30 2.5

4 80 350 1050 80 420 40 2.5

By studying the effects of different cement content and superplasticizer addition on
the fluidity, consistency, initial setting time and compressive strength of cement inert
slurry, the cement inert slurry with 20kg/m3 cement content was finally adopted. The
fluidity is 28.3cm, the consistency of the slurry is 10.6cm, the initial setting time is 26 h,
the compressive strength is 30–60 kPa, and the bleeding rate is reduced by 3%.

4 Monitoring System

For the test section of subway line, six layered settlement points of soil are buried in
the test section, and the buried depth is 2 m above the tunnel vault to the ground. A
monitoring section (ZD319-ZD329) is set up every 10 m within the test section, and an
encryption axis point is added every five meters. The monitoring frequency is increased
from the original 2 times/day to 4 times/day, and the monitoring points are arranged as
shown in Fig. 3:

Fig. 3. Monitoring points graph
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5 Data Analysis

5.1 Without Grouting

The 1920 ring was not grouted, and after the completion of the crossing, the single
settlement value fluctuated significantly (as shown in Fig. 4). The maximum single
settlement was −1.29 mm, and the maximum single uplift was 1.58 mm. The stable
period of the ZD323 ground axis reached 6 days (as shown in Fig. 5).

Fig. 4. Single settlement change at ZD323

Fig. 5. Accumulated settlement change at ZD323

5.2 After Grouting

The 1900 ring grouting volume is 0.8 m3, the grouting pressure is 0.9 Mpa. The moni-
toring data is shown in the Fig. 6 and Fig. 7. After grouting, the data basically stabilized,
and after 36 h, the monitoring data remained stable.
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Fig. 6. Single settlement change at ZD319

Fig. 7. Accumulated settlement change at ZD319

1915 ring grouting volume is 1 m3, the grouting pressure is 0.9 Mpa. After grouting
is completed, the single variable is basically stable within 1 mm (as shown in Fig. 8), and
the monitoring data can stabilize within 4 days after grouting is completed (as shown in
Fig. 9).

The grouting volume for the 1930 ring is 1.5 m3, the grouting pressure is 0.9 Mpa.
After grouting, the settlement value was small. The settlement can be stable within 2mm
(as shown in Fig. 10), and there was no obvious uplift. However, later monitoring data
showed that there was still some settlement (as shown in Fig. 11).
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Fig. 8. Single settlement change at ZD322

Fig. 9. Accumulated settlement change at ZD322

Fig. 10. Single settlement change at ZD325
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Fig. 11. Accumulated settlement change at ZD325

6 Conclusion

Based on the background of Metro Line, the optimum ratio of secondary grouting mate-
rial is determined by experiment, and the influence of secondary grouting on the settle-
ment of soil above the tunnel is studied by monitoring the settlement value of soil above
the tunnel during secondary grouting. The following conclusions are obtained:

1. The secondary grouting makes the ground settlement significantly reduced after the
crossing, and the ground settlement can be stabilized within four days.

2. After the secondary grouting is completed, there is no large variable in the monitoring
data above the soil. The grouting volume is 0.8–1.5 m3, and the grouting pressure
is 0.9 Mpa and the ground stability period is different. When the grouting amount is
1 m3 and the grouting pressure is 0.9 Mpa, the effect of controlling the late settlement
of the surface is the most obvious, and the stability period is the shortest.
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Abstract. The subway system has benefited the transportation in a lot of modern
cities with advantages such as convenience, rapidity, large volume, etc. How-
ever, with the construction of more and more subway systems, the underground
space is increasingly crowded. According to engineering practice, existing tun-
nel is inevitably distorted by adjacent tunneling construction, reducing stability
and safety, especially when the distance between two tunnels is small. To explore
the convergence deformation of existing tunnels, field monitoring and analysis
are conducted on the convergence deformation of the existing tunnel induced by
the adjacent tunnel construction. This research finds that: (i) the convergence of
each monitoring section gradually develops and stabilizes, and then the conver-
gence of tunnel segments exhibits “horizontal duck egg” pattern and non-uniform
convergence pattern; and (ii) after the tunnel shield machine passes, due to the
lateral compression deformation of surrounding soil, horizontal convergence of
the existing tunnel has an increase in horizontal convergence and a decrease in
vertical convergence.

Keywords: Convergence Deformation · Shield Tunnel · Adjacent Shield
Tunnelling

1 Introduction

The excavating of tunnel close to existing tunnel unavoidably impacts the nearby soil,
causing the deformation and additional force of existing tunnel structures, which can
pose hazards to the safety of the tunnel during normal operations. Common occurrences
include uneven longitudinal settlement, structural cracks and damage, different degrees
of opening in segment joints, aswell as seepage and leakage [1–3]. Due to the complexity
of the tunnel project, it is crucial to precisely ascertain the impact of shield tunnel
construction on the existing tunnel structure, and appropriate and effective measures
should be adopted to avoid structural damage.

Researchers have conducted studies on the influence of adjacent construction on
existing tunnel structures using methods such as field monitoring, physical model test-
ing, finite element method. For field monitoring, Shi et al. [4] based analysis on the
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monitoring data of the uplift displacement of the subway tunnel below a certain founda-
tion pit excavation in Shanghai. The monitoring data showed that the existing tunnel in
the pit bottom covering area showed a significant uplift, while the tunnel part not covered
by the foundation pit settled; Liu et al. [5] conducted a comprehensive fieldmonitoring of
the deformation response of deep foundation pits and adjacent tunnels, including lateral
displacement of underground continuouswalls, tunnel crown settlement, elastic horizon-
tal displacement, segment convergence, and opening width of segments. Based on the
data, they analyzed the process of tunnel deformation; Li and Yuan [6] used a measure-
ment system to implement displacement monitoring and analysis of the entire process
of shield tunneling under existing tunnels; Zhang [7] analyzed the field monitoring data
of Shanghai Metro Line 11, crossing Line 4 from above and below. By conducting the
numerical simulation on the project, scientifically set shield parameters; Jin et al. [8]
reported and analyzed the monitoring data of the construction of a shield tunnel under
an existing tunnel in Shenzhen and compared the deformation of the existing tunnel and
the ground caused by the construction of the shield tunnel underpass.

In terms of physical model testing, Huang et al. [9] used a centrifuge experiment to
obtain the response the foundation pit project and proposed the concept of safe distance
between the foundation pit project and the existing tunnel below; Kim et al. [10] con-
ducted a scale model experiment to study the influence of tunnel gap, angle, and lining
segment stiffness on the interaction during the process of shield tunneling under existing
tunnels in clay; Ng et al. [11] combined the working conditions of shield tunneling under
existing tunnels, used centrifuge experiments to analyze the changes in the impact of
soil loss on existing tunnels in sandy soil layers.

About finite element method, Chakeri et al. [12] used a finite element software to
simulate the construction process of the Torside Tunnel near Line 4 using the New
Austrian Tunneling Method. The results showed that the settlement rate of Metro Line
4 was directly related to the tunnel spacing. At the same time, the simulation software
calculated the stress and strain curves of Metro Line 4 during the underpass process; Lin
et al. [13] took a double-line shield tunnel in Changsha obliquely crossing an existing
tunnel as a support and analyzed the deformation response of the double-line tunnel
obliquely crossing the existing tunnel through numerical simulation; Lai et al. [14] took
a special case of a tunnel close to and approximately parallel to an existing tunnel as a
research object and studied the deformation characteristics based on the tunnel based on
monitoring data and FDM numerical simulation.

In this paper, field monitoring and analysis are conducted on the convergence defor-
mation of the right tunnel induced by the excavation of the left tunnel, aiming to
explore the patterns of influence on the deformation of the existing tunnel caused by
the construction of the adjacent tunnel.

2 Engineering Background

2.1 Engineering Project

The newly excavated shield tunnel of metro line 2 in a specific city, was constructed
using an earth pressure balance (EPB) shield machine. The tunnel was launched at
Jinghu Station and completed at Houshu Road Station, traversing three passages (2
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pedestrian lanes and 1 vehicular lane). Total length of tunnel is 1946 m. TheMJS (Metro
Jet System) method is employed to enhance the stability of the tunnel, reinforcing the
shield tunnel structure both above and below the shield tunnel. The spacing distance
between the axis of lines measures 14.2 m. The outer and inner diameter of shield is
6.7 m and 5.9 m. The segment has a thickness of 0.4 m, a ring width of 1.2 m, and is
constructed using C50 concrete. As depicted in Fig. 1, the tunnel is primarily buried in
silty clay from 20 m to 26.7 m.

Fig. 1. Cross section of tunnels

The parameters of the soil are shown in Table 1.

Table 1. Soil parameters

Soil type γsat (kN/m3) e C (kPa) F (°) E (MPa) Rinter

Crushed stone 18.7 0.88 18 2 / /

Plain fill 18.5 0.90 21.3 15.6 4.73 /

Muddy clay 16.9 1.37 13.5 9.7 2.86 4.34

Silty clay 19.0 0.83 13.5 32.8 4.80 3.50

Silty clay 18.5 0.90 28.1 18.6 5.49 3.04

Silty clay 18.2 1.04 21.0 13.0 3.95 3.75
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2.2 Field Monitoring

To precisely investigate the impact of the left shield tunneling on the structure of the
right tunnel, laser range finders are installed in right tunnel to monitor the convergence
deformation of tunnel structures. During tunneling of left line, the convergence defor-
mation of the right tunnel is monitored every ten minutes. The data acquisition and
transmission system comprise a data acquisition instrument, an acquisition instrument
and communication cables. The convergence monitoring layout are shown in Fig. 2.

Fig. 2. Convergence monitoring section layout

Convergence monitoring sections are established at rings 372, 396, 438, and 446.
Laser range finders are installed along the tunnel’s waist at each monitoring section,
dedicated to monitoring vertical and horizontal convergence. The installation position
of monitoring instruments is shown in Fig. 3.

Laser range finder

Fig. 3. Monitoring section layout design
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3 Measurement Results

The monitoring sections for lateral convergence of tunnel segments during the right
tunnel shield machine’s passage through the area with pile foundation effects are rings
372, 396, 438, and 446. Convergence monitoring for ring 372 began on January 1, 2022,
while monitoring for rings 396, 438 and 446 started on January 19, 2022.

From Fig. 4, for ring 372 and ring 438, there is horizontal expansion and vertical
convergence, representing a “horizontal duck egg” convergence deformation pattern.
Both horizontal and vertical convergence occur in ring 396 and ring 446, indicating a
non-uniform convergence deformation pattern. Horizontal and vertical convergence at
monitoring sections are shown in Table 2.

Fig. 4. Horizontal convergence patterns at monitoring sections: (a) R372, (b) R396, (c) R438, (d)
R446

Table 2. Final convergence at monitoring sections

Monitoring section Horizontal convergence (mm) Vertical convergence (mm)

R372 6.6 −7.4

R396 −4.0 −6.7

R438 1.9 −9.8

R446 −1.5 −1.3

4 Result Analysis

In this project, the axial spacing between the left and right tunnel axes is 14.2 m, with
the minimum distance between the two tunnels (distance from the boundary of the left
tunnel to the boundary of the right tunnel) being 7.5 m. The right tunnel is excavated
before the left tunnel. To investigate the impact of the new tunnel excavating on the
existing tunnel structure, this section further analyzes the horizontal convergence when
the left tunnel shield machine approaches the monitored tunnel segments.
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The horizontal and vertical convergence for each monitoring section is shown in
Fig. 5, where positive and negative values represent the expansion and convergence
of segment, respectively. Figure 5 reveals that the convergence (expansion) of each
monitoring section gradually develops and stabilizes. Before and after shield machine
passing the position of monitoring section, due to the change of surrounding soil pres-
sure, the deformation of tunnel gradually developed; when shield machine passing, the
deformation suddenly changed.

(a)R372 (b)R396

(c)R438 (d)R446

Fig. 5. Horizontal convergence at monitoring sections

During the excavation of the left tunnel while the right tunnel is already in place,
it can be observed that as the left tunnel shield machine approaches the monitoring
sections stage, there is minimal change in horizontal convergence of the right tunnel
segments. However, after the tunnel shield machine passes through each monitoring
section, the horizontal convergence of the right tunnel segments gradually increases,
while the vertical convergence decreases. After the convergence changes stabilize, the
vertical convergence for ring 372 is−3.8 mm, and the horizontal convergence is 3.4 mm.
For ring 396, the vertical convergence is −5.3 mm, and the horizontal convergence
is −4.1 mm. For ring 446, the vertical convergence is −2.1 mm, and the horizontal
convergence is −7.6 mm.

Due to lateral compression, right tunnel segments experience horizontal convergence
and vertical expansion. This is the result of the horizontal compression induced by the
shield tail synchronous grouting pressure as it passes through each monitoring section of
the left tunnel. This pressure causes the surrounding soil to expand outward, transmitting
deformation to the right tunnel. Simultaneously, the lateral deformation of the tunnel
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segments in the left tunnel also applies a compressive force on the surrounding soil,
finally causing the convergence of the right tunnel segments.

5 Conclusions

This paper analyses the convergence deformation of the right tunnel induced by the left
shield tunneling. Based on the analysis of fieldmonitoring result, the mainly conclusions
drawn are as follows:

(1) The convergence (expansion) of each monitoring section gradually develops and
stabilizes over time. For the upper part with the influence of pile foundations, the
convergence of tunnel segments exhibits “horizontal duck egg” pattern and non-
uniform convergence pattern.When reaching a stable state, the maximum horizontal
convergences for rings 372, 396, 438, and 446 are 6.6 mm, −4.0 mm, 1.9 mm, and
−1.5 mm; The maximum vertical convergences are−7.4 mm,−6.7 mm,−9.8 mm,
and −1.3 mm, respectively.

(2) When the shield machine reaches and passes, there is no apparent change of hori-
zontal convergence in the existing tunnel. However, after the tunnel shield machine
passes, due to the horizontal compression caused by synchronous grouting pressure
and lateral deformation of the left shield tunnel segment, surrounding soil experi-
ences lateral compression deformation. This causes the horizontal convergence of
the right tunnel to have an increase in horizontal convergence and a decrease in
vertical convergence.
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Abstract. Hot in-place recycling (HIR) technology rejuvenates a certain depth
range (typically not exceeding 6 cm) of old asphalt concrete pavement in a single
step. Suitable for early-stage surface pavement distresses, it prevents them from
progressing into deeper layers. Despite numerous experimental studies on the
fatigue and fracture properties of hot recycled materials, limited research exists
on numerical simulation of fatigue fracture in such materials. Numerical simula-
tions, offering cost-effectiveness and overcoming size constraints, are the focus of
this paper. The study uses a developed fatigue fracture co-simulation program to
investigate fatigue fracture behavior in pavement structures under wheel load and
temperature effects. It explores the influence of material properties, layer configu-
rations, and initial crack positions ofHIRmaterials on fatigue cracking occurrence.
The research provides valuable insights into fatigue fracture patterns in HIRmate-
rial pavement structures, offering a theoretical foundation for preventing fatigue
fracture in such materials.

Keywords: Hot In-Place Recycling · Fatigue Fracture · Numerical Simulation

1 Introduction

In recent years, the recycling of asphalt pavement has gained considerable momentum
due to its numerous advantages, including cost reduction during initial implementation,
resource andwaste area preservation, and positive environmental implications [1, 2]. The
disposal of reclaimed asphalt pavement (RAP) not only causes air andwater pollution but
also results in substantial resource wastage [3, 4]. The production of new asphalt mixture
involves extensive mining of sand and gravel, posing a threat to soil and vegetation
preservation. To align with the country’s environmental protection efforts and global
sustainable development principles, the research on recycling old asphalt pavement has
gained significant traction in China [5].

The regeneration process of asphalt pavement encompasses in-place recycling and
central plant recycling, with in-place recycling further classified into cold in-place recy-
cling (CIR) and hot in-place recycling (HIR) [6–8]. Similarly, central plant recycling
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is categorized into central plant cold recycling and central plant hot recycling [6, 9].
Currently, considerable investigation has been undertaken on the selection and action
principles of regenerants, the agingmechanismof asphalt, performance characteristics of
RAP, and the mixing ratio of new asphalt mixture in the HIR process of asphalt [10–12].
HIR technology is becoming increasingly prevalent in asphalt pavement maintenance
engineering. The process involves three primary stages: pavement preheating, milling
and loosening of the original surface, and paving and rolling. During the process, the
original road surface is fully heated using a heating machine, milled and dispersed, and
then mixed with recycled asphalt mixture in a continuous mixer [8, 13]. Appropriate
amounts of regenerant, new asphalt, and new aggregate are added to achieve uniform
mixing. The mixture is subsequently transported to the paver for paving and vibrating
before being compacted using roller equipment. The geothermal regeneration technol-
ogy offers six advantages: rapid construction with short cycle duration, minimal noise
pollution, suitability for repairing pavement damage and cracks, the potential to improve
aggregate gradation, reduce asphalt content, and enhance pavement performance [14].

HIR of asphalt pavement involves several key technologies that play crucial roles in
the construction process [15]. Research in China has yielded promising results in this
area. However, previous studies have primarily focused on the ratio and performance
of regenerants and recycled asphalt mixtures, mainly at the basic theory and method
research stage [10, 16, 17]. Few studies have explored the technology’s construction
applicability or its integration with field construction conditions. The influence of HIR
on the propagation of reflection cracks has also received limited attention [18].

The pretreatment of the original pavement in the HIR process is of utmost impor-
tance [19]. Neglecting this stage can lead to the rapid occurrence of early diseases in the
recycled pavement, leading to unsatisfactory results. In China, semi-rigid base asphalt
pavement is a prevalent structural form, often accompanied by reflection cracks extend-
ing from the base layer to the asphalt surface layer [20–22]. Since HIR targets only a
4 cm surface layer, neglecting the pretreatment of reflective cracks can result in their
penetration through the 4 cm HIR layer. Addressing reflection cracks before HIR can be
labor-intensive and slow down construction progress.

Hence, it is imperative to investigate the propagation mechanism of reflection cracks
in HIR of asphalt pavement [23, 24]. This analysis aims to determine the necessity of
treating cracks in the original pavement during construction, considering economic and
practical feasibility. The study assesses whether this treatment affects other pavement
indicators. Employing a combination of physical engineering and theoretical analysis,
the paper uses a fatigue fracture joint simulation program to numerically simulate the
fatigue fracture process in pavement structures with HIR materials under wheel load
and temperature conditions. Exploring the influence of material properties, layers, and
initial crack positions of HIR materials on fatigue cracking, the paper seeks to provide
insights into managing reflection cracks effectively and optimizing the performance of
asphalt pavement structures.
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2 Establishment of Numerical Model

2.1 Determination of Pavement Structure

Taking into consideration the common semi-rigid base asphalt pavement structure in
China, the pavement structure combination comprises the following layers: a 4 cm hot
in-place recycling AC-13 surface layer, a 6 cm AC-20 middle surface layer, an 8 cm
AC-25 lower surface layer, a 30 cm cement stabilized macadam base, and a soil base (as
illustrated in Fig. 1).

Fig. 1. Pavement structure.

A 2D pavement structure model is established in finite element software with a width
and depth of 4 m and 2 m, using linear plane strain elements. Applying a standard axle
load of 100 kN, a pressure of 0.7 MPa, an equivalent circle diameter of 21.3 cm, and a
center distance of 31.95 cm between wheels, a vertical pressure of 117371 Pa is exerted
on the upper surface. This pressure is converted based on static equivalence principles,
maintaining the same spacing and range of action as the standard load. Symmetrical
boundary conditions are set on the left and right sides, while fixed boundary conditions
are applied at the bottom. Ameshing scheme (Fig. 2) enhances computational efficiency
by increasing density from top to bottom andmiddle to sides, resulting in sparser meshes
at the sides and lower part where deformation and damage typically occur within the
specified wheel load range for each structural layer.

2.2 Calibration of Material Parameters

The mechanical response and fatigue accumulation of an asphalt pavement structure
under load are significantly influenced by the material parameters of each structural
layer. In this paper, particular attention is given to the impact of HIR asphalt mixture,
which introduces notable changes to the material parameters of this layer. The detailed
material parameters for each structural layer in the model are presented in Table 1. It is
important to note that the analysis in this paper focuses solely on the influence of HIR
asphalt mixture, and does not account for fatigue damage caused by the soil base.
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Fig. 2. Pavement structure mesh.

Table 1. Material parameters

Material Type Modulus (MPa) Poisson Ratio a p

HIR Asphalt Mixture 2000 0.3 0.1 4.5

AC-20 1500 0.3 0.06 4

AC-25 1500 0.3 0.06 4

Cement Stabilized Macadam 20000 0.25 6 9

Soil Base 60 0.4 — —

3 Fatigue Analysis of Pavement Structure

3.1 Evolution Process of Pavement Structure Damage Field

If the fatigue damage of the pavement structure is disregarded, the initial application
of an approximate load on the pavement generates the maximum tensile stress beneath
the centerline of the two wheels at the bottom of the base, leading to damage initia-
tion from this point. Figure 3 illustrates the damage distribution near this location for
various loading cycles. The warmer colors in the figure represent greater damage. The
initial damage predominantly occurs at the center of the two wheels on the bottom of the
base, where the maximum tensile stress is concentrated. This damage gradually dimin-
ishes towards the surrounding area, with the surface structure experiencing primarily
compressive stresses, resulting in lower damage.

As loading cycles accumulate, the fatigue damage field in the base layer extends
laterally and upwards, exhibiting a horn-like distribution. The damage pattern at the
bottom of the base layer becomes evident, with the highest damage concentration near
the center of the two wheels and decreasing progressively towards the periphery. The
damage distribution in the surface layer differs from that in the base layer. Notably, the
prominent damage under the load is relatively small, and the maximum damage does not
occur near the centerline of the two-wheel load. Instead, it is situated closer to the edge
of the wheel load, displaying an approximate V-shaped distribution from top to bottom.

Figure 4 presents the damage distribution of the upper, middle, and lower layers after
3.25 million loading cycles, considering the pavement and load’s symmetrical structures
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(a) Loading 130,000 times (b) Loading 650,000 times

(c) Loading 1,300,00 times (d) Loading 2,600,00 times

Fig. 3. Damage field evolution of pavement structure.

(only one side of the change is shown). For the bottom of the upper layer (Fig. 4a), some
damage occurs near the center of the double wheel due to the proximity to the wheel load
acting on the surface, aligning with slight uplift and cracking phenomena observed in
the actual road surface’s wheel track belt’s center. However, as one moves further from
the wheel load, the damage rapidly decreases to almost zero due to the pressure at the
bottom of the layer directly below the wheel load, which is less prone to damage. Once
the area directly beneath the wheel load is surpassed, the damage increases significantly,
peaking at a distance of 1–3 cm from the wheel’s edge and then declining. For the bottom
of the middle layer (Fig. 4b), there is minimal damage near the center of the two wheels.
As one approaches the edge of the wheel load, damage gradually initiates and grows
rapidly, reaching a peak at approximately 1–3 cm outside the wheel’s edge. The bottom
layer (Fig. 4c) exhibits a similar pattern to the middle layer, with minimal damage near
the center of the two wheels but starting at a slightly smaller range and showing some
damage earlier. Beyond the wheel’s edge, the range of higher damage is more extensive,
and the reduction is less apparent after reaching the peak value at 1–3 cm from the outer
edge of the wheel load.

The center line of the two wheels at the bottom of the base layer and the outer edge
of the wheel load at the bottom of each layer are chosen, with approximately 1.5 cm
outward from these points serving as the observation point. The resulting variation laws
of the damage degree for each layer are presented in Fig. 5.

As the number of loading cycles increases, the maximum damage degree of each
layer shows a rising trend. The early base layer and lower layer exhibit significantly
greater damage compared to the middle and upper layers, attributed to force distribution
within the pavement structure. In the later stage, damage in the middle and upper layers
progresses at a faster rate. This can be partly attributed to the materials of the base and
lower layers having accumulated considerable damage, making it difficult for them to
sustain the same load-carrying capacity. Consequently, the main body of load-bearing
shifts towards regions with less damage or unaffected material in the middle and upper
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(a) Bottom damage distribution of upper layer (b) Bottom damage distribution of middle 

layer

(c) Bottom damage distribution of bottom layer
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Fig. 4. Horizontal distribution of surface layer bottom damage.

Fig. 5. The damage of each layer of pavement structure.

layers, allowing for good bearing capacity diffusion and transfer. Notably, the upper
layer, consisting of hot in-place recycled material, exhibits faster damage accumulation
compared to fresh asphalt concrete, as observed in related research. The later stage shows
a slightly higher damage degree in the upper layer than in the middle layer.
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3.2 Sensitivity Analysis

Material parameters of HIR asphalt mixture. The variation in RAP content and the use
of different recycling agents in various HIR projects lead to differences in the nature
and dosage of RAP. Consequently, the changes in pavement damage may also vary. This
section takes into account the relationship between the material parameters obtained in
the third chapter and the RAP content. Material parameters for HIR mixtures with two
different RAP contents are set as presented in Table 2.

Table 2. Material parameters of HIR mixture with different RAP content

RAP Content Modulus (MPa) Poisson Ratio a p

Low 1800 0.3 0.06 4.5

High 2200 0.3 0.2 4.5

The variation laws of the damage degree for each layer are analyzed in both cases
using the same method as in the previous section, as shown in Fig. 6.

(a) Low RAP content (b) High RAP content

Fig. 6. Pavement damage with different material parameters.

Comparing Fig. 6(a) and (b), it becomes evident that the material parameters of
the HIR mixture significantly influence the damage in the upper layer, and the fatigue
damage of the hot recycled mixture with higher RAP content accumulates faster. When
the RAP content is low, the damage degree of the upper layer remains at a minimum
level. However, with an increase in RAP content, the damage degree of the upper layer
exceeds that of the middle and lower layers after 2.6 million loading cycles, becoming
second only to the damage degree of the base layer.

HIR asphaltmixture layer. In practical HIR projects, a thin surface layer is sometimes
applied over the thermal regeneration layer, which is positioned similarly to the middle
surface layer. To investigate the damage changes in the pavement structure under this
scenario, the aforementioned pavement structure is modified. Specifically, the upper
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layer is composed of SMA-13, the middle layer is the hot recycled mixture, and the
remaining layers remain unchanged. The elastic modulus of SMA-13 is 1800 MPa,
while other parameters are the same as those of AC-13. Figure 7 illustrates the pavement
damage changes of the HIR mixture in different layers.

(a) HIR layer is used as the upper layer (b) HIR layer is used as the middle layer

Fig. 7. Pavement damage of different layers of HIR mixture.

Observing Fig. 7, it becomes apparent that when the HIR layer is used as the middle
layer and a mixture with better fatigue performance, such as SMA-13, is employed as
the upper layer, the damage in the upper layer is reduced to a certain extent. However,
the damage of the HIR structure layer itself does not show significant reductions.

Middle surface layer and base layer modulus. It is essential not only to use asphalt
concrete with strong anti-rutting capability on the surface layer but also to enhance
the strength of the middle layer. In this section, the modulus of the middle layer is
increased from 1500 MPa to 1800 MPa, and the change in pavement structure damage
is reanalyzed, as depicted in Fig. 8.

Fig. 8. Pavement damage of different layers of HIR mixture.
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Upon comparing Fig. 8 with Fig. 5, it is evident that the increase in the middle
layer’s modulus results in the upper layer’s damage degree becoming 0.44 after 3.25
million loading cycles, which is slightly lower than the value of 0.45 before the increase.
However, the change is negligible. The enhancement of the middle layer’s stiffness
exhibits little effect on reducing damage in the upper layer and has minimal influence
on the overall damage of the pavement structure.

The base layer constitutes the thickest part of the pavement structure and serves as the
primary load-bearing component. Consequently, any changes in the material parameters
of the base layer often lead to significant alterations in the overall pavement structure’s
damage. As accurate research results regarding the influencing factors and variation
rules of base material fatigue parameters are lacking, this section focuses on changing
the base modulus alone. The overall pavement structure’s damage under different base
modulus values is obtained and depicted in Fig. 9.

(a) 25000 MPa base modulus (b) 15000 MPa base modulus

Fig. 9. The influence of different base modulus on pavement damage.

Observing Fig. 9, it becomes evident that changes in the base modulus do not sub-
stantially affect the overall damage development pattern. However, the damage degree
in each layer does exhibit considerable variation. Table 3 presents the damage results of
each layer after 3.25 million loading cycles.

Table 3. Different base modulus of each layer damage

Base Modulus
(MPa)

Base Layer Lower Surface
Layer

Middle Surface
Layer

Upper Surface
Layer

15000 0.59 0.51 0.45 0.45

20000 0.58 0.49 0.43 0.45

25000 0.57 0.47 0.41 0.43
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Remarkably, when solely increasing the modulus of the base layer, not only does the
damage in the base layer decrease, but the damage in other layers also reduces. This phe-
nomenonmay be attributed to the fact that under actualwheel loads, the pavement experi-
ences deformation. An increase in the base layer’smodulus, owing to its larger thickness,
significantly enhances the overall pavement structure’s stiffness, thereby reducing the
deformation generated under the same load. This mechanism is akin to a loading method
that controls stress, leading to a reduction in the cumulative damage rate.

Overload.Currently, road transportation inChina still faces a serious problemof over-
loading. The repetitive impact of overloading significantly degrades the pavement sur-
face quality. This section primarily investigates whether overloading affects the fatigue
behavior of the in-situ thermally regenerated pavement structure. The overload is set
to 1.3 times the standard axle load, and the applied pressure in the model is changed
from 117,371 Pa to 152,582 Pa. The resulting pavement structure damage development
is presented in Fig. 10.

Fig. 10. Pavement structure damage under overload.

Comparing Fig. 10 with Fig. 5, noticeable changes are observed in the growth trend
of the middle layer and the upper layer. The curves exhibit steeper inclines as a whole,
and the gap between the upper and middle layers and the lower layer reduces during the
later stage. Table 4 summarizes the damage degrees of each layer after the standard axle
load and overload are respectively applied for 3.25 million loading cycles.

Table 4. Different base modulus of each layer damage

Damage Degree Base Layer Lower Surface
Layer

Middle Surface
Layer

Upper Surface
Layer

Standard Axle
Load

0.58 0.49 0.43 0.45

Overload 0.6 0.51 0.48 0.48

Growth Rate 3.45% 4.08% 11.63% 6.67%
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The base layer shows the smallest growth rate in damage degree, while the middle
layer experiences the largest growth rate, reaching 11.63%. The upper layer also exhibits
a significant growth rate. Consequently, it is evident that increasing the axle load will
invariably escalate the damage degree of each layer in the pavement under the same
number of loading cycles, with a more pronounced effect in the middle and upper layers.
Hence, the adverse impact of overloading on pavement structure damage should be
carefully considered during actual usage.

4 Cracking Analysis of Pavement Structure

4.1 Cracking Analysis of Pavement Without Initial Cracks

Assuming the pavement surface has no initial crack, the distribution of the damage field
in the pavement structure just before crack initiation (at 3.3 million loading cycles) is
depicted in Fig. 11. The damage primarily occurs at the bottom of the semi-rigid layer
and on both sides of the tire’s grounding position. Concurrently, the main stress field of
the pavement before crack initiation is presented in Fig. 12. The large modulus of the
semi-rigid base results in the maximum principal stress occurring at the bottom of the
semi-rigid layer. The main strain distribution on the road surface before crack initiation
is illustrated in Fig. 13. The main strain concentrates primarily on both sides of the tire’s
grounding position and the semi-circular arc area beneath the tire.

Fig. 11. Damage distribution. Fig. 12. Master stress field distribution.

Fig. 13. Master strain distribution.

Considering damage, principal stress, and principal strain, there are two potential
locations for crack propagation. From the perspective of damage and principal stress, the
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bottom of the semi-rigid layer is the primary candidate for crack propagation. However,
regarding principal strain and damage, the two sides of the tire on the asphalt surface and
the semi-circular arc area below the tire are also possible locations for crack expansion.
The initiation point of crack expansion predominantly depends on the cracking criterion
of the pavement material.

Based on the maximum principal stress criterion. If the maximum principal stress
criterion of the semi-rigid base reaches the critical value, crack initiation occurs, and
the crack starts propagating upward from the bottom of the semi-rigid base. Numerical
simulation results reveal the initiation of two symmetrical cracks propagating from the
location of maximum principal stress at the bottom of the semi-rigid layer. As the crack
propagates, the principal stress concentration at the crack tip gradually diminishes. How-
ever, when the crack extends to approximately 70% of the thickness of the semi-rigid
base (corresponding to 4.11 million loading cycles), the crack propagation comes to a
halt, despite the increase in load cycles. Based on the horizontal stress distribution map
in the final state of crack propagation, it is observed that when the crack propagates to
about 70% of the thickness of the semi-rigid base, the crack tip nears the compression
zone above the semi-rigid layer. As per the maximum principal stress criterion, crack
propagation can only occur under tensile stress conditions. At this length of crack exten-
sion, the crack reaches the compressive zone, rendering further extension unfeasible in
Fig. 14.

Based on the maximum principal strain criterion. If the crack resistance strength
of the semi-rigid base is sufficiently high, it is possible for cracks to initiate due to
the maximum principal strain criterion of the asphalt layer reaching the critical value.
Figure 15(a) illustrates the distribution of the maximum principal strain in the asphalt
layer. As evident from Fig. 15(b), when the number of loading cycles reaches 3.67
million, cracks form at the location of maximum principal strain concentration within
the asphalt layer. With the progression of loading cycles, some cracks in the middle area
of the tire extend to the surface of the asphalt layer, while cracks in other regions either
remain unchanged or expand within a limited local area. Upon reaching 4.28 million
loading cycles, the crack state stabilizes, and further increases in load cycles do not result
in additional crack propagation.

In the aforementioned scenarios, the cracking of the semi-rigid base occurs due to
the maximum principal stress criterion, while the cracking of the asphalt layer bottom is
caused by the maximum principal strain criterion. Given the distinct material properties
of the semi-rigid base and asphalt surface, their respective cracking criteria also differ.
The semi-rigid layer, characterized by significant stiffness and brittleness, is more sus-
ceptible to the maximum principal stress fracture criterion. Conversely, the asphalt layer,
featuring lower stiffness and greater ductility, is more inclined towards the fracture cri-
terion controlled by the maximum principal strain. Considering the material differences
and potential for distinct cracking criteria, it is important to acknowledge that both cases
may occur simultaneously in real pavement structures, leading to the initiation of cracks
in both the asphalt layer and the semi-rigid base layer. This understanding contributes
to a comprehensive analysis of crack formation mechanisms and aids in the design and
maintenance of asphalt pavement structures to enhance their longevity and performance.
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(a) Principal stress distribution in semi-

rigid layer before crack propagation 

(3.3 million times)

(b) Principal stress distribution when the 

crack was just generated(3.37 million times)

(c) Crack propagation and principal stress 

distribution (3.76 million times)

(d) Crack propagation and principal stress 

distribution (4.01 million times)

(e) Final condition of crack propagation and 

principal stress distribution (4.11 million 

times)

(f) Horizontal stress distribution in the final 

state 

(4.11 million times)

(g) Cracks in semi-rigid base distribution (4.11 million times)

Fig. 14. Fracture analysis based on maximum principal stress criterion.

4.2 Cracking Analysis of Pavement Without Initial Cracks

When the initial crack is located at the bottom of the semi-rigid base, directly below
the center of the two wheel loads, the crack propagates vertically upward along the
load centerline. However, it ceases to expand when it approaches the compression zone.
The crack propagation is thus confined within the semi-rigid layer, and after reaching a
certain length (at 310,000 load cycles), further expansion is hindered due to the presence
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(a) Principal strain distribution in the asphalt 

layer before crack propagation (3.3 million 

times)

(b) Crack propagation and principal stress 

distribution (3.67 million times)

(c) Crack final state and principal stress 

distribution (4.28 million times)

(d) The distribution of cracks in asphalt 

surface layer (4.28 million times)

Fig. 15. Fracture analysis based on maximum principal strain criterion.

of compressive stress at the crack tip, in accordance with the maximum principal stress
fracture criterion (Fig. 16).

Fig. 16. Crack propagation status and principal stress distribution (310,000 times).

When the crack deviates 20 cm from the semi-rigid base below the wheel load
center, similar to the previous case, the crack extends to a specific position and stops
expanding. The crack’s propagation path is upward and tilts toward the center of the
wheel load (Fig. 17).

Fig. 17. Crack propagation status and principal stress distribution (430,000 times).

When the crack deviates 40 cm from the semi-rigid base below the wheel load center,
the crack still extends to a certain position and halts expansion, following a path inclined
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towards the center of the wheel load. Compared with the 20 cm deviation case, the crack
propagation path shows a greater inclination towards the wheel load center (Fig. 18).

Fig. 18. Crack propagation status and principal stress distribution (450,000 times).

When the crack deviates 20 cm from the asphalt layer below the center of the wheel
load, the crack expands upwards by two unit grid lengths but then stops as the load
continues. Similar to the previous case, the crack cannot continue to expand when the
crack tip approaches the compression zone (Fig. 19).

Fig. 19. Crack propagation status and principal stress distribution (220,000 times).

When the crack deviates 40 cm from the asphalt layer below the center of the wheel
load, the crack propagates upwards, inclined towards the center of the wheel load. Sim-
ilar to the 20 cm deviation case, the crack reaches a certain extent and ceases further
expansion, but the propagation distance is longer (Fig. 20).

Fig. 20. Crack propagation status and principal stress distribution (270,000 times).

The following figure presents a statistical diagram of the initial crack position and
the number of load cycles. It shows that pavement structures without initial cracks have
a life 10–20 times longer than those with initial cracks. In the absence of initial cracks,
the fatigue stage accounts for about 80% of the total life. With initial cracks, the farther
the crack is from the centerline, the longer the fatigue life of the structure. The pavement
structure’s life is greater when the initial crack is located at the bottom of the semi-rigid
layer compared to being at the bottom of the asphalt layer (Fig. 21).
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Fig. 21. Statistics of crack propagation.

5 Conclusion

This paper simulates the fatigue fracture process of a pavement structurewith hot in-place
recycling material under wheel load and temperature. Key findings include:

1. Initial damage occurs at the center of the twowheels at the base, extending as the num-
ber of load actions increases, with the surface layer showing a V-shaped distribution
pattern.

2. Maximum damage generally increases from top to bottom, influenced by hot in-place
recycling layer properties. Increased RAP content raises cumulative damage in later
stages, with minimal impact on other layers.

3. Base modulus significantly affects overall damage; increasing it reduces damage in
each layer. Lowering themodulus of the intermediate layer increases deformation and
damage. Overloading exacerbates damage, particularly in upper and middle layers.

4. Cracking patterns vary based on the presence of initial cracks. Without initial cracks,
pavement structures have a lifespan 10–20 times longer. Crack propagation direction
is influenced by the initial crack’s location and distance from the wheel load center.

5. Pavement structures without initial cracks have longer lifespans, with fatigue stages
contributing around 80% of the total life. The location of the initial crack affects the
structure’s life.

6. Regardless of the presence of an initial crack, fatigue load under wheel load prevents
crack extension to the pavement surface due to force distribution.
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Abstract. The radar target imaging effect directly affects the resolution of the
radar target, which affects the commander’s decision. However, the hybrid noise
composed of speckle and Gaussian noise is one of the main affecting factors. The
existing methods for image denoising are hard to eliminate the hybrid noise in
radar images. Hence, this paper proposes a new hybrid noise elimination algo-
rithm for the radar target image. Based on the strong correlation between wavelet
coefficients, this algorithm first uses the wavelet coefficient correlation denoising
algorithm (WCCDA) to filter the high-frequency information and high-frequency
part of low-frequency information for different directions of the three channels of
the image. Then, an improved adaptive median filtering algorithm (IAMF) is pro-
posed to perform fine-grained filtering on each re-constructed channel. Finally, the
radar target image is reconstructed. The results show that the proposed algorithm
outperforms the comparison approaches in the peak signal-to-noise ratio (PSNR)
and mean-square error (MSE) indexes with better denoising effects.

Keywords: Radar Target Images · Hybrid Noise · Adaptive Median Filter ·
Wavelet Coefficient Correlation

1 Introduction

With the rapid development of radar technology, the application fields of radar are
becoming more wide, especially in the military. Hence, the requirement of the radar
performance is gradually increased, and the effect of noise elimination for radar target
images is one of the crucial indicators for testing the radar performance. Radar target
images are mainly affected by speckle noise caused by the coherence of scattering
phenomena and Gaussian noise caused by complex environments. The radar imaging
effect may directly affect the resolution of radar target recognition, which will delay the
time for commanders to make effective strategies, Hence, an effective method for radar
target image processing is necessary.

The difficulty in image denoising is that noise, edges, and textures all belong to high-
frequency components, and it is difficult to distinguish themduring the denoisingprocess.
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The denoised image inevitably loses some edge and detailed information. Hence, this is
also a vital issue in the image processing field today. The image denoising technology is
mainly divided into denoisingmethods based on spatial domain anddenoising algorithms
based on frequency domain [1].

Spatial filters primarily declare noise occupying the spectrum higher regions by
low-pass filtering groups of pixels. Hence, many methods filter out noise information by
processing images with high frequency in the spatial domain. However, these methods
can eliminate noise to a certain extent but may cause blur, loss of edge, and detailed
information about the image. The frequency domain methods convert the image into
a specific transformation domain and decompose the signal. Then, the suitable filter is
designed for noise elimination based on the different statistical characteristics of the
natural features of the image [2]. The frequency domain methods mainly include the
method based on Fast Fourier Transformation (FFT) [3], Discrete Cosine Transform
(DCT) [4], and Wavelet Transform (WT) [5]. Since WT can perform time-frequency
analysis simultaneously and quickly discover the features of data mutation points, the
algorithms based on WT are also one of the vital research contents in the image and
signal processing field.

However, theWTonly has information in the horizontal, vertical, and diagonal direc-
tions because it lacks directionality, so it cannot optimally represent two-dimensional
images containing singular lines or surfaces. As a result, WT produces distortion and
cannot reconstruct the original image well. In order to overcome these drawbacks, this
paper proposes a hybrid noise elimination algorithm based on improved adaptivemedian
filtering and wavelet coefficient correlation algorithm.

The proposed algorithm first uses the improved Wavelet Coefficient Correlation
DenoisingAlgorithm (WCCDA) toperformwavelet transformationon the three channels
R, G, and B of the image. Then, the high-frequency information and the high-frequency
part of the low-frequency information are extracted in the horizontal, vertical and diago-
nal directions for each channel. After that, coarse-grained filtering on all high-frequency
information is performed. To solve the color and line/surface distortion problems caused
by image reconstruction, an improved adaptivemedian filtering algorithm (IAMF) is pro-
posed to perform fine-grained filtering on each reconstructed channel and calibrate the
reconstructed image. Finally, the original radar target image is reconstructed.

2 Wavelet Coefficient Correlation Denoising Algorithm

2.1 Wavelet Decomposition and Reconstruction of Radar Target Images

The two-dimensional discrete wavelet decomposition of digital images f (x, y) can be
expressed as the following formulas (1)~(5) [6]:

cA0 = f (m, n) (1)

cAj+1(m, n) =
∑

k

∑

l

hk−2m × hl−2n × cAj(k, l) (2)

cHj+1(m, n) =
∑

k

∑

l

hk−2m × gl−2n × cAj(k, l) (3)
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cVj+1(m, n) =
∑

k

∑

l

gk−2m × hl−2n × cAj(k, l) (4)

cDj+1(m, n) =
∑

k

∑

l

gk−2m × gl−2n × cAj(k, l) (5)

where j is the wavelet decomposition scale, {hk} and {gk} represent low-pass and high-
pass filters, the j-scale layer image cAj is decomposed by one layer of wavelets to: low
frequency coefficient cAj+1, horizontal high frequency coefficient cHj+1, vertical high
frequency coefficients cVj+1 and diagonal high frequency coefficients cDj+1.

After that, the system can process different information according to actual require-
ments. Finally, the image is reconstructed based on the processed high-frequency infor-
mation in eachdirection and low-frequency information to reconstruct the original image.
The reconstruction process is as follows:

cAj(m, n)=Aj+1 + Hj+1 + Vj+1 + Dj+1 (6)

where Aj+1, Hj+1, Vj+1 and Dj+1 are sub-images of j scale images reconstructed by the
low frequency coefficients and high frequency coefficients in three directions.

2.2 Radar Target Image Denoising Based on Wavelet Coefficient Correlation

There is a strong correlation between the upper and lower layers of the wavelet coeffi-
cients but the noise has no such correlation. The WCCDA is to compare the normalized
correlation coefficients at each location for each layer and determine whether each data
is a pixel or a noise point [7, 8]. The specific process can be expressed through Eqs. (7)
and (8):

CWj,k = Wj,kWj+1,k (7)

˜Wj,k = CWj,k

√
PWj

PCWj
(8)

where Wj,k is the wavelet coefficient of the high-frequency, CWj,k is the correlation

coefficient at point k of scalej, ˜Wj,k is the normalized wavelet correlation coefficient,
PWj = ∑

k
W 2

j,k represents the energy ofwavelet coefficients of scalej,PCWj = ∑
k
CW 2

j,k

represents the correlation coefficients energy of scalej.
Then, calculate the wavelet coefficient of the high-frequencyWj,k for each layer first

and compareWj,k and˜Wj,k . If˜Wj,k ≥ Wj,k , the system considers that the point is the real

pixel, takes ˜Wj,k = Wj,k , and sets Wj,k = 0. If ˜Wj,k < Wj,k , the system thinks that the

pixel is controlled by noise, then leaving Wj,k , set ˜Wj,k = 0. Then, the system repeats

the above process and recalculates ˜Wj,k on each scale. Finally, the real pixel points are

kept in˜Wj,k , and the noise points are kept inWj,k .
Normally, for single noise, most of the noise information is concentrated in the high-

frequency part of the signal. However, when there has hybrid noises in the image, the
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low-frequency information is likely to contain residual large-amplitude noise. On the
other hand, low-frequency and high-frequency information have different features. If
they are processed together, their respective features are destroyed, thereby reducing
the image denoising efficiency, increasing errors. Hence, the denoising process for low-
frequency information is necessary. The proposed algorithm improves the traditional
WCCDA, not only denoising the high-frequency information but also denoising the
high-frequency part of the low-frequency information to achieve a more comprehensive
noise elimination.

3 Improved Adaptive Median Filtering Algorithm

The median filter algorithm is widely used in the image processing fields. It sorts the
pixels in the neighborhood by grayscale and selects the middle value of the group as the
output pixel value to remove noise. The two-dimensional median filtering algorithm [9]
is mainly used, as shown in Eq. (9):

P(i, j) = median(s(m)) (9)

where m is the number of pixels, s is a gray sequence which is already sorted, i and j
are the horizontal and vertical coordinates of the pixels respectively. The output pixels
are determined by the image median, which makes the median filter less sensitive to the
limit pixel value than the mean. Hence, it not only eliminates the isolated noise points
but also gets better image clarity.

However, the window type and size directly affect the algorithm’s performance. In
theory, the larger thewindow size, the image processing effect is better, but if the window
size is unrestricted to increase, it may damage the details of the image. Hence, one of
the main problems is the selection of the window. In addition, the hybrid noise is with
a large amplitude, and the image edge burr and distortion may occur. It is because the
median point may take the noise point as the real pixel when the noise amplitude is large,
which leads to the algorithm being invalid.

Many researchers have proposed the improved schemes. For instance, González
et al. [10] propose a dynamic weighted adaptive median filtering algorithm for impulse
noise, which can adaptively adjust the window size according to the noise amplitude.
However these methods cannot restore the color and edge information well. Hence, this
paper proposes an improved adaptive median filtering algorithm (IAMF). By selecting
an appropriate filter window for each pixel point, the system can accurately determine
whether the point is a noise point. The specific steps are as follows.

3.1 Expand the Pixel Matrix of the Original Image Pixel Matrix

To ensure the data in the filter window is not empty and valid, the original image pixel
matrix needed to be expanded. The system sets a matrix expansion radius N for the
algorithm. The overall performance of the system can be optimal when thematrix expan-
sion radius N does not exceed 10 after experimental verification. The system assumes
the original image matrix is X = m × n. Then, the original image pixel matrix is
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Fig. 1. Pixel matrix expansion process of the image

expanded from the upper, right, lower, and left directions with the expansion ampli-
tudes of N , N + 1, N + 1 and N . The expanded image matrix dimension reaches
X1 = (m + 2 ∗ N + 1, n + 2∗N + 1), where m and n represent the number of rows
and columns of the original image pixel matrix.

The specific process is shown as follows: Assumesm = n = 5,N = 2, the expanded
pixel matrix is X1 = 10×10 as shown in Fig. 1. The data enclosed by dashed circles rep-
resents the expanded part. The expanded pixel data are represented by different markers.
After 4 expansions, a new image pixel data matrix is obtained.

3.2 Adaptive Filter Window Size Computation

After the pixel matrix is expanded, the system selects an appropriate filter window size
for each point in the original pixel matrix. For instance, the process of the filter window
size for point (7, 7) is shown in Fig. 2.

The system first sets filter radius r = 1 and calculates the neighborhood I of each
pixel in the original image along the row direction of the matrix, as shown in Eq. (10).

I=X1(i − r : i + r, j − r : j + r) (10)

where i and j represent the coordinates of the pixel point. Then, the pixels in the neigh-
borhood I are re-sorted to abtain I ′, makes the pixels in each column are arranged in
ascending order. Finally, the maximum Imax′ and minimum Imin′ are found, and the cen-
tral pixel is used as the median point Imed′. If the center pixel value is 0, set Imed′= 1,
and then determine whether Imed′ belongs to the range of (Imin′, Imax′). If the above
conditions are satisfied, the neighborhood size is considered to meet the actual filtering
requirements. Otherwise, the system continues to expand the filter radius, let r = r + 1
(r ≤ N + 1), and repeats the above calculation process until a suitable filter window
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Reoder
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Fig. 2. Size calculation of filtering window

size is found. In addition, the system can adjust the size of the matrix expansion radius
N according to the features of the noise.

3.3 Noise Point Judgement

First, determine whether the pixel in the original image is between the maximum and
minimum value points within the filter window range. If this condition is met, the point
is considered to be a real pixel and is retained. On the contrary, it means that the pixel is
controlled by noise and needs to be replaced by the median point Imed′ within the filter
window. Finally, the system repeats the above process to complete the image filtering.

4 Radar Target Image Denoising Algorithm Based on WCCDA
and IAMF Algorithm

For the hybrid noise, the denoising methods for the single noise is not ideal and may
easily cause image edges missing and color distortion. Hence, this paper combines the
WCCDA and the IAMF algorithm to denoise the image. This algorithm can eliminate
the noise while retaining the edges, details, and color information and can effectively
prevent image distortion. The specific process is shown as Fig. 3.

The proposed algorithm is mainly divided into the following 5 steps:

1) Decompose the radar target image into R, G, and B channels, then extract the high-
frequency information of each channel. In this step, the system extracts the high-
frequency information in the horizontal, vertical, and diagonal directions and the
high-frequency part of the low-frequency information.

2) Perform WCCDA on the high-frequency part of the low-frequency information of
each channel, as well as the high-frequency information of each channel in three
directions. This way can better retain the data features of different parts [11].
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Fig. 3. Flow of the proposed method

3) Use the new low-frequency and high-frequency information to reconstruct the three
channels of the image to complete the first coarse-grained filtering.

4) The IAMF algorithm is used to perform secondary fine-grained filtering on the three
channels of the reconstructed image.

5) Integrate the denoised three channels to reconstruct the radar target image.

5 Experiments and Evaluation

5.1 Experimental Parameter Settings

To verify the effectiveness of the proposed algorithm, this paper adds the hybrid noise
composed of Gaussian white noise with variances σ1 = 0.01, σ2 = 0.02, and σ3 = 0.03
and multiplicative speckle noise with noise densities d1 = 10%, d2 = 20%, and d3 =
30% to the radar target image, and conducts multiple experiments.

5.2 Wavelet Function Selection

There is another parameter that directly affects the system performance, which is the
choice of wavelet function. Since the WCCDA algorithm mainly uses the correlation
between wavelet coefficients of image data to eliminate noise, a suitable wavelet func-
tion can optimize the algorithm’s performance. This experiment uses different wavelet
functions in the WCCDA algorithm to process images, then calculates the correlation
coefficients between the high-frequency wavelet coefficients before and after denois-
ing. The larger the correlation coefficient value, the denoising effect is better [12]. The
calculation process is shown in Eq. (11):

CWj,k ′ = Wj,k · Wj,k ′ (11)

where CWj,k ′ is the correlation coefficient at point k of scale j, Wj,k and Wj,k ′ are the
high-frequency wavelet coefficient before and after denoising, respectively.
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Specifically, a hybrid noise composed by Gaussian white noise with variance σ2 =
0.02 and multiplicative speckle noise with density d2 = 20% is added to the image.
Then, the three wavelet functions ‘haar’, ‘symlet’, and ‘dbn’ are selected for testing.
After experiments verification, it is found that the three wavelet functions can obtain the
maximum correlation coefficient when the wavelet scale is 8. Hence, the scale of the
wavelet function in this paper is set to 8. The experiment results are shown in Table 1.

Table 1. Comparison of correlation coefficients under different wavelet functions

parameter Wavelet function

haar dbn sym

scale 8 8 8

decomposition layer 3 3 3

wavelet correlation coefficient 0.9321 0.9215 0.9039

As Table 1 shown, the correlation coefficient value reaches the highest when using
the ‘haar’ wavelet. It also proves the algorithm gets the best denoising effect when using
the ‘haar’ wavelet function. Hence, the system uses the ‘haar’ wavelet function in the
following experiments.

5.3 Hybrid Noise Eliminating

To verify the denoising effectiveness of the proposed algorithm (M4), the denoising
effect for hybrid noise should be evaluated. This experiment adds Gaussian white noise
and multiplicative speckle noise of different intensities to the radar target image and
compares the denoising performance with different methods such as M1 [5], M2 [13],
and M3 [14] in related fields.

Performance of the Algorithm When the Intensity of Gaussian Noise and
SpeckleNoise are σ1 = 0.01 and d1 = 10%.After using different algorithms to denoise
radar target images, the details, edges, and color recovery and the overall reconstruction
effect are demonstrated, as shown in Fig. 4.

It can be seen that under the low-intensity condition of hybrid noise, all methods can
effectively eliminate noise. M1 and M2 can eliminate noise and better retain the edge
information.However, the image color has a distortion problem, and detailed information
is seriously missing. In addition, the target orientation information and part of the image
marks have been blurred. Though M3 is better than M1 and M2 in retaining image
edges and detail information, the image color is completely distorted after denoising.
The proposed method can better retain the image edges, details, and color information
while eliminating noise.

Performance of the Algorithm When the Intensity of Gaussian Noise and
Speckle Noise are σ2 = 0.02 and d2 = 20%. To better verify the above analysis
and the proposed algorithm, this experiment increased the noise intensity to σ2 = 0.02
and d2 = 20%, and the results are shown in Fig. 5.
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Fig. 4. Results of each method when the hybrid noise intensity is σ1 = 0.01 and d1 = 10%

It can be seen that as the noise increases, M1 and M2 algorithms can still better
eliminate noise and retain the edge information. However, the image blur is intensified,
and the detailed information is seriously lost. Especially for M1, the resolution are
seriously reduced, and the target with weak signal strength already cannot be identified
from the image. Though the M3 algorithm retains the details and edge information well,
it cannot eliminate noise absolutely, and the color distortion is serious. The proposed
algorithmcan retain the image edges, details, and color information better,which restores
all the features of the original image with high clarity. In summary, compared with the
other methods, the performance of the proposed method is better than other methods.

Fig. 5. Results of each method when the hybrid noise intensity is σ2=0.02 and d2=20%



Hybrid Noise Eliminating Algorithm for Radar Target Images 417

Performance of the Algorithm When the Intensity of Gaussian Noise and
Speckle Noise are σ3 = 0.03 and d3 = 30%. In order to test the maximum denoising
performance of the proposed algorithm, this experiment continues to increase the inten-
sity of the hybrid noise to σ3 = 0.03 and d3 = 30%. The experiment results are shown
in Fig. 6.

Fig. 6. Results of each method when the hybrid noise intensity is σ3 = 0.03 and d3 = 30%

As the noise further increases, the performance of each algorithm declines. The
image processed by the M1 and M2 algorithms has a high degree of blur, while the
detailed and edge information in the image cannot be distinguished. In addition to the
above issues, the image processed by M3 has more serious color distortion problems,
and the algorithm has failed. Though the denoising performance of the proposed method
begins to decline, compared with the other three algorithms, the denoising effect is the
best, in which the edge and detailed information of the image are well preserved and the
clarity is high.

Evaluation of Denoising Performance for Each Algorithm. The above experiments
show the results and analysis of each algorithm’s processing of hybrid noise images with
different strengths from an intuitive visual perspective. To more accurately display the
denoising effect of each algorithm and verify the analysis results of the above experi-
ments. This paper uses peak signal-to-noise ratio (PSNR) and mean square error (MSE)
[15] as the measurement criteria for objective evaluation. The equations for MSE and
PSNR are as follows:

MSE = 1

M × N

M∑

i=1

N∑

j=1

[f (i, j) − g(i, j)]2 (12)

PSNR = 10 log10(
2552

MSE
) (13)
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where, f (i, j) is the reconstructed image after denoising, g(i, j) is the original image
without noise, M and N are the number of rows and columns of the image matrix. The
larger the PSNR, the smaller the MSE, indicating that the image after denoising is closer
to the original image.

Based on the above three experiments, the intensity of Gaussian noise is varied
between σ = 0.01 ∼ 0.03, and the speckle noise is kept at d2 = 20% in this experiment.
Then, the noise image is processed and reconstructed by each algorithm and compared
with the original image to obtain the relevant PSNR and MSE values. The specific
experimental results are shown in Table 2.

Table 2. The PSNR and MSE values after image processing under different noise

Method PSNR (dB) MSE

σ1, d2 σ2, d2 σ3, d2 σ1, d2 σ2, d2 σ3, d2

1 75.8813 73.1388 71.0691 33.0087 43.5519 47.6124

2 75.0383 74.5201 72.3904 36.0066 38.1646 39.0929

3 69.6129 67.6534 66.8925 64.1149 77.0323 82.6417

4 77.0052 76.3922 76.0383 29.5672 31.6469 32.9926

It can be seen from Table 2 that the proposed method in this paper gets the largest
PSNR and the smallest MSE value compared to the other three algorithms, which also
proves the consistency with the results and analysis of the above experiments. To more
intuitively analyze the varies of PSNR and MSE with the intensity of hybrid noise, this
paper gives the curves of PSNR and MSE values changing with noise intensity. As the
intensity of Gaussian noise changes, while keeping the intensity of speckle noise stayed,
the changes in PSNR and MSE can be more clearly observed. The results are shown in
Figs. 7a and 7b.

Figure 7 can more intuitively show the varying of PSNR and MSE values for the
four methods after processing noisy images. Even when the noise intensity reaches a, the
method proposed in this article still maintains the maximum PSNR and minimumMSE
value. It proves that the noise image processed by the proposed algorithm is closest
to the original image and has high reliability. In addition, the performance of each
algorithm decreases as the noise intensity increases, which is consistent with the above
experimental results and analysis.
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(a) PSNR curve                                             (b) MSE curve

Fig. 7. Curves of PSNR and MSE values with the various noise intensity

6 Conclusion

This paper proposes a new denoising algorithm for the radar target image based on
wavelet transform to solve the problems of image blur, loss of edge and detail informa-
tion, and image color distortion in the hybrid noise processing of radar target images.
The proposed algorithm first uses the WCCDA algorithm to perform coarse filtering on
the noisy image in different directions of R, G, and B channels to eliminate most of
the noise in the image. Then, the IAMF algorithm is proposed to perform secondary
fine-grained filtering on each channel after denoising. The IAMF algorithm expands the
original target image matrix and adaptively selects an appropriate filter window size for
each pixel in the image. It can quickly and accurately identify whether the pixel is a
real pixel point and eliminate the remaining noise in the image to the maximum extent,
which can better retain the image edges, details, and color information. Many simulation
experiments prove that the proposed method in this paper has better denoising effect,
higher image information recovery, and stronger stability than other related algorithms,
which is suitable for radar target images denoising.
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Abstract. To study the changes in shear and tensile strains of asphalt pavement
under vehicle moving loads on long longitudinal slopes, a structural model of
asphalt pavement was established using Abaqus finite element calculation soft-
ware. A single factor analysis was conducted on different slopes, driving speeds,
temperatures, and braking coefficients. The calculation results show that the max-
imum shear strain increases with the increase of road slope, temperature, and
braking coefficient, but decreases with the increase of driving speed; The maxi-
mum tensile strain increases with the increase of road slope, driving speed, and
braking coefficient, but decreases with the increase of temperature.When the vehi-
cle is driving smoothly, the maximum shear strain occurs at a distance of about
5cm from the road surface, and the maximum tensile strain occurs at a distance of
6cm from the road surface, both of which occur in the middle layer. In the design
phase, targeted improvements can be made to the shear and tensile properties of
the asphalt surface layer in the middle layer, in order to enhance the road per-
formance of the asphalt surface layer in long and long longitudinal slopes. When
the vehicle is braking, when the braking coefficient is high, the road surface will
generate significant shear strain. In the design stage, it is necessary to improve the
shear resistance of the upper layer of asphalt concrete in a targeted manner.

Keywords: Road Engineering · Long Longitudinal Slope · Asphalt Pavement ·
Finite Element Analysis · Dynamic Response

1 Introduction

With the accelerating process of China’s transportation construction, the choice of high-
way continues to extend to the plateau and high altitude areas. Due to the limitation
of terrain conditions, it is inevitable to have long longitudinal slope section, and even
the slope length and slope exceed the limit specified in the existing specifications [1].
Compared with the small ramp pavement, the diseases such as rutting and displacement
in the long longitudinal slope section are very serious, this is mainly because when the
vehicle is driving on the long longitudinal slope section, the vehicle speed is low and
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there will be frequent start-up and braking acceleration. The asphalt concrete in the long
longitudinal slope section will not only produce serious rut, but also produce shear fail-
ure under the action of driving, this is because the slow start of the uphill section and the
deceleration braking of the downhill section produce a larger horizontal shear stress on
the top and inside of the asphalt pavement surface than on the flat section. The reasons
for this destruction are manifold. It is not only related to traffic volume and vehicle over-
load, but also related to technical conditions such as route line type, pavement structure
type and construction quality.

In recent years, many scholars have used the finite element method to study the
mechanical properties of asphalt pavement with long longitudinal slope.

Shi Tingwei et al. [2] established a three dimensional finite layer analysis model of
asphalt pavement with long longitudinal slope by using the finite layer software 3DMove
Analysis. It is found that the acceleration or braking of the vehicle will lead to a large
increase in the maximum shear stress peak in the asphalt pavement. The maximum
shear stress peaks appear at 0–4 cm below the road surface, so it is particularly impor-
tant to improve the anti-rutting performance of the upper part of the long longitudinal
slope asphalt surface. Zhou Taohong et al. [3] used Aansys software to model typical
structures based on the definition of heavy load conditions and the analysis of com-
mon diseases, calculated and analyzed the surface deflection, tensile stress, compressive
stress and shear stress of the typical structure under different axle loads, and analyzed
the damage of the pavement structure. Yang Zhenzi et al. [4] used ANSYS software to
quantitatively analyze the influence of high temperature and heavy load traffic on surface
deflection and structural stress of asphalt pavement. Li Yanchun et al. [5] established a
three dimensional finite elementmodel usingAnsys finite element software. By applying
pulse load, the strain variation rule of large longitudinal slope of asphalt pavement under
different conditions is obtained. Jun Fu et al. [6] discussed the relationship between shear
stress and slope angle, load, pavement depth, interlayer contact condition and modulus
by three dimensional finite element model. Zhou Yaxin et al. [7] simplified the load
distribution model by calculating the equilibrium speed of heavy-duty vehicles in the
long longitudinal slope section under the equilibrium state, according to the commonly
used pavement structure in china, a three dimensional finite element model of asphalt
pavement was established to compare and analyze the mechanical response of asphalt
pavement under different slope, temperature and asphalt layer thickness. Ruan Lum-
ing et al. [8], firstly, the traffic conditions in Chongqing are analyzed, and the typical
heavy-duty vehicles and their climbing speed characteristics are obtained. The contact
characteristics between the tire and the road surface of the heavy-duty vehicle are studied
in depth, and a simplified model of tire grounding of heavy-duty vehicles is given. Then,
the factors affecting the response indexes of asphalt pavement structure in long longi-
tudinal slope section are studied. Finally, the fatigue damage variation rule of asphalt
layer in high temperature month is analyzed based on Miner fatigue rule.

The research of the above scholars shows that the finite element method can be
used to study the mechanical response of asphalt pavement with long longitudinal slope
and its influencing factors. Therefore, this paper will use Abaqus calculation software to
establish a finite element model of long longitudinal slope asphalt pavement, and discuss
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the influence of longitudinal slope, driving speed, temperature and braking coefficient
on shear strain and tensile strain of asphalt pavement.

2 Analysis of Influencing Factors of Mechanical Model of Long
Longitudinal Slope Section

The vehicle is subjected to various resistances when driving on the asphalt pavement.
These resistances include rolling resistance F1, slope resistance F2, air resistance F3 and
acceleration or deceleration resistance F4. In order to achieve a stable operating state,
the traction of the car must be equal to the sum of the resistance encountered by the car
during driving, that is:

F = F1 + F2 + F3 + F4 (1)

The driving state of the vehicle on the longitudinal slope can be divided into two
types: gradually decelerating to a stable speed and maintaining a uniform speed after
entering the slope; the vehicle gradually accelerates to a stable speed and maintains a
uniform speed after entering the slope.

3 Mechanics Model and Calculation Parameters of Asphalt
Pavement in Long Longitudinal Slope Section

3.1 Finite Element Model Establishment

Considering the computational efficiency and accuracy, this paper uses a three dimen-
sional model for mechanical response analysis. The model size is 8-node hexahedral
element. The boundary conditions are assumed as follows: the bottom surface of the
model is completely constrained, there is no lateral displacement on the left and right
sides, there is no longitudinal displacement on the front and rear sides, and the contact
state between the layers is completely continuous. The calculated load is a double cir-
cular load: the standard load is the tire ground pressure of 0.7MPa, the load circle radius
is 106.5 mm, and the center distance of the two wheels is 319.5 mm. Among them, X is
the lateral direction of the road, Y is the driving direction, and Z is the vertical direction.
The size of the model is 5 m × 10 m × 5 m, and its structure is shown in Fig. 1. Vertical
moving load and horizontal moving load are applied by ABAQUS’s own subroutines
DLOAD and UTRACLOAD.

3.2 Determination of Asphalt Pavement Surface Material Parameters

The parameters of asphalt mixture under different temperature conditions are shown in
Table 1 (Table 2).

3.3 Pavement Computational Structural

Thematerial and thickness of the pavement structure layer from top to bottom are shown
in Table 3.
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Fig. 1. Finite element model of pavement structure.

Table 1. Asphalt mixture parameters under different temperature conditions.

Mixture type Temperature/°C Elastic parameter Density/(kg/m3)

Modulus of
resilience E/MPa

Poisson ratio µ

Fine-grained
bituminous
concrete

20 870 0.25 2430

30 620 0.30

40 554 0.35

50 530 0.40

60 526 0.45

Medium grain
bituminous
concrete

20 910 0.25 2440

30 752 0.30

40 600 0.35

50 440 0.40

60 380 0.45

Coarse graded
bituminous
concrete

20 1031 0.25 2450

30 900 0.30

40 710 0.35

50 500 0.40

60 390 0.45
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Table 2. Elastic parameters of base and soil materials.

Material Compressive modulus of
resilience E/MPa

Poisson ratio µ Density/(kg/m3)

Cement stabilized macadam
CTB

15000 0.225 2700

Graded crushed stone GAB 400 0.35 2500

Soil SG 80 0.40 2000

Table 3. Asphalt pavement structure.

Layer of asphalt pavement Thickness/mm

Fine-grained bituminous concrete 40

Medium grain bituminous concrete 60

Coarse graded bituminous concrete 80

Cement stabilized macadam 200

Graded crushed stone 200

Soil -

4 Analysis of PavementMechanical Response of Long Longitudinal
Slope Section

In the mechanical calculation and analysis, the shear stress on the driving direction of
the vertical road table position of the wheel load center is analyzed and calculated. In the
analysis and calculation of uniform speed, only 0.7MPa vertical stress of road surface
is considered, and the influence of friction force in parallel direction is ignored.

4.1 Analysis of Mechanical Response Changes with Depth

Under the conditions of running speed of 60 km/h and temperature of 60 ◦C, the variation
of shear stress of pavement structure with depth is calculated, and the results are shown
in Fig. 2 and Fig. 3.

It can be seen from Fig. 2 and Fig. 3 that the shear strain and tensile strain of asphalt
surface first increase and then decrease with the increase of depth, both the maximum
tensile strain and the maximum shear strain are located in the middle surface layer, and
the depth of the maximum tensile strain is greater than that of the maximum shear strain.

4.2 Influence of Longitudinal Slope Degree on Mechanical Response

When the driving speed is 60 km/h, the temperature is 60 ◦C, and the slope is 0%, 2%,
4%, 6% and 8% respectively, the maximum mechanical response and the change law of
the position under different slope conditions are analyzed.
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Fig. 2. Variation of shear strain with
pavement depth.

Fig. 3. Variation of tensile strain with
pavement depth.

Fig. 4. Variation of shear strain under
different slope conditions.

Fig. 5. Variation of tension strain under
different slope conditions.

Fig. 6. Variation of maximum shear strain
under different slope conditions.

Fig. 7. Variation of maximum tensile strain
under different slope conditions.

It can be seen from Fig. 4 and Fig. 5 that under different slope conditions, the shear
strain and tensile strain of asphalt surface layer increase first and then decrease with the
increase of pavement depth. It can be seen from Fig. 6 and Fig. 7 that the maximum
shear strain increases and the maximum tensile strain decreases with the increase of road
slope.
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4.3 Influence of Running Speed on Shear Stress

Under the conditions of temperature 60 ◦C and longitudinal slope 4%, the maximum
mechanical response and the change law of position were analyzed under different
driving speeds of 40 km/h, 60 km/h, 80 km/h, 100 km/h and 120 km/h.

It can be seen from Fig. 8 and Fig. 9 that under different driving speeds, the shear
strain and tensile strain of asphalt surface both increase first and then decrease with the
increase of pavement depth. It can be seen from Fig. 10 and Fig. 11 that the maximum
shear strain andmaximum tensile strain both decrease with the increase of driving speed.

Fig. 8. Shear strain variation diagram at
different running speeds.

Fig. 9. Variation diagram of tension strain at
different running speeds.
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Fig. 10. Maximum shear strain variation at
different running speeds.

Fig. 11. Maximum tensile strain variation
diagram at different running speeds.

4.4 Influence of Temperature on Shear Stress

Under the conditions of driving speed of 80 km/h and longitudinal slope of 4%, the
maximummechanical response and the change law of position at different temperatures
of 20 ◦C, 30 ◦C, 40 ◦C, 50 ◦C and 60 ◦C were analyzed.

It can be seen from Fig. 12 and Fig. 13 that under different temperature conditions,
the shear strain of asphalt surface increases first and then decreases with the increase of
pavement depth. When the temperature is less than or equal to 40 ◦C, the tensile strain of
asphalt surface increases first and then decreases with the increase of pavement depth.
When the temperature is greater than 40 ◦C, the tensile strain of asphalt surface increases
with the increase of pavement depth. It can be seen from Fig. 14 and Fig. 15 that the
maximum shear strain and maximum tensile strain both increase with the increase of
temperature.
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Fig. 12. Variation of shear strain at different
temperatures.

Fig. 13. Variation of tensile strain at different
temperatures.

Fig. 14. Maximum shear strain variation at
different temperatures.

Fig. 15. Maximum tensile strain variation at
different temperatures.

4.5 Influence of Braking Coefficient on Shear Stress

Under the conditions of running speed of 80 km/h, temperature of 60 ◦C and longitudinal
slope of 4%, the maximum mechanical response and the change law of position under
different braking coefficients f of 0.1, 0.3, 0.5, 0.7 and 0.9 were analyzed (Fig. 19).

Fig. 16. Variation of shear strain under
different braking coefficients.

Fig. 17. Variation of tensile strain under
different braking coefficients.
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Fig. 18. Maximum shear strain variation under
different braking coefficients.

Fig. 19. Maximum tensile strain variation
under different braking coefficients.

It can be seen from Fig. 16 and Fig. 17 that under the conditions of different braking
coefficients, when the braking coefficient is less than 0.1, the shear strain of asphalt
surface increases first and then decreases with the increase of pavement depth. When
the braking coefficient is 0.3, the shear strain of asphalt surface decreases first, then
increases and then decreases with the increase of pavement depth. When the braking
coefficient is greater than 0.3, the shear strain of asphalt surface decreases with the
increase of pavement depth. The tensile strain of asphalt surface increases first and then
decreases with the increase of pavement depth. It can be seen from Fig. 17 and Fig. 18
that the maximum shear strain increases and the maximum tensile strain decreases with
the increase of the braking coefficient.

5 Conclusions

The asphalt pavement calculation model was established by finite element calculation
software Abaqus, and the shear strain and tensile strain of the asphalt layer of the asphalt
pavement with long longitudinal slopes were analyzed under the conditions of different
slopes, travel speeds, temperatures and braking coefficients. The above analysis leads to
the following conclusions:

(1) Maximum shear strain increases with increasing pavement gradient, temperature
and braking factor and decreases with increasing travel speed. The maximum tensile
strain increases with increasing pavement gradient, travel speed and braking factor
and decreases with increasing temperature.

(2) Vehicles in the smooth running, the maximum shear strain and the maximum tensile
strain appear in themiddle surface layer. In the design stage, need to target to improve
the middle surface layer of asphalt concrete shear resistance and tensile properties,
in order to enhance the long longitudinal slope section of the asphalt surface layer
of road performance.

(3) Vehicle braking coefficients have a small effect on tensile strains and a large effect
on shear strains. When the braking coefficient is large, the road surface will produce
a large shear strain. In the design phase, the top layer of asphalt concrete needs to
be targeted to improve the shear resistance of asphalt concrete.
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Abstract. As a new lining technology, mould bag lining technology has been
widely used in recent years. In this paper, the channel frost heave in Hetao irriga-
tion area of Inner Mongolia was studied and a field in-situ test platform was estab-
lished. The experimental study on the insulation and anti-freeze of polystyrene
board under the condition of concrete bag with different thickness was carried
out by setting the concrete bag with different thickness and the test block of
polystyrene board with different thickness. The research shows that the total accu-
mulated temperature increases by 3.93%~9.22% and the frost heave rate decreases
by 18.28%~55.44% by adding 2–5 cm mold bag concrete on the basis of 10 cm
mold bag concrete. Laying 4~8 cm polystyrene board, the total accumulated tem-
perature increased by 207.63%~272.25%, and the frost heave rate decreased by
71.43%~96.6%. The absolute slope of the curve fitting the frost heave rate and soil
temperature decreased by 44.6%~58.7%. Laying polystyrene plate can inhibit the
migration of soil water during freezing-thawing period, reduce the formation of
frozen front ice intercalation, and thus reduce the damage of channel frost heave.

Keywords: Mold Bag Concrete · Polystyrene Board · Heat Preservation And
Anti-Freezing Technology · Rate Of Frost Heave

1 Introduction

Bag concrete is an integral structure formed by pouring fluidity concrete into the bag
with high pressure pump and solidifying after the excess water oozes from the fabric
gap. The bag is made of geosynthetics woven into two layers with a certain thickness.
This technology has the characteristics of fast construction speed, save labor and time,
easy operation and strong terrain adaptability. It can be widely used in road, reservoir,
river channel, seawall and other projects. In the aspect of lining technology of concrete
channel for mold bag at home and abroad, researches have been carried out mainly
on the concrete structure, material and application effect of mold bag. Li yatong [1]
studied the bag concrete channel in hetao irrigation area of Inner Mongolia from the
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perspective of mechanical properties. Wang jun, huo yizhen et al. [2] proposed the
optimized mix ratio of mold bag concrete. Zhang hailing, huo yizhen et al. [3] discussed
the concrete roughness of mold bag and its influencing factors. Gong jibin [4] introduced
the selection of mold bag in the concrete construction of mold bag, the technical index of
concrete, the construction method of pouring concrete and the matters needing attention,
based on the concrete laying and protecting project of the seven-star canal mingsha
section. Wang jun, guo yanfen et al. [5] analyzed and studied the freeze resistance and
macroscopic mechanical properties of mold bag concrete by measuring the mass loss
rate and relative dynamic elastic modulus of test blocks with different mixing ratios.
At present, the research on thermal insulation and antifreeze technology of polystyrene
board used in precast concrete and cast-in-place concrete channel is relatively common
[6–15], while the thermal insulation and antifreeze technology of polystyrene board laid
in concrete channel of mold bag has not been studied yet. Therefore, combined with
the characteristics of soil and climate in Hetao irrigation area of Inner Mongolia, this
paper carried out an experimental study on the laying of polystyrene board with different
thickness under the conditions of mold bag concrete.

2 Materials and Methods

In hetao irrigation area, Inner Mongolia, a platform for concrete treatment of different
mold bags was set up. Each test platform has an area of 4m× 4m, and a total of 6 die bag
concrete treatment platforms are set. Treatment 1~3 laid 10 cm, 12 cm and 15 cm mold
bag concrete without heat preservation. Polystyrene insulation boards with thickness of
4 cm, 6 cm and 8 cm were laid under the concrete of 10 cm mold bags from 4 to 6. The
6 cm thick polystyrene board was laid vertically around each treatment block at a depth
of 1 m to prevent interference from horizontal frost heaving.

The schematic diagram of the frost heave test platform is shown in Fig. 1, and the
test processing is shown in Table 1. The test was conducted from November 2015 to
April 2018, with a total of three freezing cycles.

10cm mold bag    
concrete

12cm mold bag    
concrete

15cm mold bag    
concrete

10cm mold bag    
concrete+4cm

polystyrene 
board

10cm mold bag    
concrete+6cm

polystyrene 
board

10cm mold bag    
concrete+8cm

polystyrene 
board

Fig. 1. Sketch map of frost heave test platform of different molded bag concrete treatment

In hetao area, the concrete construction thickness of the main channel mold bag
is generally 10~15 cm, so considering the economic efficiency, the insulation board is
laid under the 10 cm mold bag concrete in the test design, and the effect of insulation
and anti-frost heave of the lining structure of mold bag concrete + insulation board is
discussed.
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Table 1. Design test of different molded bag concrete treatment

Experimental treatment Thickness of mould bag concrete/cm Heat preservation treatment

Treatment 1 10 No insulation

Treatment 2 12 No insulation

Treatment 3 15 No insulation

Treatment 4 10 4 cm polystyrene board

Treatment 5 10 6 cm polystyrene board

Treatment 6 10 8 cm polystyrene board

3 Results and Analysis

3.1 Different Bag Concrete Treatment Insulation Effect

The variation law of daily mean temperature of concrete treated with different mold
bags.Statistical analysis was conducted on the daily mean temperature of concrete treat-
ment with different mold bags (buried 30 cm deep) in the test site from 2015 to 2016,
and the daily mean temperature variation process of concrete treatment with six different
mold bags was drawn, as shown in Fig. 2.

Fig. 2. Curve of daily average temperature variation of concrete treated with different mould bags
in 2015~2016

As can be seen from the Fig.above, the daily mean temperature of the six treatments
decreased first and then increased with time. The changes of the three treatments of
10 cm, 12 cm and 15 cm mold bag concrete are basically the same, indicating that
the increase of the thickness of mold bag concrete does not significantly increase the
insulation effect. Under the concrete condition of 10 cm mold bag, the changes of the
three treatments of laying 4 cm, 6 cm and 8 cm polystyrene boards are basically the
same, indicating that the difference of daily average temperature between laying 4 cm,
6 cm and 8 cm polystyrene boards is also small.
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The total accumulated temperature and the effect of increasing the temperature of the
concrete with different thickness.The daily average temperature of concrete treatment
of 6 different mold bags in 3 freezing-thawing periods in the test site was accumulated
to obtain the total accumulated temperature value of each treatment, and the average
total accumulated temperature and average warming effect value of each treatment were
calculated, and the average total accumulated temperature and average warming effect
of concrete treatment of different mold bags were drawn, as shown in Fig. 3.
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Fig. 3. Curve of Total accumulated temperature and increasing temperature effect of different
Mould bags

As can be seen from Fig. 3, the average total accumulated temperature of concrete in
mold bags with no insulation treatment in 10 cm, 12 cm and 15 cm is 278.35 °C, 289.30
°C and 304.01 °C, and there is no significant difference between them. The average total
accumulated temperature of concrete in the three types of treatmentwith insulation board
was 856.29 °C, 955.10 °C and 1036.17 °C, respectively, which were significantly higher
than thosewithout insulation. On the basis of 10 cmmold bag concrete, add 2~5 cmmold
bag concrete, the heating effect is 3.93%~9.22%, and laid 4~8 cm polystyrene board,
the heating effect is 207.63%~272.25%, indicating that mold bag concrete does not have
the heat preservation effect, and the heat preservation board has a good insulation effect.

Effect of thermal insulation plate on soil temperature at different depths. The average
ground temperature distribution diagram of 0~50 cm soil layer without heat preservation
(comparison section) is shown in Fig. 4.

According to the analysis of the ground temperature at different depths, with the
increase of the thickness of the insulation board, the ground temperature of the 0–10 cm
soil layer on the surface increased less, indicating that the laying of the insulation board
had less influence on the ground temperature of the 0–10 cm soil layer on the surface.
With the increase of the thickness of the insulation board, the ground temperature of the
10–40 cm soil layer changed greatly, especially without the insulation treatment and the
laying of 4 cm polystyrene board, the ground temperature of the 10–40 cm soil layer
changed most significantly. The results showed that the insulation board laid on the
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a 10cm mold bag concrete + No insulation b 10cm mold bag concrete+4cm polystyrene board

c 10cm mold bag concrete+6cm polystyrene board d 10cm mold bag concrete+8cm polystyrene board
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Fig. 4. Soil temperature distribution map of different treatments

concrete foundation of mold bag had the greatest influence on the ground temperature
of 10–40 cm soil layer.

3.2 Concrete Treatment of Different Mold Bag Anti - frost Heaving Effect

The maximum frost heaving capacity and the reduction of frost heaving capacity are
handled by different mold bags of concrete. Table 2, 3 and 4 shows the maximum frost
heave and reduction rate of concrete treated with different mold bags during 3 complete
freezing-thawing periods from 2015 to 2018.

As can be seen from the aboveTable, themaximum frost heave of the three treatments
of mold bag concrete+ insulation board are all below 3 cm, while the frost heave of the
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Table 2. Maximum Frost heaving of different mold bags concrete treatment in 2015~2016

Treatment of
mould bag
concrete

10 cm
mould
bag
concrete

12 cm
mould
bag
concrete

15 cm
mould
bag
concrete

10 cm mould bag concrete

4 cm
polystyrene
board

6 cm
polystyrene
board

8 cm
polystyrene
board

Maximum
value/mm

105 82 63 30 17 8

Reduction/mm 0 23 42 75 88 97

Reduction rate
(%)

0 21.90 40.00 71.43 83.81 92.38

Table 3. Maximum Frost heaving of different mold bags concrete treatment in 2016~2017

Treatment of
mould bag
concrete

10 cm
mould
bag
concrete

12 cm
mould
bag
concrete

15 cm
mould
bag
concrete

10 cm mould bag concrete

4 cm
polystyrene
board

6 cm
polystyrene
board

8 cm
polystyrene
board

Maximum
value/mm

93 76 54 26 15 6

Reduction/mm 0 17 39 67 78 87

Reduction rate
(%)

0 18.28 41.94 72.04 83.87 93.55

Table 4. Maximum Frost heaving of different mold bags concrete treatment in 2017~2018

Treatment of
mould bag
concrete

10 cm
mould
bag
concrete

12 cm
mould
bag
concrete

15 cm
mould
bag
concrete

10 cm mould bag concrete

4 cm
polystyrene
board

6 cm
polystyrene
board

8 cm
polystyrene
board

Maximum
value/mm

103 69 45.9 11 6 3.5

Reduction/mm 0 34 57.1 92 97 99.5

Reduction rate
(%)

0 33.01 55.44 89.32 94.17 96.60

three treatments of mold bag concrete without insulation board is 5.4 cm~10.3 cm. On
the basis of 10 cm mold bag concrete, add 2~5 cm mold bag concrete, reduce the frost
heave rate of 18.28%~55.44%; And laying 4~8 cm polystyrene board, the frost heave
reduction reached 71.43%~96.6%. It can be seen that the laying of insulation board
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under the concrete mold bag can significantly reduce the frost heave of the foundation
soil, and the thicker the laid insulation board is, the more frost heave will be reduced, and
the frost heave effect of polystyrene board is significantly greater than that of concrete
mold bag.

3.3 Variation Law of Freezing Depth of Concrete Treatment with Different Mold
Bags

Variation law of freezing depth in concrete treatment of different mold bags. Figure 5
shows the freezing depth variation process lines of the subsoil treated with 10 cm mold
bag concrete, 12 cm mold bag concrete, 15 cm mold bag concrete and 10 cm mold bag
concrete+4 cm polystyrene board, 10 cm mold bag concrete+4 cm polystyrene board,
10 cm mold bag concrete +4 cm polystyrene board in the south of the test site during a
complete freezing-thawing period from 2015 to 2016.
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Fig. 5. Freeze depth variation of different mold bag concrete treatment in 2015~2016

From the above analysis, it can be seen that during the complete freezing-thawing
period from 2015 to 2016, the freezing depth of concrete treatment for each mold bag
has the same change rule. All treated subsoil began to freeze in mid-November, reached
its maximum depth in mid-late February, began to melt in early march, and melted in
mid-April. The freezing depth of polystyrene board was significantly lower than that
of concrete bag without heat preservation, and the freezing depth of concrete bag with
8 cm polystyrene board had the most gentle change, indicating that the freezing depth
had the least change.If the concrete in mold bags of 10 cm is increased by 2~5 cm,
the reduction rate of freezing depth is 17.74%~29.15%. Adding 4~8 cm polystyrene
plate, the reduction rate of freezing depth reached 71.24%~85.08%. The results show
that increasing the thickness of concrete in mold bag does not significantly reduce the
freezing depth, while laying polystyrene board under the concrete in mold bag can
significantly reduce the freezing depth of foundation soil.

Change law of frost heaving rate in different mold bag concrete treatment. Based on
the analysis of the freezing depth and ground temperature data of different bag concrete
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(a) 10cm mould bag concrete               
b 12cm mould bag concrete

c 15cm mould bag concrete       d 10cm mould bag concrete +4cm

polystyrene board

e 10cm mould bag concrete +6cm polystyrene board  f 10cm mould bag concrete +8cm 
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treatment from 2015 to 2016, the frost heave rate of each treatment in the process of
frost heave and melting was calculated. The fitting curve of frost heave rate changing
with temperature was fitted, as shown in Fig. 6.

As can be seen from Fig. 6, there is a linear relationship between frost heave rate of
foundation soil and soil temperature under different mold bag concrete treatment, and
the frost heave rate decreases with the increase of soil temperature. Under the condition
of no insulation, the maximum frost heave rate of the 10 cm mold bag concrete is
22.2%. While the increase of 2–5 cm mold bag concrete, the maximum frost heave rate
is 16% above, which decreases by 28%. The maximum frost heave rate of laying 4~8
cm polystyrene board treated was 14%~9%, which decreased by 38%~60%. It can be
seen that the polystyrene board can significantly reduce the frost heaving rate of subsoil.

The slope of the curve fitting frost heave rate and soil temperature reflects the slow-
ness of soil freezing process. The higher the absolute slope, the faster the freezing rate.
When increasing 2–5 cm mold bags concrete on the foundation of 10 cm mold bags
concrete, the absolute slope of the curve fitting the frost heave rate and soil temperature
does not change. The results show that increasing the thickness of concrete does not
delay the freezing process of foundation soil. When 4~8 cm polystyrene board was laid
on the foundation of 10 cm mold bag concrete, the absolute slope of the curve fitting
the frost heave rate and the soil temperature decreased by 44.6%~58.7%. The results
showed that the change range of frost heave rate was small and the freezing duration was
long after laying insulation board. That is, the laying of polystyrene board significantly
slows down the freezing speed of the subsoil and prolongs the freezing duration, thus
playing a thermal insulation effect.

4 Conclusion and Discussion

Laid bag concrete almost does not have the thermal insulation effect, the thermal insula-
tion effect is far lower than the polystyrene board thermal insulation effect. Polystyrene
insulation board is laid on the mold bag concrete, which has the greatest influence on
the ground temperature in 10–40 cm soil layer.

The frost heaving reduction rate is only 18.28%~55.44% when 2~5 cm mould bag
concrete is laid on the basis of 10 cm mould bag concrete, while the frost heaving
reduction rate is 71.43%~96.6% when 4~8 cm polystyrene board is laid. The frost
heaving reduction effect of polystyrene board is significantly greater than that of mould
bag concrete. Increasing the thickness of the mold bag concrete does not significantly
reduce the freezing depth, while laying polystyrene board under the mold bag concrete
can significantly reduce the freezing depth of the foundation soil. Laying polystyrene
board can significantly delay the freezing speed of foundation soil and prolong the
freezing time, thus achieving the effect of heat preservation.
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Abstract. The article is based on the eccentric compression test of HRB650E
reinforced high-strength concrete columns. ABAQUS finite element software is
used to conduct finite element analysis on HRB650E reinforced high-strength
concrete column specimens. Comparing the simulation results with the experi-
mental results, it can be found that the two fit well. By observing the patterns of
experimental and simulation results, it can be concluded that the bearing capac-
ity of HRB650E grade reinforced high-strength concrete columns is good, and
improving the concrete strength can enhance the bearing capacity of the specimens.

Keywords: Eccentric Compression Test · HRB650E · Finite Element Analysis ·
ABAQUS

1 Introduction

In recent years, with the development of the economy, a large amount of infrastructure
construction has consumed a huge amount of steel. The rapid development of steel
smelting technology has laid the foundation for the research and promotion of high-
strength steel bars. High strength steel bars can effectively reduce the use of steel, reduce
costs, save resources, and maintain stable mechanical properties. Developed countries
such asEurope andAmerica have used over 95%of 400-600MPa steel bars, and countries
such as Germany, Japan, and Australia have also achieved an adoption rate of 80–90%
for steel bars above 400MPa [1, 2].

In 1996, Lloyd and other scholars conducted a study on the eccentric compression
performance of 400MPa reinforced concrete specimens, focusing on the influence of
factors such as longitudinal strength and stirrup strength on the stress performance of
specimens. Based on the experimental results, a constitutive model of high-strength
concrete and a calculation theory of high-strength steel reinforced concrete eccentric
compression columns were established. The results indicate that the calculation theory
is reasonable and the calculation results are relatively accurate [3].

In 2005, Tan and other scholars conducted axial and eccentric compression tests
on 30 high-strength concrete column specimens, focusing on the influence of concrete
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strength and volume stirrup ratio on the mechanical performance of the specimens. The
stirrup strength is divided into two types: 455MPa and 636MPa, and longitudinal bar
strength is 595MPa. Based on the experimental results, researchers have proposed a
reliable, simple, and fast calculation method for obtaining concrete stress [4].

From 2004 to 2009, Liu lixin and other scholars carried out a series of studies on
HRB500 reinforced concrete members. The results show that the stress characteristics
of HRB500 reinforced concrete members are similar to those of ordinary reinforced
concrete members, and can improve the performance in terms of deflection and bearing
capacity comparedwith ordinary reinforced concretemembers [5–9]. Li hongyan carried
out eccentric compression test on 500MPa high-strength reinforced concretemembers to
verifywhether the domestic concrete code at that timewas applicable to the calculation of
concrete members in the test. The results show that the failure characteristics of 500MPa
reinforced concrete members under eccentric compression are basically similar to those
of ordinary concrete members, and the bearing capacity of the specimens calculated in
accordance with design code for concrete structure (GB50010-2002) [10] is in good
agreement with the measured bearing capacity, It is proved that the calculation method
of ultimate bearing capacity of eccentrically loaded members specified in design code
for concrete structure (GB50010-2002) [10] is suitable for 500MPa reinforced concrete
members [11].

At present, the reinforcement above HRB600 level has not been included in design
code for concrete structure (GB50010-2010) [12] in China, and the research on the speci-
mens of high-strength reinforcement combined with high-strength concrete is relatively
small. For the reinforcement with strength of 600MPa and above, Luo Shaohua con-
ducted eccentric compression test research on 11 600MPa reinforced concrete columns,
and proposed the design value of 600MPa reinforcement [13]; Zhang Jianwei and other
scholars have studied the bending, axial compression and eccentric compression prop-
erties of HRB600 reinforced high-strength concrete specimens [14–16]; Rong Xian
and other scholars carried out a series of tests on the axial compression performance,
eccentric compression performance, bond anchorage, etc. of HRB600 and HRB600E
reinforced high-strength concrete specimens [17–20]; Liu Chengtao studied the axial
compression and eccentric compression performance of HRB600 reinforced concrete
columns, focused on the applicability of crack calculation formulas in different national
codes, and combined with finite element analysis, studied the influence of Longitudinal
bar strength, reinforcement ratio and other factors. The results showed that the speci-
mens with 600MPa high-strength reinforced concrete had better performance in terms
of ultimate bearing capacity, deflection and so on, The failure characteristics are similar
to those of ordinary reinforced concrete specimens [21]. Li Zhipeng studied the axial
compression and eccentric compression properties of HRB635 reinforced high-strength
concrete specimens [22]; LinWei and other scholars have studied the eccentric compres-
sion performance and bearing capacity of HRB635 grade hot-rolled ribbed high-strength
reinforced concrete short columns, and combined with finite element analysis, put for-
ward a simplified calculation formula for evaluating the eccentric compression ultimate
bearing capacity of HRB635 grade hot-rolled ribbed high-strength reinforced concrete
short columns [23].
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At present, there is no research on the mechanical properties of 650MPa steel bars
in China. Based on the eccentric compression performance test of HRB650E reinforced
high-strength concrete columns, this paper uses ABAQUS to carry out finite element
analysis, and compares the test results with the experimental results to study the variation
of eccentric compression performance of specimens with the parameters such as steel
bar strength, concrete strength, stirrup ratio and eccentricity.

2 Experimental Overview

2.1 Experimental Design

FiveHRB650E reinforced high-strength concrete columns and twoHRB400E reinforced
high-strength concrete columns were designed, including two small eccentric compres-
sion specimens and five large eccentric compression specimens. The number and main
parameters of the test piece is presented in Table 1, and the size and reinforcement
arrangement of the specimens is presented in Fig. 1. The size of each specimen is the
same, and the concrete grade, eccentricity, longitudinal bar strength, reinforcement ratio
and eccentricity are the main variation parameters of the specimen.

Table 1. The main design parameters of eccentric compression specimens.

Specimen
number

Designed
concrete
grade

Eccentricity
e/mm

Longitudinal
bar

Distributed
steela

Stirrup Stirrup ratio

XP1 C55 100 HRB 400E 12D22 8@100 0.912%

DP2 C50 240 HRB 650E 12D22 8@100 0.912%

DP3 C55 240 HRB 650E 12D22 8@100 0.912%

DP4 C60 240 HRB 650E 12D22 8@100 0.912%

DP5 C55 240 HRB 650E 12D22 8@150 0.608%

DP6 C55 240 HRB 400E 12D22 8@100 0.912%

XP7 C55 100 HRB 650E 12D22 8@100 0.912%
a 12D22 refers to 12 longitudinal bars with a diameter of 22 mm.

2.2 Test Setting and Loading Scheme

Figure 2 shows the layout rules for strain measuring points. The middle section of the
test piece is segmented into three layers, denoted as A, B, and C, with a 250 mm spacing
between them. For the longitudinal bar, four strain measuring points are positioned in a
clockwise manner at the corners of each layer. Additionally, four strain measuring points
are situated at the four sides of the outer stirrup, as well as at the midpoint of the two
long sides of the inner stirrup, resulting in a total of eight strain measuring points for
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Note: refers to HRB400 stirrup, and the specification of longitudinal bar is shown in 

Table 1. Take DP3 as an example, refers to HRB650E longitudinal bar.

Fig. 1. Specimen size and reinforcement layout.

the stirrup. Regarding the longitudinal bar, Z-1 and Z-4 are situated on the compression
side, while Z-2 and Z-3 are located on the tension side.

Symmetrically arranged at the middle height of the compression side and two sides
of the concrete outer surface of the specimen, with a 125 mm spacing, are three strain
measuring points. Furthermore, two strain measuring points are symmetrically arranged
on the tension surface, with a 250 mm spacing. In total, there are 11 concrete strain
measuring points.

Fig. 2. Number of strain gauges for longitudinal bars and stirrups of the specimens.
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For displacement measurement, five displacement meters are symmetrically
arranged along the height direction at the tensile side of the central test piece, with
a 200 mm spacing between them to measure the deflection of the test piece.

The test employs a 40000 kN multifunctional loading system for loading, with the
vertical load value being directly read by the loading system. The loading scheme is
formulated in accordance with the standard for test methods of concrete structures
(GB50152-2012) [24]. Prior to the test, a steel base plate is placed at the lower sup-
port, and the test piece is lifted using a crane. After lifting, a steel base plate with the
same size is placed on the upper part of the test piece. During the lifting and placing of
the steel base plate, the eccentric position of the test piece and the center of the steel base
plate are positioned on the connecting line between the center of the upper and lower
supports. The laser broom is used to ensure that the connecting line is vertical.

Before the formal start of the test, preloading is carried out to clear the gap between
the test piece and the loading part. After the formal loading commences, the large bias
test piece is loaded to 500 kN, while the small bias test piece is loaded to 1000 kN.
Subsequently, the load of each level is increased by 500 kN, with a load holding time of
60 s. After loading to approximately 50% of the ultimate bearing capacity, the load of
each level of the large bias test piece is reduced to 300 kN, while the load of each level
of the small bias test piece is reduced to 500 kN, and the load holding time is increased
to 90 s. Upon reaching the peak value, the test switches to displacement control. The
experiment is terminated when the bearing capacity drops to 85% of the peak value or
when the component is severely damaged.

2.3 Mechanical Properties of Steel Bars and Concrete

The mechanical properties of reinforcement measured by the tensile test is presented in
Table 2.Three grades of concrete (C50, C55, and C60) were used in the test. Simultane-
ously with making the test pieces, three samples of each grade were cast with the same
concrete, resulting in a total of nine standard cube concrete test pieces, consistentwith the
curing conditions of the test pieces. The test is conducted in accordancewith the standard
for test methods for mechanical properties of ordinary concrete (GB50081-2002) [25],
and the average compressive strength f0cu of concrete is measured. Based on the formula
(1) in Sect. 4.1 of the article description of design code for concrete structure (GB50010-
2010) [12], the standard value of compressive strength fcu,k, the standard value of axial
compressive strength fck, and the standard value of axial compressive strength fc of cubic
concrete are calculated. The mechanical properties of concrete materials is presented in
Table 3. The actual measured concrete strength in the test is different from the expected,
and the measured compressive strength of C55 and C60 is relatively small.

⎧
⎨

⎩

fcu,k = f 0cu−1.645σ
fck = 0.88αc1αc2fcu,k

fc = fck/1.4
(1)
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Table 2. Mechanical properties of reinforced bars.

Reinforcement grade d/mm Fy/MPa Fu/MPa

HRB400E 22 445 625

HRB650E 22 675 878

HRB400 8 440 650

Table 3. Mechanical properties of concrete.

Design concrete strength grade f0cu/MPa fcu,k/MPa fck/MPa fc/MPa

C50 57.15 52.1 33.73 23.26

C55 55.83 50.8 32.74 22.58

C60 58.60 53.6 34.40 23.72

3 Establishment of Finite Element Model

3.1 Constitutive Relation

Constitutive Relation of Reinforcement. The constitutive relation of reinforcement
adopts the bilinear model. The two straight lines are used to represent the elastic section
and yield strengthening section of the reinforcement.

Constitutive Relation of Concrete. The CDP model is used in this simulation test,
and the parameters in the CDP model are determined by using the concrete constitutive
relationshipprovided in code for designof concrete structures (GB50010-2010) [12].The
stress-strain curve of the model can be determined according to the following formula:

σ = (1 − dt)Ecε

dt =
{
1 − ρt[1.2 − 0.2x5] x ≤ 1
1 − ρt

αt(x−1)1.7+x
x > 1

x = ε
εt,r

ρt= ft,r
Ecεt,r

(2)

dt is the uniaxial damage evolution parameter of concrete, αt is the parameter value
of the descending section of the concrete uniaxial tensile stress-strain curve, ft,r is the
representative value of uniaxial tensile strength of concrete, εt,r is the peak tensile strain
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of concrete corresponding to the representative value ft,r of uniaxial tensile strength.

σ = (1 − dc)Ecε

dt =
{

1 − ρcn
n−1+xn x ≤ 1

1 − ρc
αc(x−1)2+x

x > 1

ρc= fc,r
Ecεc,r

n = Ecεc,r
Ecεc,r−fc,r

x = ε
εc,r

(3)

dc is the damage evolution parameter of concrete under uniaxial compression, αc is
the parameter value of the descending section of the stress-strain curve of concrete
under uniaxial compression, fc,r is the representative value of uniaxial compressive
strength of concrete, εc,r is the peak compression strain of concrete corresponding to
the representative value fc,r of uniaxial compression strength.

The symbols and parameter values provided in the specifications align with their
intended meaning. The measured values are substituted into the formula to determine
the constitutive relationship, which is subsequently input into ABAQUS for analysis.

3.2 Modeling

The numerical simulation of the quasi-static test was conducted using ABAQUS with
a finite element analysis model, and the results were compared with the experimental
test results. The finite element model of the reinforced high-strength concrete column
was established, as depicted in Fig. 3. The concrete column was represented using solid
elements, while the reinforcement cage was modeled using truss elements. Additionally,
a steel pad was included at the top area of the concrete column to match the actual
test setup. The boundary condition at the bottom surface of the column constrained the
displacement in XYZ directions. Vertical displacement was applied at a specific location
on the top surface to simulate the loading conditions.

Fig. 3. The model of concrete columns and steel reinforcement cage.
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4 Numeric Simulation Results and Analysis

4.1 Comparison Between Simulation Results and Test Results

The load-displacement curve obtained fromABAQUSnumerical simulation is illustrated
in Fig. 4. Using the test piece DP3 as a case study, a comparison between the finite
element simulation results and the observed failure behavior is depicted in Fig. 5. It
can be observed that the Mises stress in the upper section of the mid-span is notably
high. This high Mises stress is near the compressive strength of the concrete when it is
crushed, aligning with the observed behavior in the actual tests. Upon reaching the peak

(a) (b) (c)

(d) (e) (f)

(g)

Fig. 4. Load-displacement curve.
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load, a significant concrete collapse initially occurs in the upper section of the mid-span,
subsequently spreading to both sides of the lower section. A comparison between the
peak load simulation result, Nm, and the actual peak load result, Nu, is illustrated in
Table 4. Nm is calculated using the measured data. The average ratio of Nu/Nm is 1.001,
with a variance of 0.085. This suggests a strong agreement between the simulation and
the actual results.

(a) (b)

Fig. 5. Comparison between simulation results and experimental results of specimen failure
phenomenon using DP3 as an example.

Table 4. Comparison between the actual value of peak load Nu and the simulated value of peak
load Nm

Specimen number Nu/kN Nm/kN Nu/Nm

XP1 6697 6227 1.075

DP2 4167 4382 0.9509

DP3 4135 3833 1.0788

DP4 4085 4555 0.8968

DP5 3868 4237 0.9129

DP6 3807 3832 0.9934

XP7 9005 8170 1.1022

4.2 The Influence of Concrete Strength

In addition, ABAQUS was utilized to simulate the conditions outlined in Table 5, which
involved concrete grades C70 and C80, represented as test pieces KZ1 and KZ2. The
concrete strength, derived from the standard value of concrete compressive strength
specified in the Code for Design of Concrete Structures (GB50010-2010) [12], was
integrated into the CDP model for calculation purposes, resulting in the determination
of the concrete constitutive relationship. The load-displacement curve obtained from
ABAQUS is illustrated in Fig. 6. A comparison between the actual and simulated peak
load values for test pieces KZ1, KZ2, and DP2 to DP4 is provided in Table 5. It is
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important to note that the differences in concrete strength among DP2, DP3, and DP4
are not significant. However, upon the inclusion of KZ1 and KZ2, the data presented in
Table 6 unequivocally demonstrates that increasing the concrete strength enhances the
load-bearing capacity of the concrete columns.

(a) (b)

Fig. 6. Load-displacement curve of KZ1 and KZ2.

Table 5. Design parameters of specimens with concrete of C70 and C80.

Specimen
number

Designed
concrete
grade

Eccentricity
e/mm

Longitudinal
reinforcement

Reinforcement
mode

Stirrup
reinforcement
mode

KZ1 C70 240 HRB 650E 12D22 8@100

KZ2 C80 240 HRB 650E 12D22 8@100

Table 6. Comparison of peak loads of KZ1 and KZ2 with DP2-4

Specimen number fck/MPa Nu/kN Nm/kN

DP2 33.73 4167 4382

DP3 32.74 4135 3833

DP4 34.40 4085 4555

KZ1 44.5 / 5111

KZ2 50.2 / 5589

5 Conclusion

The simulation results for the bearing capacity of HRB650E reinforced high-strength
concrete columns closely alignwith experimental findings, demonstrating a strong fitting
effect.

The finite element analysis model of HRB650E reinforced high strength concrete
column is established by using ABAQUS. Numerical simulation analysis was conducted
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using test data, and the results were compared with experimental findings. The analysis
revealed that increasing concrete strength extends the working condition and signifi-
cantly enhances the bearing capacity of HRB650E reinforced high-strength concrete
columns, as evidenced by the comparison of experimental and simulated data.
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Abstract. Occurrence of undular hydraulic jumps has impact on sediment trans-
port and bank erosion in estuarine areas. The hydraulic properties vary when it
forms on a rough bed, leading to modification of turbulent mixing processes. This
paper reports on a study of undular hydraulic jumps generated with different types
of bed roughness including smooth, rough rubber-matted and grated beds. The
experiment was conducted with a flow rate of 241 m3/h using acoustic displace-
ment meters (ADMs) and an acoustic Doppler velocimeter (ADV). The obtained
results reveal a discernible descending order in the undulations of the first three
waves: smooth, grated, and rough rubber mat. In instances where roughness devi-
ates to either extreme—being excessively small or large—the undulation of the
first three waves intensifies. Through both free surface wave and turbulent flow
field evolution experiments, it was determined that the roughness of the bed pri-
marily influences the first wave, exerting the most pronounced impact on the crest
of the initial wave. As the wave progresses, this influence gradually diminishes.
Therefore, this article further posits that heightened bed roughness corresponds
to an increased fluctuation in velocity at the bottom of the first peak, resulting in
a weakened impact of toe jump oscillation on the flow field. Consequently, this
diminishes the likelihood of negative velocity occurrences.

Keywords: Undular Hydraulic Jump · Free-Surface Undulation · Bed
Roughness · Shallow Flow

1 Introduction

Unlike the classical hydraulic jumpaccompanied by free surface breaking and rolling, the
undular hydraulic jump has a coherent and smooth free surface with subtle fluctuations,
and this fluctuationwill persist downstreamover an extended distance.Undular hydraulic
jumps generally occur when Froude numbers approach 1, which is a transitional state
from supercritical flow to subcritical flow. Therefore, this special phenomenon can often
be observed on coasts and estuaries.

Presently, the predominant focus in undular hydraulic jump research revolves around
the examination of factors such as Froude numbers, aspect ratios, Reynolds numbers, and
their collective impact on the hydraulic jump characteristics. In a study by Chanson and
Montes (1995) [1], experiments were conducted within smooth rectangular channels,
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varying Froude numbers from 1.05 to 3.0. The investigation delved into the velocity,
pressure, and energy distribution along the centerline longitudinal profile and specific
positions in the transverse profile. Notably, within the Froude number range of 1.5 to
2.9, the wavelength and amplitude of free surface waves were identified as functions of
both the Froude number and the aspect ratio (yc/W). Subsequently, Dunbabin (1996) [2]
extended the exploration by investigating the velocity and pressure distribution upstream
of the first crest under three distinct conditions: Fr = 1.41, 1.52, and 1.63.

Ohtsu et al. (2003) [3] divided undular hydraulic jumps into two types, I and II,
based on the ratio H1/B, representing the upstream depth to river width. The primary
distinction lies in whether the shock wave on the sidewall crosses at the first crest. At the
same time, the variation of flow conditions with Reynolds number was delineated, and
an analysis was conducted on the influence of Reynolds number on undular hydraulic
jumps. In a study by Montes and Chanson (1998) [4], pitot tubes were employed for
velocity and pressure measurements in the first three crests and two troughs, elucidating
certain three-dimensional flow characteristics resulting from the development of lateral
shock waves. Ohtsu et al. (1996) [5] found that shock waves were always observed
before the first crest when Fr ≥ 1.2. When the intersection point of the shock wave is
upstream of the first crest, the impact of the shock wave on the undular hydraulic jump
is significant. If the intersection point is downstream, the impact of the shock wave can
be ignored.

Chanson (1995a) [6] conducted experiments maintaining consistent upstream inflow
conditions but varying sidewall roughness compared to Chanson andMontes (1995) [6].
The findings revealed distinguishable flow patterns from those established by the latter
on smooth sidewalls. Pasha and Tanaka (2017) [7] mentioned that when vegetation is
inserted into a rectangular flume, there will be a proportional decrease in speed and
energy with higher vegetation density.

This article conducted two series of experiments on undular hydraulic jumps gener-
ated by different types of bed roughness (including smooth, rough rubber-matted, and
grated beds) in a 0.5m wide channel, such as Fig. 1. The investigations were dedicated
to studying the influence of bed roughness on both the free surface characteristics and
the evolution of the turbulent flow field associated with undular hydraulic jumps. Non-
intrusive measurements of the free surface were carried out using an acoustic displace-
mentmeter (ADM)along the centerline of the sink,while invasive velocitymeasurements
were conducted using an acoustic Doppler velocimeter (ADV). This study demonstrates
the main locations and causes of different turbulence characteristics induced by bed
roughness, providing a theoretical basis for solving sediment deposition issuse [8].
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Fig. 1. Experimental phenomena of rough rubber-matted bed

2 Experimental Setup and Instrumentation

2.1 Facility and Flow Conditions

Experiments were conducted in a rectangular channel equipped with a circulating water
supply system. As shown in the Fig. 2(a), the entire system comprises a high-level tank,
a horizontal channel, and a circulation pool. Water is pumped into a high-level tank
with dimensions of 2 × 2 × 2 m3 from the circulating pool. The flow is controlled by
Siemens Micromaster 430 frequency converter and measured by LDG-200 electromag-
netic flowmeter. At the same time, the flow is verified by a adjustable triangular overflow
weir located at the tail of the flume, with a measurement accuracy of 2%. A movable
baffle is positioned at the high-level tank’s outlet to control the gate opening (inflow
depth), while a triangular weir at the flume’s tail regulates the toe position and tailwater
depth. Rigorous checks are conducted on the tank’s water level and gate opening to
ensure uniform water flow into a horizontal channel measuring 12.5 m in length, 0.5 m
in width, and 0.7 m in depth. Ultimately, the tail water is discharged into the circulating
pool.

The experiment was conducted at Q = 241 m3/h, Fr = 1.75, and Re = 1.34 × 105,
three sets of experiments were conducted on bed with different roughness. Nonintrusive
measurements were performed using acoustic displacement meters on the free surface
contour from the toe of the hydraulic jump to the end of the fourth wave, and invasive
measurements were made using acoustic Doppler velocimeters on the velocity at the
characteristic positions of the first two waves. The measurement cross-section selected
for the experiment is the longitudinal section of the centerline of the flume. For recording
convenience, a fixed point preceding the jump is designated as the starting point of the
x-axis, with the bed denoted as y = 0. Figure 2(b) shows the geometric parameters
measured in the experiments.
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(a)

(b)

Fig. 2. Experimental facility and undular hydraulic jump flow: (a) experimental facility, (b) top
view photo of flume and definition sketch of geometric parameters

2.2 Equivalent Roughness Height

The velocity profile shape in the boundary layer above the rough bed in the measured
subcritical clear-water flow conditions was compared with the Law of theWall in the log
region, and the equivalent roughness heights corresponding to the rubbermat surface and
grille surface were calibrated. Choose the roughness that best fits the theoretical curve.
Compare the measured centerline free surface profile with the theoretical backwater
calculation to verify the accuracy of roughness calculation. It is ultimately believed that
the results of using the log-law estimation to characterize the two types of roughness
are reliable. The results show that the the roughness of smooth bed is ks = 0.5 mm, the
rubber bed is ks = 11.2 mm, and the grated-bed is ks = 18.4 mm.

3 Results: Free-Surface Characteristics

Our observation of general flow patterns shows in Fig. 1 and Fig. 3 indicates that under
smooth bed conditions, transverse shock waves intersect at the first crest and do not
intersect when the bed is rough.

The waveform in Fig. 4 shows the average free surface water depth from the toe
of the hydraulic jump to the end of the fourth wave within 1 min. The horizontal axis
represents the distance from the starting point of the hydraulic jump, and the vertical
axis represents the water depth, both of which have been dimensionless. It can be seen
that the waveform characteristics of the first two waves are the most obvious, and the
fluctuation of the subsequent waves gradually weakens.
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(a) (b)

Fig. 3. Experiments under different bed roughness: (a) smooth bed (b) grated bed

Fig. 4. Time-averaged free-surface profiles of undular hydraulic jump at centerline.

Figure 5 illustrates the water depths of the crests and troughs for the first four waves.
Based on the waveform analysis, it is evident that the smooth bed exhibits the highest
water depth at both the crest and trough of the wave. The grille and rough rubber mat
show similar water depths at the trough, with slight variations at the crest. Specifically,
at the first and second crests, the water depth of the grille is greater than that of the
rough rubber mat. However, from the third crest onward, the water depth of the grille
decreases sharply, only slightly surpassing that of the rough rubber mat, and eventually
falling below the rough rubber mat at the fourth crest. This observation indicates that
the waveform development of the grille is the most unstable, while the waveform of the
rough rubber mat is the most stable. According to Fig. 5(a), the water depth of the second
wave crest is the highest under all three operating conditions, and gradually decreases
thereafter. In Fig. 5(b), the depth of the trough under smooth conditions is themost stable,
while the grille is the least stable, showing a slow increasing trend overall. Across the
first four waves, increased roughness corresponds to greater variation in trough depth as
the waves develop. Simultaneously, as the depth of the wave crest gradually decreases,
the trough depth gradually increases, and the undulating characteristics of the undular
hydraulic jump gradually weaken. Comparing the Fig. 5(a) and(b), due to the difference
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in roughness, the difference in the dependent variable of the former is more significant,
and the influence of roughness on the crest water depth is greater than that on the trough
water depth.

(a)

(b)
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Fig. 5. The water depth at the first four wave characteristic positions: (a) the water depth at crest,
(b) the water depth at trough

In Fig. 6, “L” represents the distance between two adjacent crests, for example, at first
wave it represents the distance between the first and second crests, and the vertical axis
represents the dimensionless crest distance value. In contrast to the pattern observed
in crest and trough water depth, the distance between crests on a smooth bed is the
smallest. Specifically, at the first crest distance, the rough rubber mat exceeds the grille,
and in subsequent second and third crest distances, the grille exceeds the rubber mat.
This pattern reaffirms that under grille conditions, the waveform characteristics of the
first two waves are more pronounced. From the third wave onward, there is a significant
increase in the distance between crests, a substantial decrease in crest depth, and a
rapid weakening of waveform characteristics. This phenomenon may be attributed to
the dissipation of most energy in the first two waves under grille conditions, leading to a
notable attenuation of waveform characteristics at the onset of the third wave. Therefore,
Fig. 6 also demonstrates that as the wave progresses downstream, the crest distance of
the grille exhibits the most fluctuation. Additionally, the average value of crest distance
is arranged in ascending order as follows: smooth, rough rubber mat, and grille.

Figure 7 illustrates the undulation of the first three waves, due to the significant
difference in water depth between the upstream and downstream of the first wave crest,
the calculation of the relief of the first wave crest has been improved. Across different
roughness levels, the undulations of the first three waves follow a descending order:
smooth, grille, and rough rubber mat. Notably, excessively small or large roughness
intensifies the undulation of the first three waves, with the rough rubber mat exhibiting
undulation between the other two and having the weakest undulation. The most signif-
icant difference in undulation occurs in the first wave, followed by a reduction in the
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disparity under various working conditions. The undulation of the rough rubber mat and
grille becomes very close in the second and third waves.
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Fig. 6. Dimensionless crest distance of the first three waves: The abscissa represents the number
of waves. L/d2 means the distance between the crests.
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third waves, and the vertical axis relief is defined as: 2Ai/Li. Furthermore, the undulation of the
first crest is (A1 + A0)/2Lw

4 Results: Turbulent Velocity Characteristics

In the study of free surface wave characteristics, it was found that the waveform char-
acteristics of the first two waves were the most prominent, and the turbulent flow field
evolved more violently. After the second wave, the waves gradually weakened. In the
examination of turbulent flow field evolution characteristics, the turbulent flow field
information of the first two waves was explored, encompassing velocity, turbulence
intensity, and turbulent kinetic energy at the crest and trough of the waves. Figure 8
depicts the distribution of velocity along the water depth at the crests and troughs of the
first two waves. The smooth bed exhibits the smallest flow velocity and negative flow
velocity appears near the bottom of the first wave crest. In contrast, the other two rough
beds do not manifest negative flow velocity. This phenomenon is attributed to the mini-
mal shear force and turbulence of the water flow at the bottom of the smooth condition,
resulting in the emergence of a ‘static water zone’ at the bottom. With the oscillation
of the jump toe, negative velocity appears at the bottom of the first wave crest. As the
bottom roughness increases, the shear force of the bottom water flow intensifies, and
turbulent kinetic energy rises (as depicted in Fig. 9), leading to the formation of numer-
ous vortices in the static water zone. The streamline in the static water zone is no longer
parallel to the free surface, and a small amount of mainstream may traverse the static
water zone, disrupting the stability of the first crest bottom water flow. Consequently,
the static water zone disappears, preventing the occurrence of negative velocity.
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At the first crest, the velocity gradient near the surface of the rough bed is greater than
that of the smooth bed. This observation may be attributed to the fact that under rough
conditions, the shock wave intersects at the first crest, resulting in significant turbulence
in the water flow near the free surface, as depicted in Fig. 9, with pronounced shear
effects. Conversely, under smooth conditions, the shock wave does not intersect at the
first crest. The flow velocities at the first and second crests exhibit a trend of increasing
and then decreasing, and as the hydraulic jump develops, the gradient of flow velocity
changes becomes smaller. This pattern aligns with observations made by Montes and
Chanson (1998) in the velocity profile measured at the first crest of the undular hydraulic
jump centerline. The decrease in speed near the water surface is attributed to surface
rolling and breaking.

Figure 9 shows the distribution of turbulent intensity along the water depth. As the
height increases, the turbulence intensity first increases and then decreases. Furthermore,
as the hydraulic jump develops, this change diminishes gradually until it eventually
disappears.

Roughness exerts a substantial impact on the first wave, with the most pronounced
influence observed at the first crest. However, as it progresses to the second crest, the
influence of roughness on turbulence intensity diminishes significantly, and the three
curves closely approach overlapping. Across different roughness levels, the maximum
turbulence intensity of the first two waves is situated in the lower half of the first wave
crest. Specifically, at the bottom of the first crest (y/d1< 0.5), the smooth bed exhibits the
lowest turbulence intensity, while the grille displays the highest, indicating that greater
bed roughness corresponds to increased velocity fluctuation at the bottom of the first
crest.
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Fig. 9. Distribution of turbulent intensity in the mainstream direction along the water depth at the
characteristic positions of the first two waves

5 Conclusion

An experimental study was conducted on a undular hydraulic jump in a 0.5m wide
flume. The surface undulations of four standing waves were recorded. Under three dif-
ferent roughness conditions of smooth bed, rough rubber mat, and grille, different wave
characteristics are displayed.

In the study of turbulent flow characteristics, the influence of roughness is mainly
on the first wave, with the greatest impact on the first crest. The greater the roughness
of the bed, the greater the fluctuation of the velocity at the bottom of the first crest.

At the first crest of the smooth bed, negative velocity was observed near the bottom,
while the other two rough beds did not exhibit negative velocity. This phenomenon
is attributed to the small shear force and turbulence of the water flow at the bottom
of the smooth bed, resulting in the formation of a “static water zone” at the bottom.
Simultaneously, with the oscillation of the toe, negative velocity emerges at the bottom
of the first wave crest.
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Under various roughness levels, the undulations of the first three waves follow a
descending order: smooth, grille, and rough rubber mat. Excessive small or large rough-
ness intensifies the undulation of the first three waves. The most substantial difference
in undulation occurs in the first wave.
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Abstract. The excitation force of the plant structural vibration of pumped storage
power station mainly comes from hydraulic excitation, which is obviously related
to the cascade combination formed by the number of runner blades and the number
of movable guide vanes of the unit. The main frequency of the excitation force is
closely related to the minimum pitch diameter number of the unit. The analysis of
the vibration test data of the typical pumped storage power station plants showed
that the structural vibration spectrum caused by the cascade combination unit
with the minimum pitch diameter number equaled 1 or 2, generally manifests
as a single main frequency and a large vibration amplitude of the plant. While,
the structural vibration spectrum caused by the cascade combination unit with
the minimum pitch diameter number equaled 4 is relatively dispersed, and the
vibration amplitude of the plant is relatively low. The above research indicates
that the vibration amplitude of the plant has a significant decrease by using the
cascade combination unit with the minimum pitch diameter number equaled 4,
which is very beneficial for the vibration reduction of the plant.

1 Introduction

Pumped storage is a green, low-carbon, clean and flexible regulating power supply with
the most mature technology, the best economy and the most large-scale development
conditions [1]. It has a good coordination effect with wind power, solar power, nuclear
power and thermal power. Accelerating the development of pumped storage is an urgent
requirement for building a new type of power systemwith new energy as themain body, is
an important support for ensuring the safe and stable operation of the power system, and
is an important guarantee for the large-scale development of renewable energy.Due to the
long length of the diversion channel, the high pressure on the pressure side, and the design
of the unit biased towards the runoff type, the vaneless area space between the runner inlet
and the active guide vane is greatly limited. The vaneless area of the pump turbine forms a
high-frequency and strong-amplitude dynamic and static interference pressure pulsation.
The propagation, interference and superposition of the first and higher harmonics of the
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pulsation in the flow channel of the water guide mechanism, the volute flow channel
and the pressure steel pipe may cause vibration, noise and various instability problems
in various parts. For the plant vibration of hydropower station, there are three kinds
of vibration sources, namely hydraulic vibration source, mechanical vibration source
and electromagnetic vibration source [2]. Related studies show that the main vibration
source of pumped storage power station unit and plant is hydraulic vibration source [3,
4], which is pressure pulsation in the flow channel of the unit. The common hydraulic
vibration sources include hydraulic excitation and resonance caused by the dynamic and
static interference in the vaneless area of the pump turbine, as well as pressure pulsation
in the draft tube. Some of the pumped storage power stations that have been put into
operation in China have relatively strong plant vibration. In the later period, the plant
vibration is reduced to a certain extent by taking some measures such as replacing the
runner [5–8]. The measured statistics show that the main vibration frequency of the
pumped storage power station with strong plant vibration is basically the dynamic and
static interference frequency of the pump turbine and its multiple frequency.

In this paper, the vibration characteristics of the measured plant structure are calcu-
lated and counted, and the specific influence of the pressure pulsation generated by the
operation of typical different cascade combination units on the vibration characteristics
of the plant structure is analyzed.

2 Investigation on Vibration Characteristics of Unit and Plant
of Pumped Storage Power Station

When the unit operates under different loads, the main frequency of plant vibration
response is multiple frequency of the overcurrent frequency of the unit. The main exci-
tation source of the plant vibration is pulsating pressure in the flow channel of the
unit.

The matching combination of the number of runner blades and the number of active
guide vanes of the unit is called cascade combination. The cascade combination of early
pumped storage power station units is mainly 9 + 20 or 7 + 20. With the improvement
of research and development capacity of domestic units, the types of pump turbines with
new cascade combinations continue to emerge, such as (5 + 5)/16, 9/22, 13/22, 11/20
and so on, among which (5 + 5)/16, 9/22 type have been the main type of medium and
high head section. The statistical analysis of the plant vibration data obtained from the
test of the operating power station shows that the main frequency of the plant vibration
is mainly 2 or 3 times the overcurrent frequency, which is closely related to the cascade
combination type of the unit.

The on-site vibration test analysis results ofmultiple research institutions are summa-
rized, and the main frequency characteristics of the plant vibration of multiple pumped
storage power stations are obtained, as shown in Table 1.
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Table 1. Statistics on vibration frequency of some pumped storage power plants in China

No. Power station Single
machine
capacity
(MW)

Speed
(r·min−1)

Number
of runner
blades

Number
of active
guide
vanes

Blade over
current
frequency
(Hz)

Main
frequency
of plant
vibration
(Hz)

1 Shisanling 200 500 7 16 58.33 116.7

2 Baishan 150 200 7 20 23.33 70

3 Xilongchi 306 500 7 20 58.33 175

4 Tongbai 306 300 7 20 35 105

5 Liyang 250 300 7 20 35 105

6 Zhanghewan 250 333.3 9 20 50 100

7 Xianju 375 375 9 20 56.25 112.5

8 Dunhua 350 500 9 20 75 150

9 Fengning(I) 306 428.6 9 20 64.29 128.6

10 Shenzhen 306 428.6 9 20 64.29 128.6

11 Hongping 306 500 9 20 75 150

12 Xianyou 306 428.6 9 20 64.29 128

13 Huhehaote 306 500 9 20 75 150

14 Heimifeng 306 300 9 20 45 90

15 Baoquan 306 500 9 20 75 150

16 Huzhou 306 500 9 20 75 150

17 Guangzhou(I) 306 500 9 20 75 150

18 Xiangshuijian 250 250 9 20 37.5 75

19 Bailianhe 306 250 9 20 37.5 75

20 Pushihe 306 333.3 9 20 50 100

21 Qiongzhong 204 375 9 20 56.25 112.5

22 Taian 250 300 9 22 45 90/180

23 Tianhuangping 306 500 9 26 75 225

24 Yixing 250 375 9 26 56.25 168.75

25 Heimifeng(4#) 306 300 6 + 6 20 60 120

26 Jinzhai 300 333.3 13 22 72.2 144.4

The power stations with cascade combination of 9 runner blades and 20 guide vanes
of the unit include Pushihe pumped storage power station, Heimifeng pumped storage
power station (Unit 1#~3#), and Xianyou pumped storage power station. At present,
there are many units of this type of cascade combination. When the unit operates at
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full load, the main frequency of the plant vibration is mainly reflected as 2 times the
overcurrent frequency of the runner blade.

The power stations with cascade combination of 7 runner blades and 16 guide blades
of the unit mainly include Shisanling pumped storage power station. When the unit of
this type of cascade combination operates at full load, the main frequency of the plant
vibration is mainly reflected as 2 times the overcurrent frequency of the runner blade.

The power stations with cascade combination of 7 runner blades and 20 guide blades
of the unit mainly include Baishan pumped storage power station. When the unit of
this type of cascade combination operates at full load, the main frequency of the plant
vibration is mainly reflected as 3 times the overcurrent frequency of the runner blade.

The power stations with cascade combination of 9 runner blades and 26 guide blades
of the unit include Tianhuangping pumped storage power station and Yixing pumped
storage power station. When the unit of this type of cascade combination operates at
full load, the main frequency of the plant vibration is mainly reflected as 3 times the
overcurrent frequency of the runner blade.

3 Hydraulic Excitation Law of Different Cascade Combination
Units

Thevibration source of pumped storagepower stationunits andplants ismainly hydraulic
excitation. The hydraulic excitation characteristics of units with different cascade com-
binations are closely related to the number of guide vanes and the number of runner
blades [9].

The main reason for the hydraulic excitation produced by the unit operation is that
the outlet edge of the movable guide vane of the pump turbine is relatively thick. When
the unit is running, the water flow passes through the movable guide vane, and the wake
effect leads to a uneven flow field at the outlet of the guide vane. Under the action of
water pressure, thewater flow entering the rotating runner also produces regular potential
flow disturbance at the inlet of the runner. The vaneless area between the runner and
the movable guide vane will produce dynamic and static interference, and the pressure
pulsation in the volute will show a periodic law as a whole [10]. The pressure pulsation
in the volute causes vibration and noise of the plant, and the plant vibration and structural
noise also show a similar periodic law.

The pressure field formed by the interaction between the runner blade and the guide
vane can be described by the following equation [11]:

f (x) = B

2
cos[mZrωnt − (mZr − nZg)θs + ϕn − ϕm] + B

2
cos[mZrωnt − (mZr + nZg)θs − ϕn − ϕm] (1)

where, B is the average amplitude of pressure pulsation. m and n are integers. θ s is
an angular coordinate, which is closely related to the angular coordinates of the static
system (volute, guide vane and top cover) and the rotating system (runner). Zg is the
number of active guide vanes. Z r is the number of runner blades. ωn is the rotating speed
of the unit.

Equation (1) shows that pressure pulsation is a function of time t and spatial angle θ s.
It has different low-order andhigh-order hydraulic excitationmodes,which is determined
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by the cascade combination composed of the number of runner blades and the number
of guide vanes.

The pitch diameter number k is described as

k = mZr ± nZg (2)

The minimum pitch diameter number k1 and the maximum pitch diameter number
k2 are described as

k1 = mZr − nZg (3)

k2 = mZr + nZg (4)

kmin = Min(|k|) = Min(|k1|) (5)

It can be seen From Eq. (1) that there are many hydraulic excitation modes in the
flow channel of the unit. The higher the harmonic order of the hydraulic excitation mode
is, the larger the corresponding pitch diameter number |k| is, and the smaller the vibration
amplitude of the hydraulic excitation force is. On the contrary, the lower the harmonic
order of the hydraulic excitation mode is, the smaller the corresponding pitch diameter
number |k| is [12], and the larger the vibration amplitude of the hydraulic excitation force
is. Therefore, the harmonic corresponding to the minimum pitch diameter number k1 is
the main vibration excitation force of pressure pulsation, and the hydraulic excitation
force corresponding to kmin is themax predominant vibration excitation force of pressure
pulsation.

During the operation of the pumped storage unit, the flow components such as volute
and guide vane are forced to vibrate in the hydraulic excitation mode generated by the
dynamic and static interference. The frequency and vibration amplitude of the hydraulic
excitation force are determined by the cascade combination mode and the unit speed.

The frequency of the hydraulic excitation force on the runner is the overcurrent
frequency of the active guide vane fr and its multiple frequency:

fr = nZgfn (6)

The frequency of the hydraulic excitation force on the guide vane, head cover and
volute is the overcurrent frequency of the runner blade fs and its multiple frequency:

fs = mZrfn (7)

where, fn is the unit rotation frequency.
For the pumped storage power station that has been put into operation, when the unit

speed and cascade combination are known, the amplitude and frequency characteristics
of the hydraulic excitation force can be predicted and evaluated according toEqs. (1)~(7).

The main excitation force of the plant vibration of pumped storage power station
is hydraulic excitation. The pressure pulsation is transmitted to the peripheral concrete
support through the head cover and volute, and then is transmitted to the plant structure,
causing plant structure vibration and structural noise. Equations (1)~(7) can reflect the
plant vibration characteristics of pumped storage power station to a certain extent.
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4 Vibration Characteristics of Measured Pumped Storage Power
Plant

The authors have obtained a lot of vibration data of the plant structure of pumped
storage power station with various cascade combinations through measured tests. The
typical hydropower stations tested include Baishan hydropower station, Heimifeng
hydropower station, Shisanling hydropower station, Pushihe hydropower station and
Jinzhai hydropower station. The minimum pitch diameter numbers of the unit in the
above typical pumped storage power stations are also counted, as shown in Table 2. At
the same time, the vibration data of these plant structures are analyzed and compared. It
should be noted that, due to the obvious vibration of 4# unit inHeimifeng pumped storage
power station, the runner has been replaced. The cascade combination of the replaced
4# unit has been transformed from the original 9/20 to the current (6 + 6)/20[8].

Table 2. Statistics for minimum pitch diameter of typical pumped storage power plant units

Power station & cascade combination fn (Hz) n m k1 fs (Hz) fs/fn

Pushihe 5.555 1 2 −2 100.0 18

9/20 2 4 −4 200.0 36

Shisanling 8.333 1 2 −2 116.7 14

7/16 2 5 3 291.7 35

Baishan 3.333 1 3 1 70.0 21

7/20 2 6 2 140.0 42

Heimifeng 5.000 1 2 4 120.0 24

(6 + 6)/20 2 3 −4 180.0 36

Jinzhai 5.555 1 2 4 144.4 26

13/22 2 3 −5 216.6 39

4.1 Analysis of Vibration Spectrum Characteristics of Measured Pumped
Storage Power Station Plant

The frequency spectrum analysis of the measured data of the plant vibration of typical
pumped storage power stations was carried out. From the calculated frequencies of the
hydraulic excitation mode corresponding to the minimum pitch diameter number ( see
Table 2), it can be seen that the main frequencies of the actual plant vibration are very
consistent with the frequencies of hydraulic excitation mode corresponding to k1, which
shows that the hydraulic excitation force of different cascade combination units ismainly
the hydraulic excitation mode with n = 1 or n = 2 and k = kmin.

For the power stations with the minimum pitch diameter kmin = 1 of the unit, such
as Baishan pumped storage power station, and the power stations with the minimum
pitch diameter kmin = 2, such as Pushihe pumped storage power station and Shisanling
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pumped storage power station. The vibration spectrum of the plant structure of the three
pumped storage power stations shows obvious dominant frequency, and the dominant
frequency is m times the overcurrent frequency of the runner blade. Vibration fourier
spectrograms of Baishan power station are shown in Fig. 1.

(a) X-direction vibration fourier spectrogram

(b) Y-direction vibration fourier spectrogram

(c) Z-direction vibration fourier spectrogram

Fig. 1. Three orthogonal direction’s vibration frequency spectrograms of a measuring point in
Baishan power station

For the power stations with the minimum pitch diameter kmin = 4 of the unit, such
as Jinzhai pumped storage power station and Heimifeng pumped storage power station
(4# unit), although the main vibration frequency of the plant structure includes m times
frequency of the overcurrent frequency of the runner blade, the vibration amplitude
corresponding to the frequency is not significant. Vibration fourier spectrograms of
Jinzhai power station are shown in Fig. 2. The plant vibration energy is distributed in a
wide frequency band. The vibration amplitude of the plant structure of the two pumped
storage power stations are significantly smaller than that of other power stations.

4# unit of Heimifeng power station adopts the cascade combination type of (6 +
6)/20. 6+ 6 is a runner type with six long blades and six short blades. Its hydraulic exci-
tation mode is more complex and diverse than that presented by a single length runner
blade. The main frequency characteristics of the hydraulic excitation force contain the
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(a) X-direction vibration fourier spectrogram

(b) Y-direction vibration fourier spectrogram

(c) Z-direction vibration fourier spectrogram

Fig. 2. Three orthogonal direction’s vibration frequency spectrograms of a mseasuring point in
Jinzhai power station

main frequency characteristics of the hydraulic excitation mode of the cascade combi-
nation of 12/20 and 6/20. There are many characteristic frequencies in the spectrum, but
the vibration amplitude is small.

4.2 Statistical Comparison of Measured Vibration Response of Pumped Storage
Power Station Plant

There are obvious differences in the vibration amplitude of the plant structure in sev-
eral power stations with different cascade combinations that are investigated. It can be
seen from the measured statistical results (Table 3) that the plant structural vibration of
Heimifeng pumped storage power station (the cascade combination is (6 + 6)/20) and
Jinzhai pumped storage power station (the cascade combination is 13/22) is significantly
small. The common feature of these two combinations is kmin = 4.

From the perspective of spectrum characteristics, the plant vibration energy distri-
bution characteristics of Heimifeng pumped storage power station and Jinzhai pumped
storage power station are that the dominant frequency is not obvious, the vibration energy
is distributed in a wide frequency band, and the vibration amplitude of the plant structure
is significantly reduced. It shows that the plant vibration amplitude is obviously reduced
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Table 3. Statisticals for plant vibration of different pumped storage power stations during full
load generating operation of units

Location Maximum vibration acceleration root mean square value (g)

Pushihe Shisanling Baishan Heimifeng Jinzhai

Floor slab of generator
layer

0.133 0.339 0.061 0.019 0.015

Z-direction Z-direction Z-direction Z-direction Z-direction

Floor slab of busbar layer 0.259 0.092 0.016 0.027 0.017

Z-direction Z-direction X-direction Z-direction Z-direction

Floor slab of water
turbine

0.046 0.292 0.016 0.062 0.021

X-direction Z-direction Z-direction Z-direction Z-direction

Column of busbar layer 0.246 0.242 0.045 0.024 0.021

Y-direction X-direction X-direction Y-direction Y-direction

Column of water turbine
layer

0.114 0.135 0.038 0.034 0.024

Y-direction X-direction Y-direction Y-direction Y-direction

by using the cascade combination mode with the number of pitch diameter kmin = 4,
which is beneficial for the vibration reduction of the plant.

5 Conclusions

The excitation force amplitudes of pressure pulsation of the dynamic and static inter-
ference of the units with different cascade combinations are significantly different. The
frequency spectrum analysis results of themeasured vibration data in the typical pumped
storage power plant structures also reflect the frequency characteristics of the dynamic
and static interference, indicating that the main vibration source of pumped storage
power plant vibration is hydraulic excitation force.

(1) When theminimumpitch diameter number of the unit is 1 or 2, the vibration spectrum
of the plant structure shows a significant single dominant frequency, which ism times
the overcurrent frequency of the runner blade.

(2) When the minimum pitch diameter number of the unit is 4, although the main
vibration frequency of the plant structure contains m times frequency of the runner
blade, the amplitude of the main vibration frequency is not large. The plant vibration
energy is distributed in a wide frequency band, and the vibration amplitude of the
plant structure has a significant decrease.
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Abstract. The tailrace outlet slope located on the right bank of the Kala
hydropower station represents a typical bedding slope characterized by a mod-
erate to large dip angle. The excavation at the toe of the slope create favourable
conditions for rock mass deformation and failure. In order to evaluate the slope’s
stability, a thorough investigation and analysis of the engineering geological con-
ditions are conducted. Additionally, the stress-strain characteristics resulting from
the slope excavation are simulated utilizing the discrete element software 3DEC.
Finally, the strength reduction method is used to evaluate the safety factor of the
slope. The research results show that the stability of the slope is notably influenced
by the presence of medium and large dip structural planes, the cutting excavation
at slope toe can lead to deformation and localized block instability. The imple-
mentation of the system pre-stressed cables effectively increases the safety factor
of the slope and ensures the stability of the tailrace outlet slope. These findings
will provide valuable references for the design of similar rock slopes.

Keyword: Kala Hydropower Station · Stability Analysis · Strength Reduction
Method · Bedding Slope

1 Introduction

The construction of large-scale hydropower projects in southwestern China has triggered
considerable concerns regarding the stability of high and steep rock slopes. In response
to this issue [1], Zheng Yingren, Song Shengwu, and Huang Runqiu have conducted
a comprehensive study on high rock slope stability and have identified several com-
mon failure mechanisms associated with these slopes [2–4]. However, it is worth noting
that rock slopes exhibit diverse characteristics based on their specific geological environ-
ments. In mountainous regions, rock slope deformation and failure caused by excavation
is a significant geological challenges. Amongst these challenges, layered rock slopes are
highly susceptible to collapse and failure as a result of excavation under the influence
of weak structural planes such as joints, bedding planes and faults [5]. Therefore, the
stability evaluation of the layered rock slope is particularly important.

The stability analysis of slopes typically utilizes two main methods: the strength
reduction method and the limit equilibrium method (LEM) [6]. The LEM has been
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widely employed in civil projects due to its simplicity and effectiveness in assessing
slope stability. However, this method still has certain limitations. For example, it does
not take into account the deformation and stress characteristics of rock masses within
slopes. To address these limitations, the strength reduction method based on numerical
simulation can be employed, which provides a more comprehensive assessment of slope
stability [7].

The Kala Hydropower Station, situated in the middle reach of the Yalong River,
is the seventh cascaded development station. It serves primarily for power generation,
with an installed capacity of 1020 MW. The reservoir maintains a normal water level
of 1,987 m and has a storage capacity of 2.4 × 109m3. The right bank is a prototypical
bedding slopewith a dip angle 55~65°.Due to intricate geological and tectonic processes,
various unfavorable geological features are present, including faults (f124, f198, f199,
f201 et al.), carbonaceous slate interlayer, and other weak geological structural planes
within the tailrace outlet slope. Such unfavorable features contribute to the poor stability
conditions of the slope, and excavation activities in the lower section of the slope further
intensify the likelihood of rock mass deformation and failure [8]. Therefore, it becomes
essential to evaluate the stability of the tailrace outlet slope. This study utilizes the
strength reduction method to analyze the stability of the tailrace outlet slope at the Kala
Hydropower Station. The findings of this analysis can provide valuable insights for the
design and construction of the slope.

2 Geological Background

2.1 Engineering Geology

The outlet of the tailrace tunnels is characterized by a natural slope that exhibits signif-
icant height and steepness, as well as a complex geological composition. The bedrock
in the study area is composed of metamorphic rock belonging to the Zagunao group of
Upper Triassic(T3Z2). The exposed rock layers consist mainly of sandy slate, metamor-
phosed sandstone, marble, and carbonaceous slate structures with interbedded charac-
teristics. The rock mass within the slope generally exhibits weak weathering, and the
strongly unloaded rock mass extends horizontally to a depth of approximately 10~20 m,
as shown in Fig. 1.

The rock formation within the slope exhibits a dip direction ranging from N55°E
to N65°E and a dip angle of 55~65°, while the slope on the right bank follows a dip
direction of N50°E to N60°E with a slope angle ranging from 30° to 45°. Within the
slope, numerous faults have developed, with those striking NW to NWWbeing the most
prominent and extensive, including f124, f198, f199, f201 and others. Additionally, two
primary sets of joints can be observed: the first set features orientations ranging from
N65°E to N75°E with a southeast inclination angle of 85° to 90°, while the second set
exhibits orientations from N30°W to N35°W with a southwest inclination angle of 25°
to 30°.

2.2 Design of the Tailrace Outlet Slope

The tailrace outlet slope consists of two main parts: the cut slope and the natural slope.
The cut slope has a maximum height of 112.5 m, extending from an elevation of 2015
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Fig. 1. The geological profile of the tailrace outlet slope.

m to 1902.5 m, as shown in Fig. 2(a). To ensure stability, different slope ratios are
adopted. For elevations above 1950 m, a slope ratio of 1:0.5 is used. From 1950 m to
1930 m, a slope ratio of 1:0.3 is applied. Below 1930m, the slope ratio becomes vertical.
Additionally, benches, each 3 m wide, are established every 20 m in the cut slope. The
natural slope above the cut slope has a height exceeding 500 m.

To safeguard and reinforce the slope, a designedprotection and reinforcement scheme
comprising three key elements is implemented, as illustrated in Fig. 2(b). Firstly, a layer
of 15 cm of shotcrete is uniformly applied to all newly excavated surfaces. Secondly,
rock bolts are placed at 2-m intervals to provide shallow support, with the length of the
bolts ranging from 6 to 9 m. And thirdly, pre-stressed cables are employed to control
slope deformation and ensure overall stability. These cables are designed with a capacity
of 2000 kN, with lengths ranging from 40 to 50 m, and spacing set at 4 m × 4 m.

(a) The layout of excavation (b) The support scheme

Fig. 2. The excavation plane view and support scheme of the tailrace outlet slope.
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3 Numerical Models and Boundary Conditions

3.1 The Discrete Element Model

Based on the actual construction sequence, a simulation of the construction process is
carried out using the 3DEC software, as shown in Fig. 3. The model is designed with
dimensions of 660 m in the X direction, perpendicular to the slope strike, 300 m in the
Y direction, and a vertical direction height of 650 m. Normal displacement constraints
are applied on boundaries of left, right, frontal, and back, the bottom boundary is limited
by a fixed constraint, and the top boundary is free.

Fig. 3. Numerical calculation model.

3.2 Calculation Parameters

Joint elements are utilized to simulate the geological structural planes, such as the car-
bonaceous slate interlayer JC7, joints J47, J48, J119, and faults f189, f198, f199 et al. The
constitutive model employed for these structural planes follows a linear Coulomb shear-
strength criterion, which sets limits on the shear force acting at each interface node.
The rock mass is considered as an elastic-plastic material, employing a Mohr-Coulomb
model.

Accurate estimation of the mechanical parameters of both the rock mass and struc-
tural features is very important for the stability analysis of the slope. In this study, the
rock mass of the tailrace outlet slope is classified into four grades based on weathering
characteristics, as depicted in Fig. 4. The strength parameters of the rock mass and faults
are determined through in-situ testing and similar construction experience, which are
listed in Table 1 and Table 2 [9].
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Fig. 4. Classification of rock mass.

Table 1. Mechanical parameters for the rock mass.

Classification of
rock mass

Density
ρ(kg/m3)

Elastic
modulus E
(GPa)

Poisson’s
ratio

Internal friction
angle ϕ(°)

Cohesion c
(MPa)

II 2780 21.5 0.19 49.0 1.35

III1 2770 13 0.23 43.5 1.15

III2 2760 5 0.25 40.4 0.95

IV 2670 2.25 0.30 33.0 0.43

Overburden 2200 0.1 0.45 31.0 0.075

Table 2. Mechanical parameters for structural planes.

Structural feature Friction angle
ϕs(°)

Cohesion
cs(MPa)

Tensile strength
Ts(MPa)

Joint, Bedding plane 26.5~31.0 0.1~0.15 0

Faults filled with detrital
material

24.2~28.8 0.1~0.15 0

filled with detrital
material and gouge

21.8~24.2 0.08~0.10 0

filled with gouge 14.0~19.3 0.03~0.05 0

Carbonaceous slate interlayer 26.5~31.0 0.15~0.20 0
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4 Analysis Results

4.1 The Deformation Characteristics Resulting from Excavation

The construction process, including excavation and the installation of reinforcements,
is accurately simulated based on the actual work carried out on the slope. Fig shows the
comparison of deformation characteristics after excavation under the conditions of no
support and applied support. As shown in the Fig. 5, the deformation of the rock mass is
primarily controlled by weak structural planes. With the cutting excavation at slope toe,
the fault f198 will be exposed on the excavation face, and the rock mass on both sides of
the fault has obvious discontinuous deformation.

(a) before installation of the support

(b) after installation of the support

Fig. 5. The deformation Characteristics after excavation.

From Fig. 5(a), there is an unstable block, the bottom slip plane is fault f198, the rear
edge is fault f199, and the upstream and downstream side boundaries are joint J47 and J48
respectively. Without considering any support measures, this block presents significant
risks of instability and failure, thereby compromising construction safety. However, by
implementing the reinforcement measures depicted in Fig. 2(b), the shear deformation
along the fault f198 is effectively controlled, and the maximum deformation induced by
excavation is generally within 10 mm.
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4.2 Slope Stability Analysis

The strength reduction method [10] is used to analyze the stability of the slope after
reinforcement with pre-stressed cables:

ct = c/Ft

ϕt = tan−1(tan ϕ/Ft)

}
(1)

where Ft is strength reduction factor.
The strength reduction method employed in this study involves adjusting the shear

strength of the structural plane by modifying the reduction factor Ft. Subsequently, a
stability analysis of the slope is conducted using the Discrete Element Method. The
reduction factor serves as the safety factor when the slope reaches a critical failure state.
In this paper, the critical failure state is determined based on the plastic yielding zone
connection criterion and the displacement mutation criterion [11].

Figure 6 shows the deformationvelocity of the slope under critical instability, its show
that the deformation velocity of the huge potential block composed of structural planes
f198, J47 and J48 is significantly higher than that of other parts. To analyze the stability
of this block, three observation points (P1, P2, and P3) are set along its boundaries.
Figure 7 presents the relationship curves between the displacements of the observation
points and the strength reduction factor. Notably, the displacement of P2 experiences a
sharp increase when the strength reduction factor exceeds 1.25. Therefore, according to
the displacement mutation criterion, the safety factor of the block composed of structural
planes f198, J47 and J48 can be defined as 1.25.

Fig. 6. The deformation velocity of the slope under critical instability.

Figure 8 shows the development of the plastic yielding zone on the structural planes
throughout the process of strength reduction. Examination of the Fig. 8 reveals that
plastic yielding failure initially occurs on the structural planes near the rear edge of
the block. As the reduction factor increases, the plastic yielding zone gradually extends
towards the front edge of the block. At a strength reduction factor of 1.30, the plastic
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Fig. 7. Relation curve of displacements of the observation points and strength reduction factors.

zone on the bottom slip plane f198 becomes fully connected. Therefore, based on the cri-
terion of plastic yielding zone connection, the reduction factor of 1.25 from the previous
calculation step is defined as the safety factor for the block.

(a) Ft=1.10 (b) Ft=1.20 (c) Ft=1.25 (d) Ft=1.30

Fig. 8. The development of the plastic yield zone (shown in blue) on the structural planes with
the strength reduction factors.

4.3 Stability Evaluation and Guiding to Construction

The stress-strain characteristics of slope excavation indicate that cutting the slope toe
will cause sliding failure along fault f198 without any support. However, implementing
pre-stressed cable support can significantly enhance the stability of the slope and effec-
tively restrict shear displacement within weak structural planes. With the installation of
this support system, the safety factor of the tailrace outlet slope reaches 1.25, thereby sat-
isfying the minimum safety factor requirement specified in the code [12]. Therefore, the
current reinforcement scheme can be considered rational and dependable. Nevertheless,
it is crucial to maintain a vigilant monitoring of geological conditions throughout the
slope excavation process and carefully assess their potential impacts on slope stability.

5 Conclusions

This study aims to investigate and analyze the deformation characteristics and stability
of a complex bedding slope located at the outlet of the tailrace tunnels in the Kala
Hydropower Station. The following conclusions can be drawn:
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(1) The overall stability of the tailrace outlet slope mainly depends on the huge potential
block formed by structural planes f198, J47 and J48. The excavation of the slope toe
has resulted in the removal of the rocks that previously acted as a stabilizing factor,
leading to a significant deterioration in slope stability.

(2) On the basis of ensuring the safety of the supporting structure itself, the pre-stressed
anchor cables can effectively restrict the shear deformation of the block along the
fault f198, thereby improving the overall stability of the slope.

(3) The stability of the slope is assessed using the strength reductionmethod,with a com-
parison made between the calculation results obtained from two failure criteria: the
plastic yielding zone connection criterion and the displacement mutation criterion.
The results indicate that the safety factor of the huge block reinforcement by pre-
stressed anchor cables is 1.25, and the stability of the block meets the requirements
of the code, which can ensure the safety of the slope.
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Abstract. Currently, the problem of concrete cracks is one of the common quality
problems that is difficult to solve in the field of water conservancy and hydropower
engineering. In order to study the distribution law of concrete temperature field
during the construction period of underground cavern rock wall crane beams,
different cooling water pipe arrangements were adopted to simulate and analyze
the internal temperature and stress of concrete. The results show that the three-
layer parallel cooling water pipe arrangement has the best cooling effect and can
effectively control concrete cracking.

Keywords: Crane Beam · Cooling Water Pipe · Water Pipe Layout ·
Temperature Field

1 Introduction

In the process of concrete pouring and hardening, the hydration reaction of cement
emits large heat. This chemical reaction leads to the change of the concentration of
each component (such as the hardening of cement gel) and causes the structure to heat
up. Conversely, an increase in temperature will exacerbate the rate of hydration reac-
tion. The hydration reaction will rapidly increase the temperature of concrete to 70 °C.
Subsequently, as the hydration rate slows down and the temperature decreases, thermal
shrinkage occurs, leading to the generation of thermal stress. Under the dual driving
forces of chemistry and thermodynamics, the physical characteristics of temperature,
strength, stiffness, creep, and shrinkage of newly poured concrete will undergo signifi-
cant changes, which can easily lead to cracking [1]. A large number of engineering crack
treatment and investigation results show that 80% to 90% of cracks in concrete struc-
tures are caused by the tensile stress generated during the cooling process of concrete
construction exceeding the tensile strength of concrete.

The rock wall crane beam of the underground powerhouse of a hydropower station
is a structure that uses grouting long anchor rods to anchor the reinforced concrete beam
body on the rock wall. Its inclined surface is conducive to forming a wide upper and
narrow lower factory structure, which can effectively narrow the span of the factory,
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reduce the excavation amount of the factory, reduce the engineering cost, and main-
tain the stability of the surrounding rock. During the construction period, temperature
stress is prone to cracking. Currently, China mainly focuses on three aspects of crack
prevention and resistance of concrete: ➀ improving the crack resistance performance
of concrete from the material aspect, increasing its tensile strength and ultimate tensile
value, reducing its hydration heat and shrinkage value; ➁ Propose reasonable structural
types and dimensions from the perspective of structural design; ➂ Take corresponding
temperature control measures during construction to reduce adverse factors that cause
concrete cracking [2].

The thermal conductivity of concrete is poor, making it difficult to dissipate in a short
period of time and form a nonlinear temperature field inside. In the initial temperature
rise stage, it is in a plastic flow state, and the uneven temperature distribution will
not generate significant tensile stress in the concrete; However, during the process of
temperature decrease, concrete has already reached a certain strength. The changes in
temperature field and other constraints limit the free shrinkage of concrete, resulting
in a certain amount of temperature stress. As the surface temperature is often lower
than its internal temperature, significant tensile stress will be generated on the surface
of concrete. If it exceeds the ultimate tensile strength of concrete, surface cracks will
occur, which will further develop into penetrating cracks [3, 4]. Years of research have
shown that the main cause of such cracks is the combined effect of concrete shrinkage
(self generated volume strain) and environmental temperature changes and constraints.
Therefore, the accuracy of temperature field simulation is crucial for the study of crack
formation in concrete.

In recent years, research on concrete temperature and stress has been continuously
deepening, and different scholars have made their research on this issue more specific
and targeted. Tasri conducted research on thermal stress and temperature gradient caused
by the space between the cooling pipes and cooling water temperature of post cooling
components [5]. Myers and Charpin treat the heat transfer problem between cooling
water pipes and concrete as plane strain and analyze the effects of cooling water flow
rate and pipematerial on concrete temperature [6]. Zeng has studied the effect of pouring
speed on temperature stress [7]. Qiang has achieved certain results in the calculation of
water pipe cooling algorithms [8].

Previous research on the effect of cooling water pipes on the temperature and stress
fields of concrete has been relatively limited. This study mainly compares the layout
of different cooling water pipes, Propose the best method to meet the requirements of
temperature control and crack prevention.

2 Theory and Method

2.1 Theory of Temperature Field Calculation

Heat conduction is a specific heat transfer method, in which heat is transferred from the
high-temperature area to the low-temperature area inside an object, satisfying the heat
conduction equation:

∂T

∂t
= λ

ρc

(
∂2T

∂x2
+ ∂2T

∂y2
+ ∂2T

∂z2

)
+ ∂θ

∂t
(1)
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In the formula: λ is the thermal conductivity of concrete, c is the heat capacity of
concrete, ρ is the density of concrete, θ is the heat of concrete hydration, and T is the
temperature of concrete.

In the heat conduction of solids, the heat flow rate (the amount of heat per unit area
per unit time) is directly proportional to the temperature gradient, but the direction of
the heat flow is opposite to the direction of the temperature gradient. The heat flow rate
transmitted by concrete through the boundary of water pipes can be expressed as:

q = −λ
∂T

∂x
(2)

Considering the variation of water temperature along the cooling water pipe, the heat
change per unit length of cooling water per unit time can be expressed as:

Tout = Tin − λ

qwρwcw

¨

s

∂T

∂x
ds (3)

The heat transferred from the pipe wall to the water flow per unit time can be
expressed as: due to hydration, under adiabatic conditions, the temperature rise rate
of concrete is:

∂θ

∂τ
= Q

cρ
= Wq

cρ
(4)

In the formula: is the adiabatic temperature rise of concrete, W is the amount of
cement per unit of concrete, q is the hydration heat released per unit weight of cement
per unit time.

2.2 Calculation Theory and Solution Method for Concrete Creep Stress

The theory of elastic creep stress can effectively describe the constitutive relationship
of concrete. The strain increment of concrete during the time period �t is:

{�εn} = {
�εen

} + {
�εcn

} +
{
�εTn

}
(5)

Among them:
{
�εen

}
represents the increment of elastic strain;

{
�εcn

}
is incremental

creep strain;
{
�εTn

}
is increment of temperature strain.

Zhu Bofang pointed out that the sum of elastic strain increment and creep strain
increment can be written as:[9]

{
�εen

} + {
�εcn

} = {ηn} + 1 + C(tn, τn)

E(τn)

[
Q

]{�σn} (6)

Among them: {ηn} = ∑m
s=1

[
1 − exp(−rs�τn)

]{ωsn}, {ωsn} is the state variable that
changes over time.

In summary, the stress-strain relationship of concrete can be obtained as follows:

{�σn} = E(τn)

1 + E(τn)C
(
tn,τn

) [
Q

]−1({�εn} − {ηn} − {
�εen

} + {
�εcn

})
(7)
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The basic idea of using sequential couplingmethod to solve the stress field of concrete
is to first use the HETVAL subroutine to solve the temperature field of the structure, and
then import the temperature field to solve the stress field using the UMAT subroutine.
Calculation model and calculation parameters.

2.3 Simulate Cooling Water Pipes

The diameter of the cooling water pipe is set to 28 mm, which is much smaller than
the size of the concrete structure. The key to the accuracy of the calculation results lies
in the precise establishment of a large volume concrete model containing the cooling
water pipe. Therefore, the substructure method can effectively solve the complex struc-
tural problems mentioned above. The substructure method, also known as superelement
technique, divides complex structures into several small modular substructures, each of
which is connected by boundaries [10]. When solving, first fix the common boundary,
calculate the stiffness matrix of each substructure relative to the common boundary,
and then use the finite element balance equation to assemble the stiffness matrix of the
substructure through the common boundary, forming the overall balance equation of the
entire structure.

Finally, use the temperature of the common boundary node solved as the specified
temperature to solve the internal temperature of the substructure. This study used an
octagonal water pipe structure to simulate, and the grid diagram of the division is shown
in Fig. 1. And take one layer of units as the cooling water pipe, as shown in Fig. 2.

Fig. 1. Schematic diagram of the
sub-structure

Fig. 2. Simulation diagram of cooling water
pipe

3 Finite Element Simulation Analysis

3.1 Calculation Model

Due to the spatial structural characteristics of the rock wall crane beam, it is advisable to
use the three-dimensional nonlinear finite element method for calculation. Meanwhile,
the finite elementmethod can effectively simulate the nonlinear temperature field formed
during the pouring and hardening process of rock wall crane beams. Extend horizontally
from the side wall to the interior of the surrounding rock to three times the anchoring
depth of the system anchor rod, that is, take the thickness of the surrounding rock as 27.0
m; Vertically, the section height of the rockwall crane beam extends 4 times upwards and
downwards from the top and bottom of the rock wall crane beam, that is, 9.0 m upwards
and downwards respectively; The axial direction is taken as 1.5 times the width of a
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crane, which means the longitudinal length is taken as 11.0 m. In order to ensure high
computational accuracy, the grid size of the rock wall crane beam and its surrounding
area should not exceed 1/16 of the height of the rock wall crane beam, with a grid size
of 0.19 m. Among them, the Mohr Coulomb yield criterion is used for the concrete
of the rock wall crane beam and the nearby rock mass. A thin layer element with a
thickness of 10cm is used to characterize the contact surface between the rock wall
crane beam and the surrounding rock. The elastic modulus is taken as 1/10–1/2.5 of the
surrounding rock and the Mohr Coulomb yield criterion is used. In three-dimensional
finite element calculations, the rock mass and rock wall crane beam both use spatial
eight node hexahedral elements. The overall coordinate origin of the model is selected
in the middle of the rock wall crane beam, with the X-axis transverse to the river, the
Y-axis longitudinal to the river, and the Z-axis vertical upwards. The specific overall
structural model and the detailed three-dimensional finite element calculation mesh of
the rock wall beam are shown in Figs. 3 and 4.

Fig. 3. Structural model Fig. 4. Finite element mesh of rock wall beam

3.2 Boundary Conditions and Material Parameters

The thermal parameters of rock wall beam concrete include: concrete specific heat, ther-
mal conductivity, surface heat dissipation coefficient, and concrete adiabatic temperature
rise;

The adiabatic temperature rise model of concrete adopts an exponential function
model, as shown in the following equation:

θ = θ0

(
1 − e−aτ b

)
(8)

Among them: θ0 is final adiabatic temperature rise, τ is Time, a, b is time related
parameters. The parameters of the concrete adiabatic temperature rise model are taken
as: 46.0, 0.499, and 1.068.

Concrete surface heat dissipation coefficient: 960 kJ/(m2 · d · ◦C) for the horizontal
plane, multiplied by 1.08 for the vertical plane. When there is a template on the concrete
surface, take 1/3 of the valuewithout the template. The surface heat dissipation coefficient
of the surrounding rock is taken as 500 kJ/(m2 · d · ◦C).
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The growth curve of concrete elastic modulus with age adopts a composite
exponential model form, namely:

E(τ ) = E0(1 − e−cτ d ) (9)

In the formula: E0 represents the final elastic modulus, it is recommended to take
36.00 MPa; c, d is two parameters related to the growth rate of the elastic modulus,
with values of 0.28 and 0.52, respectively. Table 1 lists the calculation parameters of the
material.

Table 1. Calculation Parameters

Thickness
(kg m–3)

specific heat
kJ/(kg °C)

Poisson’s
ratio (GPa)

elastic
modulus

thermal
conductivity
kJ/(m d °C)

expansion
coefficient

concrete 2500 0.96 0.617 36 220 1.05 × 10−5

rock 2600 0.91 0.23 13 86 9 × 10−6

The following formula is used for the creep degree of concrete:

C(t, τ ) = 0.23

E0

(
1 + 9.2τ−0.45

)[
1 − e−0.3(t−τ)

]

+0.52

E0

(
1 + 1.7τ−0.45

)[
1 − e−0.005(t−τ )

] (10)

The stress relaxation coefficient of concrete is expressed by the following equation:

K(t, τ ) = 1 −
(
0.4 − 0.6e−0.62τ 0.17

)(
1 − e−(

0.2+0.27τ−0.23
)
(t − τ)0.36

)
(11)

The underground powerhouse of the pumped storage power station is located in a
deep area above 200 m underground. In the absence of a heat source, the temperature
inside the cave should change according to a regular pattern around the average temper-
ature throughout the year. The average temperature in Weifang is 12.8 °C. Considering
that there is a significant difference between the temperature inside the cave and the
temperature due to the influence of construction machinery. Based on past experience,
it is assumed that the temperature inside the cave is approximately between 24 and 29
°C, and varies with the four seasons according to a regular pattern.

3.3 Calculation Results

Four types of coolingwater pipe arrangements are shown in Fig. 5. Scheme 1:No cooling
water pipe as control group. Scheme 2: Adopting a double-layer parallel cooling water
pipe layoutmethod. Scheme 3:Adopting a single-layer vertical coolingwater pipe layout
method. Scheme 4: Adopting a three-layer vertical cooling water pipe layout.
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Scheme 1 Scheme 2 Scheme 3 Scheme 4

Fig. 5. Diagram of different cooling water pipe layout schemes

Fig. 6. Schematic diagram of key points on rock wall beams

Temperature Field Calculation. Select four key points of the rock wall beam for
analysis, as shown in Fig. 6.

A three-dimensional calculation model of the rock wall beam of a pumped storage
power station was constructed based on the actual design scheme, using thermal cal-
culation parameters of concrete and foundation. At the same time, based on the actual
construction situation and corresponding boundary conditions, a three-dimensional tran-
sient temperature field simulation calculation was carried out during the construction
period of the rock wall beam. Specific analysis was conducted on the temperature of the
cave, the temperature calculation results after pouring the rock wall beam, and the stress
results at key points.

Figure 7 and8 show the temperature variation patterns of the four characteristic points
in Scheme 1 andScheme 4 over time, respectively. Comparing the various schemes, it can
be seen that the cooling effect of the three row vertical cooling water pipe arrangement
in Scheme 4 is the best, so only the variation diagrams of the control group and Scheme 4
are shown. Throughout the entire calculation cycle, the temperature at the center position
N04 without cooling water pipes was higher than the temperature at the other three key
points. When the template was removed on the 7th day, there was a significant change
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Fig. 7. Diagram of the variation of
temperature over time in Scheme 1
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Fig. 8. Diagram of the variation of
temperature over time in Scheme 4

in temperature at each key point, and then the temperature gradually decreased. In the
later stage of pouring, the temperature at each key point was significantly affected by
the temperature and gradually tended to be consistent. And the center point NO4 in
scheme 4 has the lowest temperature, and the other key points have not exceeded 30°C,
indicating that the cooling effect is very good. After pouring, the temperature gradually
decreases and the hole temperature gradually decreases.

Fig. 9. Temperature distribution map of the
middle section of the rock wall beam wall
after one days of pouring

Fig. 10. Temperature distribution map of the
middle section of the rock wall beam wall
after 3.5 days of pouring

Fig. 11. Temperature distribution map of the
middle section of the rock wall beam wall
after 7 days of pouring

Fig. 12. Temperature distribution map of the
middle section of the rock wall beam wall
after 28 days of pouring

Figure 9, 10, 11 and 12 shows the temperature cloud maps of the middle section
of the rock wall beam on the 1st, 3.5th, 7th, and 28th days of scheme 1.The internal
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temperature of the rock wall beam concrete rises rapidly three days before pouring. In
the condition of no cooling water pipe, the highest temperature is about 36.25 °C on the
first day, and reaches the highest value on the 3.5th day, about 51.46 °C. The highest
temperature is located at the core of the rock wall beam concrete beam, and the concrete
temperature gradually diffuses and decreases from the inside out; As time went on, the
rate of temperature decrease at each location slowed down. After removing the template,
the highest temperature reached 28.74 °C at 28 days.

In working condition two of the cooling water pipe, the temperature reached its
highest value on the first day, about 33.88 °C. The high-temperature part is located at the
corner of the rock wall beam surface where the water pipe is not buried and in contact
with the air. On the third day, the temperature reached its highest value, about 41.50 °C.
After removing the template, the temperature slowly decreased and tended towards the
temperature inside the cave. At 28 days, the highest temperature reached 28.73 °C.

In working condition three of the cooling water pipe, the temperature reached its
highest value on the first day, about 34.13 °C. The concrete temperature gradually dif-
fused and increased from the inside out with thewater pipe as the center. On the third day,
the temperature reached its highest value, about 42.99 °C. After removing the template,
the temperature slowly decreased and tended towards the temperature inside the cave.
On the 28th day, the highest temperature reached 28.73 °C.

The cooling effect of the cooling water pipe is most obvious in the fourth working
condition of the cooling water pipe. On the third day, the temperature no longer rises,
and the peak appears one day earlier, with a temperature peak decrease of 15.66 °C. On
the first day, the temperature reached its highest value, about 31.92 °C, and the concrete
temperature gradually increased from the inside out with the water pipe as the center. On
the second day, the temperature reached its highest value, about 35.80 °C, and the high-
temperature part was only distributed on the surface of the rock wall beam and the front
end in contact with the air. On the sixth day, the temperature inside the cave had dropped
to nearly 28.80 °C. In the first 6 days, due to the formwork covering the rock wall beam,
the heat dissipation of the concrete was slow. After 7 days of pouring and removing the
formwork, the heat dissipation speed significantly accelerated. After 28 days of pouring,
the temperature remained basically constant. Afterwards, the temperature decreased and
was basically consistent with the temperature inside the cave. After 28 days, the highest
temperature reached 28.73 °C. The final temperature stabilizes around 28 °C in the
construction environment.

Figure 13 and 14 show the variation of the first principal stress over time for the four
feature points in Scheme 1 and Scheme 4, respectively. The tensile stress of rock wall
beam concrete is mainly caused by the self weight of the concrete and the temperature
tensile stress. In the early stage of concrete pouring, the surface of the rock wall beam
bears tensile stress and the interior bears compressive stress.And the surface tensile stress
and internal compressive stress almost reach their maximum values when the concrete
temperature reaches its peak, after three days of pouring. At this time, the maximum
tensile stress on the outer surface is 1.38 MPa, and the maximum tensile stress is located
at the contact position between the rock wall beam concrete and the crane beam rail. Due
to the constraint of the lateral surrounding rock on the rock wall beam, the maximum
compressive stress is located at the corner point of the transition zone between the rock
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Fig. 13. Diagram of the variation of the first
principal stress over time in Scheme 1
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Fig. 14. Diagram of the variation of the first
principal stress over time in Scheme 4

wall beam and the surrounding rock, which is 2.32 MPa. The maximum compressive
stress inside the concrete of the rock wall beam is 1.63 MPa, located at the core of
the concrete beam. As time increases, the tensile stress on the outer surface transforms
into compressive stress. After the removal of the template on the 7th day, the internal
compressive stress gradually decreases and transforms into tensile stress.

The compressive stress inside the concrete of the rock wall beam in working con-
dition five of the cooling water pipe is mostly less than 0.90 MPa, and the maximum
compressive stress is located at the corner point of the transition zone between the rock
wall beam and the surrounding rock, which is 1.77 MPa. The central part of the beam
is located near the cooling water pipe, with a maximum compressive stress of 0.33
MPa on the first day. During the cooling water period, the compressive stress gradually
decreases in the first three days. After stopping the water supply and removing the mold,
the internal temperature of the concrete rises, and the outer surface temperature is basi-
cally consistent with the hole temperature. The internal compressive stress gradually
increases, reaching a maximum of 0.78 MPa on the tenth day after the mold is removed.
Only at the contact between the cooling water pipe and the concrete is subjected to sig-
nificant tensile stress, with a maximum tensile stress of 1.17MPa. The maximum tensile
stress on the outer surface reaches 0.62 MPa at the outlet of the cooling water pipe,
while the maximum tensile stress in other areas is below 0.35 MPa. In the later stage
of pouring, the temperature at each location is significantly affected by air temperature,
with the internal temperature slightly lower than the external surface temperature, and
the maximum tensile stress on the external surface reaching 1.35 MPa.

4 Conclusion

The maximum temperature of the unconnected cooling water pipe is 51.46 °C. The
peak temperature in Scheme 2 decreases by 9.96 °C, the peak temperature in Scheme 3
decreases by 8.47 °C, and the peak temperature in Scheme 3 decreases by 15.66 °C. It
can be seen that the arrangement of three rows of vertical cooling water pipes has the
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best cooling effect. The temperature of each key point in Plan 4 did not exceed 30 °C
throughout the entire time cycle, and the temperature at the center point of the beam
decreased most significantly.

After the removal of the non cooling water pipe mold, as the heat dissipation on
the surface of the rock wall beam concrete increases, the hydration heat of the concrete
continues to release heat, and the temperature differencebetween the inside andoutside of
the concrete increases, resulting in compressive stress on the surface of the concrete and
tensile stress on the inside. The key point where the cooling water pipe is not connected
in Plan 1 is subjected to compressive stress before demoulding and tensile stress after
pouring. The key points of Plan 4 experience a decrease in the peak compressive stress
before demolding, while NO1 experiences a smaller tensile stress. The tensile stress
decreases in the later stage of pouring. The maximum tensile stress at the core of the
concrete beam in the rock wall beam without cooling water pipes is 2.50 MPa. It can
be seen that the tensile stress of scheme four also decreased the most significantly, with
a peak tensile stress decrease of 0.21 MPa before demolding and a maximum tensile
stress decrease of 1.15 MPa in the later stage of pouring.
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Abstract. In this article, using a two-dimensional numerical model based on the
finite element method, the fracture pressure of rock samples with a circular hole
in the center is obtained. In this model, a mixed criterion is used to determine the
fracture pressure, which is a combination of the tensile strength criterion and the
fracture toughness criterion. The superiority of this model over the tensile strength
criterion or the fracture toughness criterion is that it shows well the effect of the
size of the hole in the middle of the sample on the fracture stress. The main and
innovative finding of this article is that if the radius of the hole in the center of the
sample is more than 70 mm, the fracture strength of the sample is dependent on
the tensile strength of the rock material, and if the radius of the hole is less than
70 mm, the fracture strength is dependent on the fracture toughness. According to
other results, the fracture strength decreases with the increase of the radius of the
hole in the center of the sample, the decrease rate is high at first and then decreases
with the increase of the radius of the hole.

Keywords: Stress Intensity Factor · Hole Radius · Size Effect · Brittle Rock ·
Fracture Toughness

1 Introduction

In rock mechanics laboratories, for various reasons, fracture resistance tests are per-
formed on rock samples with a hole in the center. For example, in hydraulic fracturing
tests, to determine the fracture pressure, rock samples with a circular cavity are subjected
to triaxial compressive stresses. But it has been observed that the fracture pressure in
rock samples, although it depends on the mechanical properties of the rock and the fluid
injection rate, but it also depends on the hole radius. In hydraulic fracturing tests, the
fracture pressure is also dependent on the length of the initial crack in the cavity wall.
The dependence of the fracture pressure on the size of the borehole is also very important
in the field, where the breakdown pressure of the hydraulic fracture is supposed to be
used in the estimation of the in situ stresses.

In rock and rockmasses, failure is mainly caused by shear and tensile stresses caused
by compressive stresses [1–7], in otherwords, when the tensile stresses exceed the tensile
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strength of the rock, tensile failure occurs [8–13]. This is the traditional classic view of
tensile failure, against which there is the view of energy instability. The theory of energy
instability, which today has led to the linear elastic fracture mechanics (LEFM) method,
states that when the stress intensity factor at the crack tip exceeds the fracture toughness,
a crack starts to propagate [14, 15]. On the other hand Leguillon (2002) showed that
both the energy criterion and the stress criterion are necessary conditions for failure,
but neither of them alone is sufficient [15]. This is while the energy criterion provides
the lower bound for crack length and the stress criterion leads to the upper bound for
admissible crack length.

If there is a hole in the center of the sample, due to the concentration of tensile
stress, tensile failure occurs in the cavity wall and along the maximum in situ stress.
Although, due to the use of linear elastic theory, the hole size is not included in the
classical criterion based on tensile strength, but the fracture mechanics criterion is able
to consider the effect of the initial crack length on the fracture pressure.

Some laboratory studies showed that the fracture pressure is dependent on the tensile
strength and the fracture toughness of the material [7, 15], in such conditions, the effect
of the size of the hole in the center of the sample can be seen in the fracture pressure.
Recently, the authors obtained the breakdown pressure of hydraulic fracture by combin-
ing the tensile strength criterion and the fracture mechanics criterion and investigated
the effect of borehole radius and initial crack length on the breakdown pressure [16].

This study investigates fracture pressure of brittle rock samples with a circular cavity
using a plane strain two-dimensional finite element model. The mixed failure criterion
is based on a combination of tensile strength (stress criterion) and fracture toughness
(energetic criterion) of the material. The superiority of this model over the previous
models is that it examines both the tensile strength of the material and the fracture
mechanics at the same time, and by using it, the effect of the radius of the hole in the
center of the sample can be seen on the fracture resistance. Basically, the mixed criterion
in this paper covers the gap between the tensile strength criterion and the toughness
criterion. This model, while being simple, is very effective in determining the fracture
stress of brittle materials. In the next section, the geometry of the problem and the
solution method are explained, and in the Sect. 3, the results of the numerical analysis
are given.

2 Finite Element Numerical Model, Mixed Criterion

As seen in Fig. 1, a sample with a circular cavity of radius Ro = 5 cm is considered. This
sample is under compressive stress po. Here, the dimensions of the model are considered
to be 2× 2 m2. The purpose of this article is to determine the pressure po so that tensile
failure occurs in the wall of the cavity and along po. In this article, the mixed criterion
is used to find the fracture pressure, which means that material tensile strength criterion
and the fracture mechanics criterion must both be satisfied, i.e.:{

KI (p0, c) = KIC

σθ (p0, c) = σt
→

{
pf = p0
cf = c

(1)



Conflict Between Fracture Toughness and Tensile Strength 497

In this relationship, pf is the fracture pressure and cf is the fracture initiation length.
σθ is the maximum tangential stress along the imaginary crack with length c. σt is the
tensile strength of the rock material and KIc is the fracture toughness. KI is the stress
intensity factor at the crack tip with a length of c. To find these values, we draw the
graphical form of the first and second criterion in one plot. The point of intersection of
two criteria indicates the fracture pressure and the length of fracture initiation. Figure 2
shows an example of a mixed criterion.

After discretizing the geometry of the problemand applying the boundary conditions,
the problem is solved by the finite element method and the fracture pressure is obtained.
For this, a code is written in the MATLAB program.

Fig. 1. The geometry of 2D numerical model

Fig. 2. The mixed criterion, R0 = 50mm , σt = 14MPa , KIc = 2.5MPa
√
m
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3 Numerical Analysis Results

For the characteristics of the materials presented in Table 1 and using the mixed criteria
explained above, various numerical analysis are performed, the results of which are
given below.

Table 1. The mechanical properties of model

Rock properties Symbol Unit Value

Young’s modulus E GPa 40

Poisson’s ratio ν --- 0.22

Tensile strength σt MPa 8, 10, 12,14

Fracture toughness KIc MPa
√
m 1.5, 2, 2.5, 3

Figure 3 shows the fracture pressure (pf ) obtained from the mixed criterion against
the hole radius for different fracture toughnesses. In this figure, it can be seen that the rate
of change of fracture pressure against the hole radius is high at first and then decreases.
Therefore, the dependence of the fracture pressure on the cavity radius can be clearly
seen. If the fracture pressure is normalized by the tensile strength of the material and
plotted against the radius of the hole, Fig. 4 is obtained. The important point that can
be obtained from this Fig. 4 is that for Ro > 70 mm,

pf
σt

� 1, that is, for holes with
a large radius, the tensile strength of the rock determines the fracture pressure, while
for holes with a small radius, the fracture mechanics criterion plays an essential role
in determining the fracture pressure of the samples. Thus, the mixed criterion captures
the size effect well. Figures 3 and 4 show that with increasing toughness, the fracture
pressure increases. But for Ro > 70 mm, the fracture pressure for different fracture
toughnesses is almost the same, and therefore toughness has no effect on the fracture
pressure of the rock samples, this is because for Ro > 70 mm as mentioned, it is the
tensile strength of the rock that is effective in the fracture of the model (Fig. 3). As the
radius of the hole decreases, the distance between the curves with different toughness
increases, because for Ro < 70 mm, the fracture toughness is effective in the fracture of
the model.

Figure 5 shows the fracture pressure against the hole radius for different values of
tensile strength. In this figure, it can be seen that for Ro < 70 mm, the sensitivity of the
model to the tensile strength of the rock is low, but for Ro > 70 mm, the fracture pressure
increases slightly with the increase of tensile strength.

Figures 6 and 7 also show the fracture initiation length (cf ) versus the hole radius.
It can be seen in Fig. 6 that for samples with the same hole radius, the length of fracture
initiation increases with the increase of fracture toughness. But Fig. 7 illustrates that, for
samples with the same hole radius, as the tensile strength of the sample increases, the
fracture pressure decreases. Also, Figs. 6 and 7 illustrate that as the radius of the hole
increases, the initiation fracture length increases, the rate of increase of the initiation
length of the fracture is high at first, but then it decreases.
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Figure 8 shows the comparison between the results of the numerical model presented
in this paper and the experiments conducted by Carter et al. (1992) on sandstone [7].
This Fig. Shows that there is a good agreement between the two sets of results.

Fig. 3. Fracture pressure versus cavity radius (σt = 14 MPa)

Fig. 4. Normalized fracture pressure obtained from the mixed criterion versus cavity radius
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Fig. 5. Fracture pressure versus cavity radius
(
KIc = 2.5MPa

√
m

)

Fig. 6. Fracture length versus cavity radius (σt = 14MPa )
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Fig. 7. Fracture length versus cavity radius
(
KIc = 2.5MPa

√
m

)

Fig. 8. Comparison between finite element numerical analysis and laboratory results

4 Conclusion

In this article, using a numerical model based on the finite element method and mixed
tensile fracture criterion technique, the fracture pressure of rock samples with a hole in
its centre was obtained. Using the technique of mixed fracture criterion, the effect of the
size of the hole in the middle of the sample was observed on the fracture pressure. The
obtained results show that when Ro > 70 mm, the tensile strength criterion plays a role
in determining the fracture pressure of rock samples, while for Ro < 70 mm, the fracture
mechanics criterion determines the fracture pressure of the model. Also, as the radius
of the hole increases, the fracture pressure decreases, the fracture pressure reduction
rate is high at first and then decreases, and the fracture pressure converges to the tensile
strength of the rock.
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Abstract. The conceptual premise of the current study is that the chronological
effect of geologic parameters and hydrologic variation has been enhancing the toe
slope since then, and hence the natural slope has remained stable. To capture the
phenomenon, in addition to an intensive literature review and the subsequent find-
ings and rationales, comprehensive laboratory testing, physical flume experiments,
and numerical modelingwere performed. The flume experiments were extensively
instrumented (pore pressure transducers, suction sensors, strain transducers, and
tracer chemicals) to observe the retrogressive failuremechanism. The results show
that the abrupt change in slope toe stress caused by an increase in slope angle, rise
in pore water pressure, and dissipation of soil suction were responsible for radi-
cal change in strain and sudden failure. Findings show that the slope toe section
was the spot of failure initiation and was subjected to sudden failure associated
with accelerated retrogressions. Physical flume assessment and numerical simula-
tions both show that modifying the slope toe could increase overall slope stability.
Hence, slope toe contributes far more to slope stability than previously thought.
Even though the soil type range and slope angle at which the retrogressive failure
occurs remain a source of considerable ambiguity, proper slope toe treatment can
be regarded as a critical remedy measure.

Keywords: Hydrogeology · Retrogressive Failure · Slope Toe · Stress · Flume
Experiment · Soil Suction

1 Introduction

Significant progress has been made in the study of retrogressive and progressive slope
failure in both saturated and unsaturated soils over the last few decades. In general,
progressive and retrogressive slides that grow in the same or opposite direction ofmotion
are the two recognized types of successive slope failures. Due to the obvious removal
of the nether section of ground support, retrogressive slides were thought to be a series
of simple columnar or circular cylindrical slides [1, 2]. Several laboratory-based flume
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experiments coupled with numerical models have been conducted over the last two
decades to capture retrogressive failure phenomena [3, 4]. A recent study reported that an
increase in slope toe saturation on river sand and residual granite could have resulted in a
dominant failure mode of shallow retrogressive sliding [4]. Several papers have reported
limited comparative studies of physically measured and numerical model responses,
implying that more work is needed to capture the mechanisms of failure in natural slopes
[5, 6]. Recent studies have developed theoretical and empirical models for complex
infiltration analysis solutions [7, 8]. The empirical model developed by [7], based on
the concept of wetting front advancement, has been the most widely used. Infiltration,
combined with the assumption of uniform porous media, plays a significant role in slope
instability, which is less likely to be true for natural soils [9, 10]. It has often been
assumed that failures in many natural slopes begin at the toe as a consequence of the
fact that, toe stress concentration is likely to be higher [11]. Classical research findings
revealed that failure began far from the toe; however, it is invalid to assert that failure
must always begin at the upper parts of a natural slope [13].

2 Background and Rationale

Since hillslope stability analyses include so many space-time variables, it may be dif-
ficult to fully address the effects of seepage and infiltration in variable saturation con-
ditions. However, the geologic time series influence of infiltration around the toe slope
was investigated in the current work with some conceptualized premises as one of the
major controlling variables. When a physical-based model is combined with numerical
analysis, the premises may be able to aid in understanding the mechanism that triggers
retrogressive failure in natural slopes. Hence, the current study focused primarily on the
true cause of slope toe failure and subsequent retrogression, which is not adequately
addressed in the existing literature and research findings. The author was intrigued by
the previously mentioned frequent failure initiation of the toe slope and decided to look
into it further.

The coarser material in the toe portion not only filters and dissipates seepage energy
but also acts as back support, enhancing stability under higher toe shear stress. According
to research, cutting or eroding the slope toe support from a long natural slope can result
in slope failure According to a recent review of the literature on the subject, reducing
river erosion can help to slow the progression of slope-toe retrogressive landslides.
However, when excessive deformation is applied, retrogression accelerates and the soil
mass detaches irreversibly. As a result, it was fair to conclude that a mode of slope failure
at the toe has received little attention thus far. Because of the prolonged hydrogeologic
environment, the material stiffness in the toe soil may be greater than in the upslope
portion, and the failure mode may be elastic.
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3 Material and Methods

3.1 Instrumentation

Virtual-hydromet digital soil suction recorder: The virtual-hydromet is a microcontroller
digital soil moisture-temperature recorder that embodies the cutting-edge microcon-
troller instrumentation design to evaluate volumetric water content and the correspond-
ing soil suction. The assessment of moisture variation due to rainfall application was
carried out using the Virtualhydromet moisture sensor product.

Pore pressure transducers:Positive and negative pore pressure measurements using
piezometers and miniature tensiometers have been used in both field and laboratory-
scale experiments to assess slope stability. In the current study, strain gauge type pore
pressure transducers with 350 � resistance having a measuring capacity of 200 kPa and
accuracy of 1.6mV/V (3200x10–6 strain) were used. Matric suction dissipation and the
subsequent increment of pore water pressure due to rainfall infiltration were measured
using tensiometers and pore pressure transducers located at different points in the flume
(Table 1). The number of available sensors and the depth of the flume dictated the general
location of the embedded pore pressure and suction sensors (Table 1).

Table 1. Location matrix of embedded sensors

Suction
Sensors (S)

S1 S2 S3 S4 S5 S6 S7

Points (X,
Y, Z)

(71,
11,4)

(26, 22,
17)

(52, 21, 12) (63, 22, 6) (41, 21, 1) (22, 31,
21)

(11, 21,
4)

Pore water
transducers

PWT_C4 PWT_C2 PWT_C3 PWT_C1

Points (X,
Y, Z)

NA (26,
22,17)

(52, 21,12) (63, 22, 6) (41, 21, 1) NA NA

Strain
sensors
(ST)

ST (1,
2)

ST (3, 4) ST (5, 6) ST (7, 8) ST (9, 10) ST (11
− 13)

ST (14
− 16)

Points (X,
Y, Z)

(75,
10, 5);
(75,
20, 7);

(25, 20,
15); (35,
25, 10);

(50, 20, 10)
(70, 10, 20);

(65, 20, 5);
(55, 30, 10)

(55, 5, 10);
(50, 20, 15)

(20, 30,
20);
(40, 30,
20);
(45, 15,
30)

(35, 20,
20);
(30, 20,
20);
(25, 25,
25)

Strain transducers and cameras:In civil engineering, strain gauge technology has long
been used to measure deformation and compare it to analytical models. In the current
study, 120-� strain transducers were used to capture the deformation characteristics
during an increase in slope angle and rainfall infiltration. Strain gauges were embedded
in both vertical and horizontal configurations to capture the real-time deformation and
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subsequent stress accumulation. The transducers were attached to a 1 mm steel rod and
vertically embedded in various locations in the soil during compaction. Since the current
study was focused on toe retrogressive failure initiation, most of the strain transducers
were embedded near the toe of the slope. Even though stress sensors were not employed,
the deformation characteristics and the pore pressure transducer observation could be
enabled to estimate the location of stress accumulation.

This inorganic compound is a purplish-black crystal that dissolves when it comes
into contact with infiltrated rainwater, producing intensely pink to purple color intensity
gradients. The initial moisture content dissolved some of the tracing crystals that had
been left for 24 h for moisture equilibration (Fig. 1). To observe the boundary of the
tracer, the photo image was processed using ImageJ software, and the gray image is
shown in Fig. 2b. Thus, the purple-colored area coverage could serve as a reference
point in the future. The initial linear schematics of the tracing color scheme, shown in
Fig. 1a, were compared to the dilated pattern of the color during rainfall infiltration.

a) b)

Fig. 1. (a) Linear orientation of trace element; (b) Boundaries of tracer (Gray image analysis)

4 Measurements and Observations

Rainfall characteristics: As can be seen from Table 1, the rainfall scheme began with
a smooth transition from antecedent to main rainfall, with an intensity ranging from
4.4 mm/hr to 14.2 mm/hr applied on the slope of 25°. Figure 2a shows the impact of
antecedent rainfall on the surface and Fig. 2b, c on side soils (tracer) during the first
48 h of periodic rainfall applications. To achieve a consistent distribution of rainfall,
the spray nozzle locations (vertical and lateral distance) and subsequent raindrops on
the soil surface were examined in a controlled environment. The initial tracer extent in
Fig. 2was monitored after 24 h to account for moisture equilibration time; however, an
additional 48 h were required to observe the effect of antecedent rainfall (Fig. 2b, c).
When compared to the initial color extent depicted in Fig. 2, there was an increase in
both pinkish area coverage and color signal strength at distances of 55 cm and 70 cm in
the X-direction (Fig. 2b, c).

Slope failure: It was observed in both densities that the finer particles eroded from the
uppermost part of the slope settled around the base-toe intersection and contributed to
the stability of the slope temporarily. Given the significance of erosion, it is reasonable
to conclude that the top surface fine particles were steadily eroded, resulting in the
surface being fully degraded. The increase in slope angle caused a significant decrease
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in infiltration on the upper portion of the slope. During test label FMT4, the rainfall
intensity increased to 43.3 mm/hr and the slope angle reached 40°. For in-situ testing
conditions, the toe slope failure continued, accompanied by gradual retrogressive failure.
The modified density testing, on the other hand, did not fail at label FMT4 but rather
revealed a complete change in surface morphology.

(a) (b) (c)

Fig. 2. (a and b) Surface and side view; (c) Enlarged side view at X about 55 cm – 70 cm

(c)(a) (b) (d)

Fig. 3. Retrogressive failure for a modified density state

As shown in Fig. 3a, b, soil suction measurements were grouped based on their
characteristics, namely early and late dissipation of soil suction. It was observed that
the matric suction of the soil for suction sensors namely SS3, SS4, and SS6 became nil
at about 45 h, 35 h, and 80 h, respectively (Fig. 3a). However, SS4 showed extended
near-zero reading oscillation after 80 h with a maximummagnitude of 7 kPa. It was also
discovered that sensors positioned at shallower depths, namely SS2 and SS6, recorded
suction changes in response to infiltration (Fig. 3a, b). Damping of the suction shown in
Fig. 3 was observed due to intermittent application of rainfall. The first two-day rainfall
application, illustrated in Table 1, significantly reduced the soil suction as shown in
Fig. 3.

Tracing chemical: This inorganic compound (KMnO4) had a purplish-black crystal
when it was placed as a single-line orientation in the flume during soil compaction. It
can be seen from Fig. 1a that the initial dissolved color was purple when in contact
with field moisture content during compaction. A subsequent increment of the purple
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area coverage images during infiltration was taken by a continuous camera record and
comparedwith the initial image (Reference area coverage). Finally, ImageJ softwarewas
used to process and analyze sequential side photo images to determine area coverage by
the diluted tracer. Gray image analysis was used to calculate the area and perimeters of
the individual tracer images, shown in yellow cross-dots and red boundaries, and these
are used to calculate, the area perimeter ratio. The area perimeter ratio represents the
merging of the neighborhood tracer area during further infiltration, resulting in a single
larger tracer area. Based on the observations, the area perimeter ratio for the second day
was greater than the first day, indicating that infiltration has increased at the lower 2/3
section (Fig. 4a, b). Some intermediate image analysis results were not shown as the
first and last results captured the effect of infiltration.

5 Numerical Modeling

In the current study, slope stability analyses were performed under both in-situ and
modified density states of saturated steady seepage conditions using GeoStudio 2021 V3
software’s SEEP/W and SLOPE/W. The analyses also considered the groundwater table
condition in a similar region to the soil sampling region. The slope geometry and rainfall
characteristics shown in Fig. 4a were nearly identical to the laboratory physical flume
experiments. Themodified and enlarged portion of the slope toe has different observation
sections, as shown in Fig. 4b. At the lower one-third slope portion, section profile j is
parallel to the slope surface with elevation-distance coordinates of 4.56 to 2.61 and 8.57
to 11.78, respectively (Fig. 4b). Until it reaches the modified bottom section, the stress
profile in Fig. 5a is nearly constant.

Distance (m) Distance (m)

(a) (b)

Fig.4. (a) Model geometry, rainfall, and flow gradients; (b) Modified slope toe section

Because the profile section was parallel to the slope face, the stress profile remained
unchanged. However, an abrupt change in stress was observed beginning around a mod-
ified section and continuing to the end of the profiling line. This revealed that higher
stresses were accumulated at the toe section, not only as a result of increased com-
pactive effort but also as a result of slope angle and the resulting increase in driving
gravity stress. Higher slope inclination may exacerbate this phenomenon in response to
rainfall infiltration. Similarly, until they reached the modified section, the corresponding
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strains remained constant. Following that, the strain changes were increased and accu-
mulated at a specific location and near zero strain value. Figure 4a depicts how the stress
fields increase in depth. However, up to 1.2 m depth, constant strains were observed,
followed by abrupt changes in strain increment at a distance of 11.9 m. (Fig. 4b). This
layer above could be regarded as the zone of maximum shear mobilization.
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(a) (b)

Fig. 5. Observation section f: (a) Stress profile; (b) Strain profile

In Fig. 5b, the in-situ/uniform compaction profile was compared to the modified
section profile. Constant changes in strain were observed, as shown in Fig. 5b, in contrast
to a modified section, which had an abrupt change in strain for an equal section length.
Even though the soil was modeled with a 10% density increase, the unique property
escalation of c’ indicates that the region was more consolidated than the entire slope.
Similarly, a sudden increase in shearing resistancewas observed at approximately 10.5m
along the slip surface (Fig. 6). A 10% increase in density at the slope toe results in a
10.69 unit increase in shear resistance, according to Fig. 6b. This demonstrated that a
minor change near the slope’s toe could potentially improve slope stability and thus be
used as a mitigation measure.
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Fig. 6. (a) Variation in shear on in-situ and modified compaction; (b) Calculated shear area
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6 Results and Discussions

As shown in Fig. 5a, the matric suction for SS3, which was placed in the lower third
of the slope with PWT_C2, steadily dissipated suction and reached zero within 45
h. The corresponding pore pressure at PWT_C2 steadily increased due to superficial
infiltration. Image processing and area-perimeter ratio analysis results verified that the
infiltration and subsequent wetting front reached PWT_C2 (Table 2). Given this sensor
(PWT_C3) was so close to the slope’s toe, the suction should have dissipated as soon as
feasible. In contrast, the pore pressure sensor PWT_C3, which was positioned alongside
SS4, had continuously raised. In general, suction and pore pressure sensors have been
expected to produce inverse results. However, a rise in PWT_C3 was found while soil
suction climbed, which might be attributed to the combined influence of moist soil
weight and pore air pressure. Despite this, image analysis revealed that the wetting front
advancement had not reached PWT_C3 and had even shown modest infiltration during
failure (Figs.4). As a result, the premise for the observation of increased pore pressure at
PWT_C3was accepted. Suctionmeasurements for SS1, SS2, and SS7were retained until
the slope collapsed, and values for SS7were retained even after the slope failed (Fig. 3b).
Since the suction sensor SS1was placed around the slope toe, the soil suction should have
dissipated sooner, but it had a magnitude of around 15 kPa (Fig. 3b). The phenomenon
reveals how a smaller proportion of finer soil can significantly impede infiltration. It
can be deduced that slope toe modification using a finer proportion and proper drainage
can improve soil suction and thus maintain slope stability. Otherwise, improper drain
installation or trench excavation at the slope toe could remove the resisting soil mass
and potentially trigger slope failure.

Numerical modeling (SEEP/W and SLOPE/W) sectional observation results
revealed that stress fields crossing the modified slope toe are increasing and subjected to
overstress (Fig. 6a). The subsequent changes in strain were increasing and also concen-
trating towards the assumed exit slip surface (Fig. 6a). When stresses exceed the maxi-
mum shear stresses, the under drained shear strength getting lower and hence progress
of failure most likely initiated at the slope toe and ends following a potential slip surface.
This revealed that modifying the slope toe in conjunction with appropriate drainage can
improve slope stability and thus be used as a mitigation measure. Studies show that slope
failures can be triggered by slope toe excavation for any use of engineering activity and
are also believed as a hazardous procedure. The premises dictated in the introduction
above, in natural slopes, the initial stress field at slope toe had been subjected to an addi-
tional change in stress due to geological slope formation. A subsequent time-induced
hydrogeological and morphological phenomenon had also been superimposed on the
original stresses. This significant phenomenon could be due to the fact that the over-
stressed slope toe had been already enhanced in stress-bearing through hydrogeologic
changes.

7 Conclusions

The results of both physical experiments and numerical modeling show that the slope
toe section contributes significantly to slope stability and can be more than theoretically
confirmed. The abrupt change in slope toe stress due to an increase in slope angle and
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pore water pressure has resulted in a drastic change in strain which led to sudden failure.
Since the stresses and the corresponding strains were accumulated at the slope toe,
excessive deformation was the final stage of slope toe triggering. Thus, the retrogression
accelerated along the slip surface, and the soilmass detached irrevocably and irreversibly.
It may not be concluded that landslides often occur abruptly, however, natural slopes,
particularly overstressed slope toes most often fail suddenly. Therefore, hillsides and
toes associated with intensive public activities should be investigated in the manner that
the slope toematerial has a potential sudden risk or not. The premises and the subsequent
results of this study applied not only to the slope toe but can also be extended upslope
since the toe stress resistance capacity ascends. It can be concluded from a coupled
physical and numerical modeling that a smaller enhancement of slope toe material, i.e.,
installation of the displacement pile, slope toe reinforcement, anchor, and jet grouting
might be cost-effective and feasible. In addition, the slope toe modification using a
finer proportion and proper drainage can improve soil suction and thus maintain slope
stability.
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Abstract. This study presents the strength of geosynthetic-reinforced unpaved
road sections over soft subgrade utilizing plate load Test through a rectangular
model box. Geotextile, geogrid, and geonet were used as a reinforcing component.
The bearing capacity determined by the plate load test from the laboratory was
compared with an analytical solution. The primary objective behind the reinforce-
ment is to decrease the structural section without changing the traffic capacity and
to increase the durability of the pavement. The test results showed the implications
of a geosynthetic position on the strength of unpaved test sections, through a dou-
ble reinforcement position always yielded the best improvement. It is seen from
the results that there is a substantial increment in the Bearing Capacity of unpaved
sections due to single reinforcements attaining a rate of about 34.60%with bi-axial
geogrid, about 29.81% with geonet, and about 32.50% with nonwoven geotextile
when reinforced within top one-third of subgrade layer.

Keywords: Bearing Capacity · Unpaved Roads · Geosynthetic Reinforcement ·
Soft Subgrade · Plate Load Test

1 Introduction

Weak subgrades are a widespread challenge in a temporary access road or a permanent
road constructed over a weak subgrade road construction. The paved or unpaved surface
can be deteriorated due to deformation of the subgrade. The benefit of geosynthetics in
unpaved roads constructed over a weak subgrade is known to give a reinforcing benefit to
the roadway sections. Geogrids, geonets, and geotextiles assist in sharing the loads more
effectively and raise the efficient bearing capacity of the subgrade. Geosynthetic mate-
rials have been commonly utilized as reinforcement/ stabilization in structures through
boundless materials, such as slopes, roads, embankments, and retaining walls. Geosyn-
thetic stabilization and reinforcement is a mechanical process. Geosynthetics located
either on top of the subgrade or within the subgrade/base course layer work with the
soil and granular material to make a reinforced section through separation, confinement,
and/or reinforcement functions.
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Geo-grids are widely accepted as reinforcement for enhancing engineering strength
[1]. Reinforced soil technology is one of the mainly successful fields of civil engi-
neering and has gained broad popularity because of its functional, constructional, and
cost-effective benefits [2]. The geosynthetic reinforcement is mostly located between
the sub-base and base layers at the interface between the subgrade and sub-base layers
or within the base course layer of the flexible pavement [3, 4]. The placement location of
reinforcement is the major factor influencing the bearing capacity of reinforced granular
soil and maximum bearing capacity is examined when the depth of placement of rein-
forcement is lowered. Thus, geotextile assists in decreasing the vertical stress acting on
the subgrade than in unreinforced pavements [5]. The use of geosynthetic reinforcement
is effective in aweak subgradewith prominence for higher rut depths which canmobilize
the ‘tension membrane effect’ of the geotextile [6]. The existence of the reinforcement
layer raises lateral restraint or passive resistance of the fill material, raising the rigid-
ity of the system and decreasing the vertical and lateral pavement deformation [7–9].
Reinforcement positioned high up in the granular layer hinders the lateral movement of
the aggregate due to frictional interaction and interlocking between the fill material and
the reinforcement which increases the apparent load-spreading capacity of the aggregate
and decreases the required fill thickness [10, 11].

Geosynthetics have been in permanent use over the previous few decades as a rein-
forcing material in the cross-sections of pavements. Geogrids are mainly effective for
reinforcement purposes and therefore, are mainly utilized in the design of road cross-
sections. The primary objective behind the reinforcement is to decrease the structural
section without changing the traffic capacity of the pavement or the durability of the
pavement. An experimental test setup is needed to investigate the strength character-
istics of both unreinforced and reinforced sections to investigate the behavior and to
realize how and to what extent geosynthetics affects the engineering characteristics of
subgrade soil. The function of geosynthetics in the design of a flexible pavement system
has been calculated by performing laboratory tests on similar pavement sections, both
in unreinforced and reinforced situations.

Many investigations in the field of geosynthetics application in pavement design
have depicted that there is and decrease in base course thickness for specified structural
capacity [12–14] and extension in theworking life of pavement [15, 16, 17, 18]Performed
tests on unpaved sections with varying base course thicknesses and depicted that a
geotextiles-reinforced section with a 350 mm thick base layer performed the same as an
unreinforced section with a 450 mm thick base layer. [19] Examined the construction of
field-reinforced sections that contained a base course that was 50mm thinner than that of
unreinforced sections. Geogrid is extremely firm in tension, if compared to the subgrade
material or aggregates, hence lateral stress is minimized in the reinforced base aggregate,
resulting in less vertical deformation at the road surface.Due to shear interaction between
the geogrid and material, the shear strength and thus the load distribution capacity of the
utilized base course material is significantly improved [20].

This relation supports the decrease of reinforced aggregate layer thickness in com-
parison to the un-reinforced aggregate layers. There is a 40% reduction in the base
course thickness after reinforcement in comparison to the unreinforced section for similar
load-carrying capacity.
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The main aim of this research study is to assess the performance of unpaved road
sections reinforced with geosynthetics at different depths thereby also determining the
optimal position of reinforcement. For this reason, extensive small-scale in-box static
PLTs were conducted on several geosynthetic reinforced and unreinforced unpaved test
sections. The improvement due to reinforcement has been assessed in terms of bearing
capacity and base course reduction. The unpaved sections have been reinforced by apply-
ing one and a double layer of geosynthetics at different locations in the cross-section.
Three types of geosynthetics (geogrids, geonets, and geotextiles) have been used in this
study and their performance has been compared.

2 Material Used in the Study

2.1 Laboratory Model Tests

Figure 1 shows a typical cross-section of the testing set of a model device used in this
study. The test box is rectangular-shaped, having inside dimensions of 1000 mm ×
1000 mm and 800 mm in depth, and the walls of the tank have a thickness of 6 mm.

Fig. 1. Typical cross-section showing positions of reinforcements and loading configuration

2.2 Model Footing

The model footing was prepared from a steel square plate with a dimension of 200 mm
× 200mm, and 25mm thickness. The load is transmitted to the footing via a ball bearing
which is located between the footing and the proving ring. A proving ring of capacity
100 kN was applied.
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2.3 Test Material

Important physical properties of the clay soil are shown in Table 1and it was categorized
as CH according to the Unified Soil Classification System (USCS), and A-7-5 according
to the American Association of State Highway and Transportation\Officials (AASHTO)
classification systems.

Table 1. Properties of clay soil

Parameter Value

Specific gravity 2.75

Liquid limit (%) 67.88

Plastic limit (%) 34.69

Shrinkage limit 19.5

Plasticity index (%) 33.19

Optimum moisture content, (%) 26

Maximum dry density, (KN/m3) 15.33

The size of aggregates ranges between 10–20 mm along with 10% stone dust from
total weight were utilized to make the base course compacted to a unit weight of 20.61
kN/m3. This particular blend ofmaterials in the base course has been chosen to determine
the lowest voids and optimum compaction filled with stone dust, briefly stated by [21].

2.4 Reinforcement

Three types of geosynthetics (as shown in Fig. 2 during placement) with varying tensile
strengths have been utilized in this study. The properties of these geosynthetics are given
in Table 2.

(a)
(b)

Fig. 2. Geosynthetics creep testing machine, a) Nonwoven geotextile; b) Biaxial geogrid
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The tensile strength of the geotextile and geogrid, obtained by the wide-width strip
method [1] with a creep testing machine was illustrated in Fig. 2.

Table 2. Properties of Geosynthetics

Property Biaxial geogrid Non woven geotextile Geonet

Material Polypropylene Polypropylene High-density
polyethylene

Mesh aperture size(mm) 34.6 × 34.6 0.1 × 0.1 7.6 × 7.6

Thickness(mm) 0.96 1.50 3.26

Mass per unit area(g/m2) 200.00 334.00 250.00

Ultimate tensile strength
(kN/m)

25.45 20.5 21.86

3 Model Constructions and Testing Procedure

The typical cross-section of the testing setup is illustrated in Fig. 1. The test setup
includes a 250 mm aggregate base layer overlying subgrade clay of thickness 450 mm
contained in a rectangular tank. The subgrade layer is set in three layers compacted
to attain a unit weight of 13.80 kN/m3 which is 90% of its maximum dry unit weight
as determined by the Modified Proctor test. The gravel aggregates were located on top
of the subgrade layer and blended with stone dust were located in 250 mm thickness
compacted to attain a maximum dry unit weight. The load was used on the top manually
by amechanical jack in slight increases till getting a failure. The settlement of reinforced
and unreinforced clay soil wasmeasured utilizing two dial gauges located on the different
sides of the footing. The small-scale in-box static plate load test during the placement
of reinforcement in the laboratory is shown in Fig. 3.

(a) (b) (c)

Fig. 3. The test set up under progress for plate load test a) Biaxial geogrid; b)Geonet; c) Geotextile
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4 Results and Discussion

Results obtained fromdifferent laboratory tests by plate load to observe the load intensity
versus settlement curves in both the unreinforced and reinforced conditions as illustrated
in Figs. 4, 5, and 6 at different depths. The higher load intensities were recorded for a
total settlement of 12.5 mm in all the test conditions. The position of geosynthetic
reinforcement within the subgrade layer is one essential factor in the strength of unpaved
sections. The following reinforcement configurations were selected to study this effect:
placing geosynthetic at the base/subgrade interface, placing geosynthetic at 0.2 H, 0.4 H,
0.6 H, and 0.8 H of the subgrade layer, and placing double reinforcing layer at the upper
(0.2 H and 0.4 H) and lower at (0.6 H and 0.8H) of the subgrade layer thickness. The
effectiveness of reinforcement for the specified type of clay soil has been determined in
the top one-third of the subgrade layer. [16] Examined that utilizing a geogrid at the top of
the third layer in a soil sample by varying the plasticity index causes a significant rise in
the CBR value compared with unreinforced soil in both soaked and unsoaked conditions.
[22] Investigated the same trend while examining the result of geogrid reinforcement on
the ultimate bearing capacity of sand.

It is examined from the results that there is a substantial increase in the load-carrying
capacity of reinforced unpaved sections as compared to unreinforced conditions. The
BCR value at the 12.5 mm settlement range for biaxial geogrid is 1.21–1.53, for geonet,
it is 1.10–1.42 and from 1.05–1.51 for geotextile by moving the location of single layer
reinforcement.
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Fig. 4. Load intensity versus settlement curve for single biaxial geogrid reinforcement

Figure 7 depicts load intensity versus settlement curves for the tests performed in
both the unreinforced and double-reinforced conditions at varying depths. As predicted,
the BCR rises as the number of reinforcement layers increases. The BCR is defined as the
ratio of the bearing capacity of reinforced unpaved sections to that of the unreinforced
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unpaved section. Among the two-layer geosynthetics, biaxial geogrid performed better
than geonets and geotextiles. [11] Explained that bearing capacity rises with an increase
in the number of geogrid layers from 33.33% with a single layer to 44.44% with a
double layer, though double-layer reinforcement may become too expensive in road
construction.
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4.1 Ultimate Bearing Capacity of Reinforced Unpaved Sections

The experiment part of this study is considered to be a two-layer system. Since the per-
formance of the granular aggregates base layer is much bigger than that of the underlying
subgrade soil layer, a punching shear failure will exist in the granular aggregates layer
followed by a general shear failure in the underlying soil layer. This kind of failure mode
was primarily investigated by [13] for stronger soil overlying weaker soil. The cohesion
and friction angle of the aggregate (base course) and the soft clay layer soil (subgrade)
have been obtained from the experimental test as aggregate: Ct = 8.82 kPa (due to dust
particles), Фt = 42°, and subgrade: Cb = 18 kPa, Фb = 19°. The adhesion, Ca, the
punching shear coefficient, Ks, and the mobilized friction angle, δ, can be obtained by
the graph given by Meyerhof and Hanna as 7.23 kPa, 5.2, and 30°, respectively.

5 Conclusions

The following major conclusions are drawn from the results presented from the in-box
static plate load experimental tests carried out on several geosynthetic reinforced and
unreinforced unpaved test sections.

1. For a single layer of reinforcement, the upper one-third position gave the maximum
enhancements under static loading conditions.

2. Laying the geosynthetic reinforcement in double locations yielded the largest
enhancement. However, double-layer reinforcement may become uneconomical in
road construction.

3. ThehighestBCRvalueof about 1.53,with bi-axial geogrid, about 1.51with geotextile,
and about 1.42with geonetwere investigatedwhen reinforcedwithin the top one-third
of the subgrade layer.

4. From the test result, the bearing Capacity of unpaved sections due to single rein-
forcements attained a rate of about 34.60% with bi-axial geogrid, about 29.81% with
geonet, and about 32.50% with nonwoven geotextile.
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Abstract. Improving the fire resistance of polymer and construction materials
is an urgent requirement today. This article aims to study the incorporation of
Polybutylene terephthalate (PBT), a versatile polymer used in most glass fiber
(GF) combination fields, to study their fire resistance and impact resistance for
manufacturing battery housings. We conducted injection molding and scanning
electrode microscopy (SEM) and had the expected results. The impact strength of
PBT/GF samples measured according to ASTM D256 is 4.69, 4.43, 3.71, 4.67,
and 6.28 kJ/m2. The PBT/25% GF sample achieved the highest average impact
range of 6.28 kJ/m2. The suitable GF content in the mixture is from 20–30%.
Combined with SEM microstructure, it was found that the content and density of
GF distribution have a positive effect on the mixture, making the bond between
them remarkably tight and robust. Thanks to the property of GF, which is non-
flammable, it makes the material more effective fire resistant. This research is the
basis for scientific developments that help solve the problem of impact resistance
of this new plastic in production and is a premise for other research purposes in
the future.

Keywords: Polybutylene Terephthalate · Glass Fiber · PBT/GF Blend · Impact
Strength · Polymers

1 Introduction

The optimization of battery safety, efficiency, and shatter resistance was the inspiration
for starting this research. Polybutylene terephthalate (PBT) is a good candidate for the
purposes mentioned. PBT is a thermoplastic engineering polymer with high strength and
impact strength, low moisture absorption, water and chemical resistance, high thermal
stability, hardness, abrasion, short molding time, and good surface [1].
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PBT is widely used in electrical systems, including lamp holders, switches, circuit
breakers, and motor housings. It has high heat resistance, mechanical strength and water
resistance, and excellent insulating properties [2–4]. However, pure PBT is flammable.
Glass fiber (GF) is added to PBT to prevent dripping and help maintain the integrity
of combustion. Phosphorus-based compounds are added to PBT to improve fire resis-
tance [5]. Melamine derivatives have been shown to synergize with phosphorus flame
retardants to enhance the flame retardants of mixtures further [6, 7].

PBT is a suitable material for making battery cases. However, in this area, even if
PBT has high rigidity to a certain extent, this property can be improved, and one way to
do this is to add GF to reinforce PBT [8]. GF-modified PBT can manufacture electronic
components that require operation under prolonged high-temperature conditions with
high dimensional stability [9–11] and materials with high fire resistance [12, 13]. The
effect of GF length and content has been reported in some polymers, such as polypropy-
lene [14–17]. However, no publication has yet mentioned research on the effects of GF
on its stiffness resistance to PBT.

The advantage of PBT is its resistance to deformation over time with a stable tem-
perature. The hardness and bearing capacity are good, but poor fire resistance still has
has disadvantages, so it cannot be widely used in some fields. GF is a suitable choice
to improve the fire resistance of the material. If PBT is reinforced with GF, the impact
toughness increases, contributing to the optimal properties.

2 Materials and Methods

Table 1. The composition of the sample (wt.%).

Sample PBT (wt.%) GF (wt.%)

GF5 95 5

GF10 90 10

GF15 85 15

GF20 80 20

GF25 75 25

This study used plastic materials PBT-30GF and PBT. PBT-30GF is produced by
TA COMA CO., LTD, and PBT resin is supplied from Lanxess (Germany). PBT and
PBT-30GF were mixed in the proportions in Table 1 and dried at 110 °C for about 4
h, reaching a humidity of less than 0.03%, using Toshiba’s 100-ton injection molding
method.

After injectionmolding, samples obtained at each ratio were used for impact strength
measurement on the AG-X plus material tester, according to ASTM D256–10. Before
proceeding with sizing, ensure the measuring medium is at a temperature of 23 ± 2 °C
and a relative humidity of 50± 5% in the air. In addition, laboratory samples need to be
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stored for at least 40 h. Measurement: First, enter the measurement parameters into the
machine at a speed of 5 mm/min. Next, fasten the V-notched sample to the device. After
that, start measuring the impact length. Allowing the device to apply force to the upper
part of the sample will cause the sample to break later. Finally, record the test data of the
sample and remove the piece. Proceed to repeat the sequence of steps for the following
models.

AG-X Plus is a PBT/GF blend impact strength tester. This device uses a method
of converting energy from potential energy to kinetic energy to determine the impact
resistance of a sample. The mass, length, and speed of movement of the striking hammer
will affect the accuracy of the results when measuring. The AG-X Plus can compensate
for errors caused by air friction resistance and hammer drop angle with the electronic
control system. TheASTMD256-10measurementmethodwas used in this experiment’s
instructions and explanations in Fig. 1.

AG-X plus machine b) Sample before testing c) Sample after testing

Fig. 1. V-notch impact strength testing

3 Results and Discussion

Table 2. Average impact strength parameter of the test specimen

Sample Impact strength of samples (kJ/m2)

GF5 GF10 GF15 GF20 GF25

1 4.89 4.23 3.85 4.56 5.92

2 4.58 3.86 4.25 4.97 5.18

3 4.71 5.07 3.28 5.14 5.56

4 4.66 5.31 3.46 4.61 7.57

5 4.63 3.68 3.73 4.08 7.18

Average impact strength (kJ/m2) 4.69 4.43 3.71 4.67 6.28

Standard deviation 0.11 0.73 0.37 0.41 1.04
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The data in Table 2 show that the impact strength for each measurement is irregular.
The GF5 prototype will gradually decrease from 4.69 kJ/m2 to GF15 of 3.73 kJ/m2

and progressively increase to 6.28 kJ/m2. This result may be due to the effect of the
distribution density of GF on the test specimen. The standard deviation is in the range
of 0.11-0.73, which is relatively small.

Fig. 2. Impact strength of PBT/GF blend

Figure 2 describes the impact strength of the PBT/GF blend. Looking at the column
chart, the impact strength of the sample containing 25% GF has a higher average impact
strength than other samples. The sample containing 15% GF is the lowest. This result
is due to the GF content present in this mixture. It is more flexible in GF5 and GF10
models with low GF content. The GF content is higher from GF20 and GF25 models
and above, so it will be more rigid and less flexible. The GF15 model is shallow because
the impact strength and flexibility are low, so breaking with a manageable force is easy.
The impact strength will likely increase if the amount of GF increases. However, the
material is very brittle when GF reaches its maximum. Our team will adjust below 30%
GF in the mixture to limit defects and improve impact strength at the appropriate level.

Impact strength is influenced by GF content, which has been studied for the mechan-
ical properties of PBT. The dispersion density of GF helps the mixture reduce plastic
shrinkage and retain the shape of the sample. The impact strength of themix has increased
significantly with the addition of GF [15]. Although the impact strength is uneven, it is
still 100% higher than PBT. The impact strength of PBT of 3.66 kJ/m2 is the lowest,
lower than PBT/15GF of 3.71 kJ/m2. The reason for the increase in impact toughness
is the presence of GF. The GF content further enhances the impact intensity. After mea-
suring the impact strength, we will conduct a microscopic scan to observe compatibility
between GF and PBT.

Figure 3 shows theSEMmicrostructure of the fracture surface of thePBT/GFmixture
samples corresponding to the percentage ofGFpresent in thePBTmixture. The increased
density of GF on the PBT matrix shows the compatibility between PBT and GF in the
mix. PBT stands out on GF surfaces as fault lines, meaning GF is highly compatible
with PBT. Figure 3 shows the effect of GF content on the impact strength of PBT and



528 L. Q. Khanh et al.

a) GF5 sample b) GF10 sample

c) GF15 sample d) GF20 sample

e) GF25 sample                                                                        f) GF25 (x300) sample

Fig. 3. SEM microstructure of the PBT/GF blend

PBT/GF mixtures. Compared with the neat PBT, the impact strength of the PBT/GF
mixture moderately rises as the GF percentage increases. The nature of the hard GF
relative to the matrix dominates the increase in impact strength. They can be caused by
high dispersion and adhesion between GF and PBT matrices. Therefore, it can be seen
that adding GF to PBT is an effective means of enhancing the properties of PBT.

At fiber content greater than 5 wt.%, the fiber length of the mixture is an essential
factor for the mechanical strength of PBT/GF mixtures. From the results of Fig. 3, we
have seen that the GF length of mixtures made with lower molecular weight PBT [16]
is longer than that of mixtures produced with higher molecular weight PBT [17]. This
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behavior is probably due to the more severe decomposition of GF in the dense matrix
than during mixing PBT and GF in plastic injection machines.

4 Conclusions

The mechanical properties are improved compared to 100% PBT sample. The slight-
est impact strength is 3.71 kJ/m2, and the highest is 6.28 kJ/m2. The impact strength
decreases when GF reaches 15% but is still higher than 100% PBT. The additional filling
increases friction between the elements of GF and uniform distribution throughout the
mix, which helps to create strong bonds that increase the rigidity of the material; plus,
the uniform distribution of GF throughout the mixture through SEM images has known
the impact of GF. Flame retardant properties are also further improved due to the addi-
tion of GF scattered in the mix. PBT resin is additionally reinforced with GF, which can
prevent the shrinkage of the mixture and create uniformity, which is a factor that clarifies
the effect of the toughness of the improved material. This result makes the material less
susceptible to environmental influences. This result is ideally suited for manufacturing
battery cases without using expensive plastics while still having good properties and
durability that save on fees. It even opens up new applications in sectors that require
strength and resilience, such as the automotive or electronics industries. Overall, our
research expands our understanding of how GF affects the mechanical properties of
PBT and shows new prospects for developing materials with similar mechanical proper-
ties, which can be advanced development, as a premise for promoting rich applications
in the manufacturing industry.
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Abstract. Gas turbines have emerged as integral components in various industrial
applications, particularly in the generation of electrical power. The widespread
adoption of gas turbines has sparked increased interest among researchers and
designers to explore and enhance various aspects of this machinery. This study is
dedicated to simulating the flow of compressible transonic fluid through a config-
uration of eight blades, akin to those found in gas turbines. The primary objective
is to analyze and determine the pressure and temperature distribution surrounding
each blade. The configuration under investigation aligns with the one previously
studied byT.Arts through experimentalmeans. The numerical results generated by
the Fluent codewill be examined and discussed, shedding light on the intricacies of
fluid dynamics within this specific turbine blade arrangement. This research aims
to contribute valuable insights for further refining the performance and efficiency
of gas turbines in practical applications.

Keywords: Fluent Code · Gas Turbine · Blades · Performance

1 Introduction

In the contemporary landscape of power generation, gas turbines have evolved into indis-
pensable components, playing a pivotal role in diverse industrial sectors, especially in
the production of electrical energy [1–3]. The increasing prevalence of gas turbines has
spurred a heightened interest among researchers and designers, propelling them to delve
deeper into every aspect associated with this machinery, all with the overarching goal of
effecting necessary improvements [4, 5]. This comprehensive study is dedicated to the
intricate simulation of the flow of compressible transonic fluid through a configuration
consisting of eight blades, mirroring the design commonly found in gas turbines. The
focal point of our investigation revolves around the meticulous analysis and determina-
tion of the pressure and temperature distribution near each turbine blade. The chosen
configuration for examination aligns with the experimental study conducted by T. Arts
[6], providing a foundation for our numerical simulations. By leveraging the Fluent
code, we aim to generate accurate and insightful numerical results. These results will
then be subjected to thorough discussion, offering a nuanced understanding of the fluid
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dynamics at play within this specific turbine blade arrangement. This research aspires to
contribute not only to the theoretical understanding of gas turbine performance but also
to provide practical insights that can inform the ongoing efforts to enhance the efficiency
and effectiveness of gas turbines in real-world applications. Through this exploration,
we anticipate uncovering valuable knowledge that will contribute to the continuous
advancement of gas turbine technology.

2 Problem Statement and Equations

This work focuses on the numerical modeling of transonic flow around the VKI-CT2
8-profiles located in the stator of an axial turbine. The numerical simulation of the flow
is conducted using Fluent software based on the Navier-Stokes equations. Turbulence is
accounted for using first-order and second-order turbulence models. The discretization
method employed is the finite volume method, and an unstructured tetrahedral mesh is
adopted for a generalized Cartesian coordinate system.

The system of averaged Navier-Stokes equations can be expressed in the following
conservative form [Refer to [6]]:

∂w

∂t
+ div(Fc − Fd(w,wx,wy,wz)) = S(w) (1)

3 Meshing and Boundary Conditions

In the simulation process, meshing and defining appropriate boundary conditions are
crucial aspects. The mesh serves as a discretized representation of the computational
domain, while boundary conditions prescribe the behavior of the flow at the domain
boundaries. For this study, an unstructured tetrahedralmesh of the computational domain
is utilized. The choice of mesh type and refinement is particularly important near the
walls (Fig. 1), and it is influenced by the Reynolds number and turbulencemodel applied.
In cases where viscous effects are significant, such as at a Reynolds number of approxi-
mately Re = 105, a refined mesh is employed to capture the details of the flow near the
surfaces accurately.

Fig. 1. Mesh of the domain studied
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Additionally, specifying proper boundary conditions is essential to mimic real-world
scenarios. These conditions might include the inflow and outflow conditions, as well as
the treatment of solid surfaces like the turbine blades. The accuracy and reliability of the
simulation results depend on the careful consideration and application of these meshing
and boundary condition parameters.

The flow is assumed to be steady, compressible, and viscous. At the inlet of the
domain, both the velocity and static temperature of the fluid are considered as specified
boundary conditions. At the outlet, the static pressure of the fluid is captured. On the
walls, it is assumed that the temperature is known. The obtained results are validated
against the wall 251 (test) [1], providing a confirmation of the simulation outcomes.
This validation against a known case helps ensure the accuracy and reliability of the
numerical model in replicating real-world fluid dynamics, especially under the given
assumptions and boundary conditions.

4 Results and Discussions

4.1 Mach Number

The Mach number is a dimensionless quantity that represents the ratio of the speed of
an object, in this case, the fluid flow, to the speed of sound in that fluid. It is a crucial
parameter in aerodynamics andfluid dynamics, providing insight into the compressibility
effects of the fluid. In the context of the results obtained using the Shear-Stress Transport
(SST) model, the Mach number gives us valuable information about the speed of the
fluid at different locations within the computational domain (Fig. 2).

Inlet of the Domain: The fluid enters the domain at a low velocity. This initial
condition is crucial as it sets the baseline for the subsequent flow behavior.

Leading Edge of the 8-Blade Configuration: As the fluid encounters the leading
edge of the 8-blade configuration, it undergoes deceleration. This deceleration is likely
influenced by the presence of the blades, causing changes in the flow pattern and velocity
distribution.

Inter-Blade Space (especially on theUpper Surface): The fluid then begins to acceler-
ate in the inter-blade space, with a particular emphasis on the upper surface or extrados.
This acceleration could be attributed to the aerodynamic shape of the blades and the
consequent pressure differences on the upper surface, leading to increased flow velocity.

TrailingEdge:At the trailing edge of the blades, there is a sudden decrease in velocity.
This reduction in speed might be a result of the interaction between the fluid from the
extrados and intrados, causing a difference inmomentum (QM) between the two regions.

Swirling Zone Formation: The sudden decrease in velocity at the trailing edge is
accompanied by the formation of a swirling zone. This swirling motion is likely induced
by the difference in momentum between the fluid from the upper surface (extrados) and
that from the lower surface (intrados).

Shockwave Near the Trailing Edge: Additionally, a shockwave is noted near the
trailing edge. Shockwaves often occur when there is a sudden change in flow conditions,
such as a rapid decrease in velocity. The presence of a shockwave indicates a significant
change in the flow dynamics at this location.
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Understanding the Mach number distribution and its variations at different points
along the flow path provides valuable insights into the aerodynamic characteristics of the
8-blade configuration. It helps in optimizing the design and predicting the performance
of the system, considering compressibility effects and shockwave formations.

Fig. 2. Variation of the Mach number obtained by the SST-model (case MUR251)

Pressure/Temperature.The interplay between pressure and temperature is crucial for
understanding the behavior of a system, such as the flow around turbine blades (Fig. 3
and 4).

High Inlet Pressure: The excessively high pressure at the inlet of the domain could
be attributed to various factors, including upstream conditions, geometry of the inlet, or
operational parameters. Understanding the source of this high pressure is essential for
optimizing the system’s performance and preventing potential damage.

Pressure Degradation in Inter-blade Region: The decrease in pressure within the
inter-blade region suggests that there might be interactions between the fluid and the
blades leading to energy losses. This phenomenon could be caused by the complex
aerodynamic interactions occurring between adjacent blades or the presence of turbulent
flows. Investigating and mitigating these pressure losses are vital for improving overall
efficiency.

Different Pressure Changes on Extrados and Intrados: The discrepancy in pressure
changes between the extrados and intrados indicates an asymmetry in the flow field
around the blades. This could be a result of uneven blade loading, non-uniformities in the
incoming flow, or blade design considerations. Identifying the cause of this asymmetry
is essential for achieving a more uniform distribution of pressure and optimizing the
aerodynamic performance of each blade.

Temperature Increase at Shockwave Location: The sudden increase in temperature
at the shockwave location near the trailing edge is indicative of compression heating.
As the flow accelerates and encounters a shockwave, there is a conversion of kinetic
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energy to thermal energy, resulting in a temperature rise. This temperature spike should
be carefully monitored, as excessive heating can lead to material degradation and affect
the overall durability of the blades.

Inconsistent Effect Among Blades: The variability in the impact of the shockwave
among the eight blades suggests that there might be differences in their individual aero-
dynamic loading or geometrical characteristics. Investigating these variations and their
influence on the pressure and temperature distribution will help in optimizing the design
and ensuring uniform performance across all blades.

Fig. 3. Pressure variation (P) obtained by the SST-model

Fig. 4. Temperature variation (T) obtained by the SST-model
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5 Conclusions

The preliminary results obtained in the course of this research work are promising. The
viscous calculation of transonic flow around the 8 blades has revealed the presence of a
shockwave and its varying effects. This observation prompts the need for further explo-
ration, both in terms of theoretical understanding and practical implications, in future
research. These early findings offer a glimpse into the complex behavior of transonic
flow around the turbine blades. The identification of a shockwave introduces a layer of
intricacy to the study, necessitating a deeper dive into the physical and practical aspects
associated with its presence.

Future research endeavors could focus on:
Shockwave Dynamics: Investigating the precise characteristics and dynamics of the

shockwave. Understanding how it evolves and interacts with the surrounding flow will
contribute to a more comprehensive comprehension of the transonic flow phenomena.

Impact on Turbine Performance: Delving into the effects of the shockwave on the
overall performance of the turbine. This includes assessing its influence on efficiency,
pressure distribution, and potential structural implications on the blades.

Optimization Strategies: Exploring potential optimization strategies to mitigate any
adverse effects caused by the shockwave. This could involve adjustments to blade design,
flow control mechanisms, or other engineering solutions.

Validation and Comparison: Validating the computational results against experimen-
tal data and comparing themwith other established numericalmodels. This step is crucial
for ensuring the accuracy and reliability of the simulation outcomes.

Practical Applications: Extending the research to address practical applications, such
as turbine design improvements or the development of guidelines for handling transonic
flows in similar contexts.

In summary, while the current results provide a foundation, there is a rich landscape
for exploration in understanding and harnessing the dynamics of transonic flow around
turbine blades. The identified shockwave serves as a focal point for future investigations,
inviting a multidimensional analysis encompassing theoretical, numerical, and practical
considerations.
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Abstract. The imbalanced construction dataset reduces the accuracy of the
machine learningmodel. This issue that addressed by recent constructionmanage-
ment research through different sampling approaches. Despite their advantages,
the utilized sampling approaches are reducing the reliability of the prediction
model, while posing the risk of artificial bias. The objective of this study is to
address the challenge of imbalanced datasets in construction progress predic-
tion models using a novel variational autoencoder (VAE) that generates synthetic
data for underrepresented classes. The VAE’s encoder-decoder architecture, along
with its latent space components, is optimized for this task. A comparative anal-
ysis using decision tree-based ML models, including grid search optimization,
substantiated the effectiveness of the VAE approach. The results indicate that
the hybrid dataset benefited the ML models from the addition of the synthesized
dataset, showing 2% improvements in performance metrics across most models.
The synthetic data generated by VAEs contributes to the construction of more bal-
anced datasets, which, in turn, can lead to more reliable and accurate predictive
models. The enhanced accuracy of the VAE-MLmodel addresses the class imbal-
ance problem and improves the reliability of construction productivity predictions
and related resource allocation plans.

Keywords: Generative Model · Variational Autoencoder (VAE) · Imbalanced
Construction Dataset ·Machine Learning (ML)

1 Introduction

The construction industry often grapples with the complexity of data, particularly when
it comes to monitoring and predicting project progress. Placing effective project control
is essential for the success of construction projects (Ezzeddine et al. 2022), reducing the
rate of construction budget and schedule failures. However, the increasing complexity
of projects coupled with inefficiencies in project control systems accelerates the rate
of budget and schedule failures (Ezzeddine et al. 2022). Earned value analysis (EVA),
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employing indicators such as cost performance index (CPI) and schedule performance
index (SPI), is a widely accepted tool for comprehensive construction performance
analysis (Kim and Kim 2014). SPI along with CPI provides crucial insights into the
health and progress of a project, being the bird’s-eye view of the performance triangle of
a project (KimandKim2014). The effectiveness of EVMis often limited by the quality of
input data, particularly from traditional forecasting methods like S-curves. Recognizing
the limitations of traditional methods, the construction sector has increasingly adopted
ML solutions (Candaş and Tokdemir 2022; Kazar et al. 2022; Koc 2023; Mammadov
et al. 2023; Mostofi et al. 2022; Mostofi and Toğan 2023; Toğan et al. 2022). However,
the efficacy of these models is contingent on the quality and size of the underlying
datasets, which remains a challenge in the construction industry (Althnian et al. 2021;
Li et al. 2017; Sordo and Zeng 2005).

While ML models have shown potential in forecasting construction productivity,
their performance heavily relies on the quality and size of the underlying datasets (Alth-
nian et al. 2021; Aroyo et al. 2021; Barbierato et al. 2022). A critical issue faced in the
construction sector is the collection of ample, relevant, and reliable data, a challenge
that is aggravated by the dynamic and heterogeneous nature of construction projects.
Data augmentation has been recognized as a critical strategy to enhance the performance
of ML models (Barbierato et al. 2022; Mostofi et al. 2023). Variational autoencoders
(VAEs) stand out as a powerful tool in this context. VAEs are generative models capa-
ble of learning complex data distributions and generating new data samples. Research
demonstrated the potential of VAE in improving the accuracy of ML by 8% (Islam
et al. 2021). (Mostofi et al. 2023) explored the use of VAEs in construction management
to improve the prediction accuracy of graph attention networks for CPI productivity
prediction, achieving considerable improvement in prediction accuracy. However, this
study did not evaluate the VAE on other MLmodels, particularly on SPI prediction. As a
result, the present research delves into the application of VAEs on a comprehensive con-
struction progress dataset, with the aim of generating synthetic data that addresses the
imbalance issue. In addition, our study details the components of the VAE, including its
encoder-decoder architecture, latent space, and hyperparameters,which are crucial for its
effective functioning. The objective is to leverage the generative capabilities of VAEs to
address the challenges of underperforming ML solutions due to training on imbalanced
datasets, thereby aiding in more accurate and reliable construction project forecasting
and control. A comparative analysis using decision tree-based models, such as random
forest, AdaBoost, gradient boosting, LightGBM, XGBoost, extra trees classifier, and
bagging models was performed.

2 Methodology

The methodology of using VAE for data generation and then aggregating it with a
collected dataset involves several key steps. Figure 1 displays the research flow of this
study.

The original dataset comprises 1,342 progress records collected from a construc-
tion project site, detailing the resources used for the execution of different construction
activities, whereby their performancewas reported byCPI and SPI. Followingly, the data
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Fig. 1. Research flow.

preparation included handling records with inconsistencies and missing values, adjust-
ing the format, and selecting the features for SPI prediction. Next the median instances
per class were determined for the identification of underrepresented classes within the
dataset. Subsequently, the underrepresented portion of data was used for targeted data
generation and addressing the issue of class imbalance. Here a VAE model was con-
figured with an encoder and decoder network. The encoder maps input data to a latent
space representation, while the decoder reconstructs the data from the latent space. At
this stage, a sampling functionwas implementedwithin theVAE architecture to facilitate
the generation of new data points from the learned distribution. VAE was trained on the
80% of data related to underrepresented class data to learn the distributions specific to
these classes, while the rest 20% was used for model validation. The training of VAE
was guided through a reconstruction loss and the Kullback–Leibler divergence for the
latent loss while being optimized based on the mean squared error. Figure 2 displays the
performance of the utilized VAE.

Fig. 2. Performance of the VAE proposed.

Generated data encompasses 315 new records created by the VAE, which aimed
to address the imbalance in the original dataset. The generated synthesized data was
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then used to create a balanced dataset by combining it with the original dataset. The
aggregated dataset, combining original and generated data, totals 1,496 observations.
The combined dataset provides a more substantial and diverse training base, which
could potentially lead to more robust models that generalize better to unseen data. Next,
a variety of tree-based models were considered, namely decision trees, random forest,
AdaBoost, gradient boosting, LightGBM, XGBoost, extra trees classifier, and bagging,
ranging from simple decision rules to complex ensemblemethods that aggregatemultiple
weak learners into a stronger predictive model.

3 Results

This study evaluated the proposedVAE-MLonvariousMLmodelswhile comparing their
performance when applied to a dataset comprising synthesized and original data and the
original collected data. For eachmodel type, we conducted hyperparameter optimization
using grid search, systematically working models through multiple combinations of
parameter values and cross-validating them. This allows the determination of the tunes
that give the best performance according to a specified metric. The models configured
with their best hyperparameters were further evaluated based on accuracy, F1 score,
precision, recall, and area under the curve (AUC)metrics. Figure 3 displays the prediction
performance of the ML models trained over the original and hybrid datasets based on
accuracy and F1 score metrics.

Fig. 3. Comparison of accuracy and F1 score performance of prediction models.

The synthesized dataset consistently exhibited superior performance compared to
the original dataset, notably, models like LightGBM and gradient boosting achieved
an accuracy of 0.98. The integration of VAE in ML models improved their prediction
accuracies by about 2%. Figure 4 compares the prediction performance of these models.

The VAE-ML proposed in this research demonstrated a robust predictive capability
using post data augmentation. Previous studies employed undersampling, oversampling,
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Fig. 4. Comparison of prediction performance in each SPI class using both datasets.

and synthetic minority oversampling technique (SMOTE) approaches. Undersampling
removes the records related to the majority class (Guo et al. 2018; Mishra and Singh
2021) and thus loses important information from the utilized dataset (Taha et al. 2021).
On the other hand, oversampling replicates the underrepresented class (Guo et al. 2018;
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Mishra and Singh 2021), where the introduced repetition in the dataset poses the risk of
overfitting (Taha et al. 2021).

SMOTE creates artificial samples using nearest-neighbor approaches over theminor-
ity class limits a synthetic sample from the minority class has been pivotal in enriching
datasets, thereby fostering better classifier performance across various domains (Bogner
et al. 2018; Chawla et al. 2002). However, the research raised a question about the relia-
bility of the SMOTE as its over-generalization of theminority class can result in artificial
biases (Bao and Yang 2023) and inclination of the prediction towards the minority class
(Blagus and Lusa 2012, 2013).

Considering the drawbacks mentioned, there exists a gap in methodologies that
not only address the class imbalance but also ensure the authenticity and reliability of
prediction models is paramount.

The incorporation of VAE-generated synthetic data appears to be a potent strategy
for enhancing ML model performance. This approach has demonstrated substantial
benefits in accuracy, precision, recall, and AUC measures without incurring prohibitive
computational costs. These findings suggest a promising direction for future research
and applications. Future studies could focus on the application of VAEs across a wider
range of predictive tasks and explore the impact of different types of generative models
on the predictive accuracy of various machine learning algorithms.

While the results are promising, caution must be exercised in interpreting these find-
ings. The synthetic data’s performance boost must be validated against more extensive
datasets from different construction projects to ensure the ability of VAE to improve the
prediction performance of the ML model.

4 Conclusion

There exists a gap in construction management research for the methods that improve
the prediction accuracy of the real-life construction dataset, with an imbalanced pre-
diction class. The objective of this study was to address the challenges associated with
data imbalance in construction management datasets and enhance the performance of
machine learning models using data augmentation through a VAE model. The research
entailed a comprehensive analysis of multiple decision tree-based ML models, evalu-
ating their ability to predict construction project outcomes effectively, considering the
SPI metric.

The obtained results highlighted several pivotal findings. Firstly, the incorporation of
VAE-generated data led to an enhancement in the accuracy of SPI predictions, improv-
ing the prediction performance of the eight investigated ML approaches by up to 2%.
The implementation of the VAE-ML model has improved the prediction accuracy of
construction management datasets.

This suggests that addressing class imbalance through synthetic data generation can
effectively improve model performance. Secondly, the results underscored the need for
rigorous data pre-processing and augmentation to improve the robustness of MLmodels
in construction management.

Overall, throughout the research, it was evident that data imbalance impacts the
predictive capability of traditional models. The use of VAEs for data generation proved
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to be a promising approach to mitigate this issue. The generative capability of VAEs
allowed for the creation of synthetic yet realistic samples, which balanced the dataset
and provided a more uniform learning environment for the ML models.

However, the study also revealed gaps that warrant further investigation. The applica-
tion of VAE was primarily focused on SPI prediction using different decision tree-based
ML models, and its effectiveness on deep learning approaches remains unexplored,
pointing to an area ripe for future research.
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Mostofi, F., Toğan, V., Ayözen, Y.E., Tokdemir, O.B.: Predicting the impact of construction rework
cost using an ensemble classifier. Sustainability (Switzerland), 14(22) (2022). https://doi.org/
10.3390/su142214800
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Abstract. Safety of the roads in the permafrost region is largely determined by
their thermal regime. The aim of the present work was to discover a function to
determine the thermal conductivity coefficient of materials used to construct a
thermal insulation layer of a road to prevent foundation soils from thawing over a
permitted thawing depth. Two cases were surveyed: when the natural temperature
of the soil is equal to ice melting temperature and when it is not equal to ice melt-
ing temperature. Engineering formulas permitting to quickly select the required
thermal resistance property of an insulationmaterial based on the knownBiot num-
ber were derived. An expedient regularity is observed: the thermal resistance of
the thermal insulation layer is roughly proportional to the dimensionless thawing
depth. Correspondingly, when selecting the construction materials for a thermal
insulation layer it can be considered that the increase in permissible thawing depth
increases proportionally to the increase of the thermal conductivity coefficient of
the insulation material. Considering that the physical and mechanical properties
of the soil are not constant along the road length, the thermal resistance of the
thermal insulation layer should be determined for individual sections of the road
rather than for the entire route. Accordingly, the construction materials can also
vary depending on the selected solutions for the road construction.

Keywords: Permafrost · Roads · Thermal Insulation · Materials · Thermal
Conductivity Coefficient · Permissible Thawing Depth

1 Introduction

Safety of the roads in the permafrost region is largely determined by their thermal regime,
especially when the road is built on soil with high ice content [1–5]. As the soil thaws, its
strength deteriorates andmelting of the inner ice layer may cause the road to collapse [6–
8] as the strength of the foundation soil depends on the phase state of thewater in the pores
[9–11]. A way to manage the thawing depth is to add an insulation layer. The insulation
layer can be composed of a single material, such as polystyrene, or a combination of
thermal accumulation and thermal insulation materials [12–14]. One notable insulation
material is foamglass ballast [15]. The properties of a thermal insulation layer are usually
selected to fulfill the main requirements of preserving the foundation soil in a frozen
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state throughout the whole period of the road operation and allowing the soil to thaw up
to a given depth while maintaining its load-bearing strength. The aim of this research is
finding a function determine the thermal conductivity coefficient of insulation materials
of the road that prevents the soil from thawing over the permissible depth.

2 Methodologies

An algorithm proposed in [16] is used to obtain the functions to determine the optimal
properties of the insulation layer. The algorithm searches for a Biot number, yielded as
a function of Fourier and Stefan numbers, guaranteeing that the thawing depth of the
foundation soil will not exceed the depth allowed in the road design. The equations are
presented in a dimensionless (criterion) form. The required thermal resistance of the
insulation layer is determined using the obtained Biot number. The thawing depth with a
thermal insulation layer applied can be determined using the formula [17, 18] resulting
from solving a one-dimensional Stefan problem at boundary conditions of the third kind.
The problem, in a dimensionless form, is:

h =
√
2Fo/St + 1/Bi2 − 1/Bi (1)

where Bi = h0/(R · λ�), R = δi/λi, Fo = aτ/h20, St = Lw/tCp, h = H/h0
h is the thawing depth of the foundation soil, m. h0 is the typical dimension (size),

m. R is the thermal resistance, m2K/W. λ� is the thermal conductivity coefficient of
the thawed soil, W/mK. δ is the thickness of the insulation layer, m. λi is the thermal
conductivity coefficient of the insulation layer,W/mK. L is the latent heat of ice thawing,
J/kg. w is the ice content in the soil, unitless. Cp is the total heat capacity of the soil,
J/kgK. a is the thermal diffusivity of the soil, m2/s. t is the air temperature, °C. Bi is the
Biot number. Fo is the Fourier number. St is the Stefan number.

Using the Eq. (1), a Biot number guaranteeing that the soil will not thaw beyond the
permitted thawing depth over a given time period will be found:

Bi = (2h · St)/
(
4Fo − h2St

)
(2)

In the Eq. (1) it is adopted that the temperature of the active layer of soil is equal to ice
thawing temperature. As demonstrated in [19], in most typical cases this assumption is
expedient for engineering calculations. The Eq. (1) can be further specified by including
the concept of effective heat capacity of the rocks [19]:

C = Lw + Cp|Te| (3)

where Te is the temperature of the frozen active layer of the soil, °C. In this case, the
Eq. (1) is transformed into the form:

h =
√
2TFo/(St + 1) + 1/Bi2 − 1/Bi (4)

And the Biot number is found from the expression:

Bi = 2h · (St + 1)/
(
4TFo − h2(St + 1)

)
(5)
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The Stefan number notation changes. It will be equal to St = Lw/Cp|Te|. The
dimensionless temperature simplex T, included in the Eqs. (4) and (5) that describes
the relationship between the air and soil temperatures, will be equal to T = t/|Te|. The
methods of determination of the Fourier and Stefan numbers when solving problems of
heat exchange of atmospheric air with thawing or freezing rocks are considered in [20,
21].

Using the known Biot number, determined using the Eqs. (2) or (5), it is possible
to quickly find the thermal resistance and choose a suitable material for the insulation
layer of the road. The Biot number can be found using the equation:

Bi = 2h · (St + 1)/
(
4TFo − h2(St + 1)

)
(6)

where R� = h0/λ�; Ri = δ/λi; Bi = αR�. In a physical sense, R� is a unit of
thermal resistance of a thawed layer of the road foundation in m2K/W. The heat transfer
coefficient for a flat surface a is determined by the formula [22]:

(7)

where α0 is a convective heat transfer coefficient that depends on the average air speed
over a given time interval and can be determined using the Perlstein formula [23]. Should
the thermal resistance of all layers of the road be considered, the thermal resistance of
the insulation layer can be found from the expression:

Ri = Ri

Bi
− 1

a0
+

∑n

i=1
Ri (8)

Here Ri is the thermal resistance of an i-th individual layer of the road comprising n
layers, excluding the thermal insulation layer, in m2/W°C.

The second member of the Eq. (8) is much smaller than the first one, Eq. (3) will
be used for further analysis. This approach will provide some margin of safety as the
excluded secondmember of the Eq. (8) decreases the thermal resistance of the insulation
layer. Knowing the thermal resistance and thickness of the insulation layer, a material
with the required thermal conductivity coefficient can be selected. A method to select an
economically efficient material is proposed in [24]. The criterion of economic efficiency
is equal to the product of the thermal conductivity coefficient of the material and the
cost of one cubic meter of the material.

The physical and mechanical qualities of the foundation soil differ along the route
and thus the thermal resistance of the insulation layer should be determined for individual
sections of the road rather than for the entire road. Indicator m of the degree of change
in the thermal resistance of the insulation layer m (m = Ri2/Ri1) and an indicator
k (k = h2/h1) of the change in permissible thawing depth of the foundation soil is
introduced. The indicators on the baseline section of the road (index 1) and specific
section of the road (index 2) are determined using the formula (6). It includes a Biot
number dependent on the corresponding parameter h. After several transformations, the
relationship between parameters m and h is found:

m = k

(
2Fo

St
− h21

2

)
/

(
2Fo

St
− k2h21

2

)
(9)
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Here h1 is the permissible value of a dimensionless thawing depth of the foundation soil
on the baseline section of the road.

3 Results and Discussion

An analysis of the equations shows that some of them reflect relationships relevant
for practical applications. From the expression (6) a conclusion can be made that the
thermal resistance of the insulation layer is directly proportional to the unit of thermal
resistance of thawed foundation soil, soil and inversely proportional to the Biot number
that restricts thawing to a maximum permitted depth. Calculations with varying data
were done and their results are presented as charts in the Figs. 1, 2, 3 and 4. Figure 1
shows the dependence of the Biot number (Bi) on the dimensionless thawing depth of
the foundation soil (h) at varying values of the complex 2Fo/St for A) small and B) large
permissible dimensionless thawing depths. The shape of the charts shows that for small
permissible depths (1-B), the relationship is close to linear. Independently of the value
of the complex 2Fo/St, the degree of increase in the Biot number at change in the value
of the Biot number is an almost constant value. For example, when the dimensionless
thawing depth changes by 2.5x - from 0.2 to 0.5 - the degree of increase in Biot number
for both a 2Fo/St complex equal to 4.0 and 2.5 remains a constant quantity equal to
roughly 1.6. The shape of the curves describing the relationship of the Biot criterion on
the dimensionless thawing depth for high thawing depth values (h > 0.5) is non-linear
(Fig. 1A). For example, when the thawing depth increases twice, but within the interval
0.8 - 2.0, the degree of increase in the Biot number for the values of 2Fo/St complex of
4.0 is almost 2.0, and when the value of the complex is 2.5, the increase is 4.0. That is,
almost twice as large, even though the degree of change in the dimensionless thawing
depth remained the same and equal to 2.5, as in the first example.

Fig. 1. Biot number depending on the dimensionless thawing depth of the foundation soil at
various values of the complex 2Fo/St. 1 – 2.5, 2 – 3.0, 3 – 3.5, 4 – 4.0. A – for large permissible
dimensionless thawing depths, B – for small permissible dimensionless thawing depths.

Figure 2 shows a 3D chart displaying the dependence of the Biot number on the
Fourier and Stefan numbers at various values of the permissible thawing depths of the
foundation soil.
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Fig. 2. Biot numbers depending on the values of the Fourier and Stefan numbers at different
permissible thawing depths of the foundation soil (h): 1 – 0.5, 2 – 0.75, 3 – 1.0.

With the decrease in the dimensionless thawing depth, the dependence of the Biot
number on the Fourier and Stefan criteria decreases. The greater the Stefan number and
the smaller the Fourier number, the weaker the dependence. At small Stefan numbers and
large Fourier numbers, the degree of change in the Biot number is insignificant, indicated
by the planes merging in the figure. The greater the ice content in the foundation soil
and the shorter the duration of the warm period during which the soil thaws, the smaller
the thermal resistance of the insulation layer can be. When the layer is being designed,
materials with higher thermal conductivity may be selected.

Figure 3 shows a dependence of the thermal resistance of the thermal insulation layer
on the Biot number and the thermal resistance of thawed soil.

Fig. 3. The change in thermal resistance of the thermal insulation layer depending on the Biot
number and the thermal resistance of a thawed soil layer.
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The chart indicates that when the Biot number increases, the influence of the thermal
resistance of a thawed soil layer on the thermal resistance of a thermal insulation layer
decreases. Compare the edges of the chart at Biot numbers of 0.2 and 1.0. The edge that is
closer in the picture (Bi = 1.0) is almost parallel with the R axis. At small Biot numbers
the curve rises sharply. In the first case, the range of thermal resistance of the thermal
insulation layer varies from 2 to 4 (blue), in the second case from 2 to 10 (yellow).

Figure 4 demonstrates the change in thermal conductivity coefficient depending on
the Biot number set in the design and the thermal conductivity coefficient of thawed soil
layer at varying thickness of the thermal insulation layer.

Fig. 4. Thermal conductivity coefficient of a thermal insulation layer material (λη, W/mK)
depending on the Biot number set in the design and thermal conductivity coefficient of the thawed
soil (λπ ,W/mK) at varying thickness of the thermal insulation layer. 1 – 0.5m, 2 – 0.2m, 3 – 0.1m.

The selection of thermal insulation material depends on the restrictions on total
thickness of the road. The greater the permissible thickness, the more likely regular
materials, such as burnt rocks or dry sand, whose thermal conductivity coefficients are
in the range of 0.4 – 1.0 W/mK could be sufficient as thermal insulation, depending on
specific geocryological conditions. The Biot numbers must be in the ranges that do not
permit soil thawing beyond the allowed depth. Figure 5 shows charts built on the basis
of calculations done using the Eq. (9).

Figure 5 shows the dependence of the parameter m on k at various initial values of
the base dimensionless quantity of the permissible thawing depth h1 for two values of the
2Fo/St complex. The charts show that in the considered range of data, the relationship
betweenm and k is almost linear. The gradient	m/	k is close to one. This indicates that
the thermal resistance of the insulation layer changes in a roughly equal proportion to
the dimensionless thawing depth. If at some section of the road the permissible thawing
depth can be increased twice, it means that the insulation layer can have a twice as large
thermal conductivity coefficient as the material used for the rest of the road.

As the demonstrated by the chart, in the range of k (1, 0 ≤ k ≤ 2, 0) the two planes
almost merge, even though the 2Fo/St complex increases twofold, and the thawing
depth changes by 2.5x. An analysis of the charts confirms the possibility of applying the
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Fig. 5. The degree of change in thermal resistance m depending on the change in permissible
thawing depth k at various values of the basic quantity h1. 1 – 0.5, 2 – 0.4, 3 – 0.3, 4 – 0.2, 5 – 0.5,
6 – 0.2 (1–4 when the 2Fo/St complex = 6, 5–6 when the 2Fo/St complex = 4).

relationship between the thermal conductivity ofmaterials used for the thermal insulation
layer of a given thickness and the change in permissible thawing depth at various sections
of the road. This relationship is described by the function λ2 = kλ1. Considering that
the physical and mechanical properties of the soil are not constant along the route, in
the design the required thermal resistance coefficient of the insulation layer should be
calculated for parts of the route rather than the whole road. Correspondingly, materials
applied at different sections can vary depending on the construction solutions adopted.

4 Conclusion

Engineering equations allowing to assess the main heat exchange factors and thermal
physical properties of the foundation soils on the choice of construction materials for
the roads in the permafrost area were devised. In particular, it was demonstrated that the
thermal resistance of the thermal insulation layer of the road is directly proportional to
a unit of thermal resistance of the thawed layer of the foundation soil and is inversely
proportional to the Biot number that restricts soil thawing to a required depth. A pos-
sibility of applying the relationship between the thermal conductivity coefficient of the
construction materials of the thermal insulation layer of a given depth and a change
in the permissible soil thawing depth at varying sections of the road. Further research
should be focused on surveying the influence of modification of design parameters of
the roads and the thermal physical properties of the foundation soil on the road safety
and reliability.
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Abstract. The construction industry in Morocco constitutes a substantial share,
surpassing 33%, of the total energy consumption in the country, positioning it as
one of the industries with the highest energy intensity. In spite of its considerable
impact on energy consumption, the architectural design of buildings in Morocco
frequently overlooks essential aspects such as the time lag and decrement factor
linked to walls. This work aimed to examine the influence of incorporating phase
change materials (PCMs) with three distinct melting temperatures on the dynamic
thermal characteristics of bricks. The PCM is encapsulated in cylinders and inte-
grated into the brick’s solid matrix. The numerical simulations were conducted
usingCOMSOL software, employing finite element and the apparent heat capacity
methods. The results derived from the study indicate that integrating a 20% mass
fraction of PCM with a melting point at 32 °C Results in a notable decrease of
34% in the heat flux swings. Additionally, there is a 2.5 h delay in the infiltration
time of the external thermal temperature into the indoor space when comparing
it to conventional bricks. Moreover, the application of PCM contributes to miti-
gating a significant portion of fluctuations in interior temperature. Consequently,
incorporating PCMs into hollow clay bricks emerges as an effective approach for
diminishing the energy demand associated with cooling buildings.

Keywords: Hollow Clay Bricks · Phase Change Material · Thermal Inertia ·
Building Energy Efficiency · Energy-Savings In Buildings

1 Introduction

Within Morocco, the construction industry comprises 33% of the overall final energy
consumption and faces a considerable yearly increase in energy needs [1]. This upswing
is predominantly ascribed to the considerable external thermal fluctuations experienced
by building exteriors in warm climates, resulting in substantial energy consumption to
maintain a satisfactory internal thermal comfort level. Despite the construction sector
occupies a crucial role in the broader energy consumption scenario, it is also offers sub-
stantial opportunities to enhance thermal efficiency. This improvement can be realized by
elevating the energy performance of construction materials within building envelopes.
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Furthermore, fired clay bricks continue to be the predominant construction elements
in contemporary buildings [2]. This material offers numerous advantages, such as an
improved thermal insulation properties attributed to the good insulation capacity of the
air confined in the hole [3]. Nevertheless, its effectiveness is constrained in areas charac-
terized by extreme climatic conditions [4]. To address this limitation, the incorporation
of PCMs into bricks is suggested. To achieve this, the principal goal of the study is to
evaluate the advantages of utilizing PCMs in brick walls. Exploring this integration is
being studied as a strategy to decrease the energy needed for cooling buildings in the
specific climate of Fez.

Several published papers [5–11] have highlighted the positive effects of incorporating
PCMs into bricks, showcasing their ability to mitigate internal temperature fluctuations.
Jia et al. [5] investigated the simultaneous incorporation of Insulation Material (IM) and
PCM in bricks. Their results highlighted the distinct thermal adjustment mechanisms of
IM and PCM, showcasing improvements in both steady and transient thermal perfor-
mance, respectively. Furthermore, the outcomes outlined in [6] indicated that the optimal
improvements in thermal inertia characteristics and thermal resistance of hollow clay
walls were achieved by filling the central holes of hollow bricks with PCM32, coupled
with the application of low emissivity paint or the introduction of IM into both internal
and external holes. Rehman et al. [7] presented a dual-layer PCMs arrangement designed
for walls in diverse climatic conditions, encompassing both hot and cold environments.
Their study revealed that using double PCMs effectively upheld a stable inner tempera-
ture swings throughout both summer and winter, resulting in decreased energy needs in
Islamabad.

In this paper, the main objective is to identify the appropriate type of PCM for
integrating into bricks, with the aim of reducing overall cooling building loads in the
climate of Fez.

2 Numerical Analysis of the Thermal Behavior of the PCM-Brick

2.1 Physical Model

The numerical study concentrated on evaluating the thermal characteristics of hollow
bricks with 12 perforations incorporated with PCMs. The clay brick under examination
is equipped with twelve air holes, each surrounded by cylindrical PCM capsules with
a diameter of four millimeters and a mass fraction of 20% [8]. Figure 1 depicts the 2D
configuration of the modeled brick, encompassing both PCM capsules and air holes. To
fulfill the goal of this study, specific simplifications were incorporated.

• The examination of heat transfer is confined to a two-dimensional analysis.
• Convection is excluded from consideration within the PCM capsule.
• The Boussinesq formulation [12] is utilized to approximate the air density.
• The energy equation neglects the contribution of viscous heat dissipation.
• In this study, The thermal characteristics of the materials remain unchanged, except

for air density (refer to Table 1).

The equations below delineate the mathematical model grounded on the previously
mentioned assumptions:
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Fig. 1. Schematic illustration of the brick embedding PCMs

Table 1. The thermal characteristics of the utilized materials

Material Tm(°C) λ (W/(m.K)) Cp (J/(kg.K)) ρ (kg/m3) Lf (kJ/k)

Solid Liquid Solid Liquid Solid Liquid

clay [2] – 0.54 – 775 – 1810 – –

Paraffin [13]
(PCM24)

24 0.21 0.21 2100 2100 900 760 144

Capric acid
[14]
(PCM32)

32 0.149 0.149 2096 2088 1004 886 152

n-Eicosane
[15]
(PCM37)

37 0.15 0.15 2010 2040 778 856 241

Coupled heat transmission, involving conduction and convection, is described as
follow:
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∂x
+ ∂v

∂y
= 0 (1)

∂u

∂t
+ u · ∂u

∂x
+ v

∂u

∂y
= −∂P

∂x
+ μf

(
∂2u

∂x2
+ ∂2u

∂y2

)
(2)

∂v

∂t
+ u · ∂v

∂x
+ v

∂v

∂y
= −∂P

∂y
+ μf

(
∂2v

∂x2
+ ∂2v

∂y2

)
− ρfGβT(T − T0) (3)

∂T

∂t
+ u · ∂T

∂x
+ v

∂T

∂y
= λf

ρfcf

(
∂2T

∂x2
+ ∂2T

∂y2

)
(4)



558 Y. Chihab

The heat transmission through the PCM can be simulated using the following
equations:

ρpcmCp,pcm
∂Tpcm

∂t
= λpcm

(
∂2Tpcm

∂x2
+ ∂2Tpcm

∂y2

)
(5)

where: ⎧⎪⎪⎪⎨
⎪⎪⎪⎩

ρpcm = θρs + (1 − θ)ρl

Cp,pcm = 1

ρ

(
θρsCp,s + (1 − θ)ρlCp,l

) + Lf
∂αm

∂T

λp,pcm = θλs + (1 − θ)λl

(6)

⎧⎨
⎩
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2

θ = 1
�T

(
Tm + �T

2 − Tpcm
); if Tm − �T

2 ≤ Tpcm ≤ Tm + �T
2

θ = 0; if Tm + �T
2 ≥ Tpcm

(7)

αm = 1

2

(1 − θ)ρl − θρs

θρs + (1 − θ)ρl
(8)

Now, let’s establish the initial and boundary conditions to solve the mathematical
model:

λM
∂T(x, y, t)

∂x
|x=0 = h1 · [−T(x = 0, y, t) + Tsa(t)

] ∀y ∈ [0,H] (9)

λM
∂T(x, y, t)

∂x
|x=L = h2

[
T(x = L, y, t) − Tin

] ∀y ∈ [0,H] (10)

With

Tin = 26 ◦C (11)

and

Tsa(t) = Tamb(t) + αs

h1
I(t) − ξ�R

h1
(12)

For vertical elements, ξ�R
h1

= 0 [16].
In warmer day in the Fez region, the ambient temperature Tamb(t) is written as

follows:

Tamb(t) = 9.8 × Sin

(
2π t

86400
− π

2

)
+ 35.5 (13)

The solar irradiation I(t) is formulated as follows:

I(t) = 695.e−0.06( t
86400−12)

2
(14)

Ultimately, Tsa(t) is given by the following equation:

Tsa(t) = 35.5 + 9.8 × Sin

(
2π t

86400
− π

2

)
+ 28 × αs × e−0.06( t

86400−12)
2

(15)

The numerical solution of themathematical model was conducted using the Galerkin
finite element approach with the assistance of COMSOL software.
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2.2 Numerical Validation

A comparative analysis is conducted, employing results extracted from the work [17],
to assess the precision of the adopted solution procedure. Lachheb et al. [17] computed
the temperature swings of the plaster-PCM composite using the finite volume method
to solve the energy equation.

Table 2 offers a quantitative comparison of the peaks in the temperature swings of
the plaster-PCM composite. The difference between the numerical data extracted from
the literature [17] and the findings of this study is observed to be less than 1%.

Table 2. Transient temperature for different wallboard-PCM thickness

Thickness 2 cm 3 cm

T (°C) Tin, min Tin, max Tin, min Tin, max

Present work 21.26 27.61 21.52 27.00

[17] 21.20 27.70 21.60 26.80

Deviation (%) 0.29 0.32 0.37 0.75

Furthermore, to affirm the precision of the numerical approach employed in this study
for investigating conjugate heat transmission, an assessment was conducted a physical
model encompassing natural convection flows in a square cavity [18].

Figure 2 illustrates the qualitative comparison of the dimensionless temperature
distribution within the cavity. Notably, the data from the literature [18] and the results
obtained through our simulations exhibit a remarkable similarity, as depicted in Fig. 2.
Thus, the numerical technique utilized in this study demonstrates sufficient precision.

Fig. 2. The dimensionless temperature for Ra = 105 and Pr = 0.2: (a) current simulation. (b) the
outcomes documented in [18].
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3 Results and Discussion

To evaluate the impact of PCM type, numerical simulations were conducted on PCMs
with three distinct melting temperatures (32 °C, 37 °C, and 42 °C). Figure 3 illustrates
the transient internal temperature of the brick for various PCM type.

Fig. 3. Temperature swings for different PCM types

Fig. 4. The time lag for different PCM types

Thefindings reveal that the energy efficiencyof the threePCM-basedbricks surpasses
that of the standard hollow brick without PCM. In comparison to the brick without PCM,
bricks featuring a PCM mass fraction of 20% (PCM37 and PCM42) exhibit a minor
decrease in temperature peak and a low phase shift. The PCM32-based brick shows a
significant decrease in peak temperature and a substantial time lag (see Fig. 4) when
compared to bricks without PCM. Considering indoor boundary conditions, the optimal
Tm should closely align with the average outdoor thermal temperature. This alignment
boost the benefit of a PCM’s latent heat capacity, enhancing the potential to minimize
total cooling loads by augmenting the wall’s thermal inertia.

In conclusion, under the studied climatic conditions, PCM32 emerges as the most
suitable choice when compared to the other two PCMs (PCM37 and PCM42). It effec-
tively reduces the oscillations of the indoor thermalwavewhilemaintaining a satisfactory
level of comfort.

Figure 5 depicts the heat flux swings for the three types of PCM integrated into
the bricks. It is evident that incorporating any PCM into brick permits attenuate the
inner heat flux swings. Nevertheless, this decrease remains below 12% for the brick
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with PCM42 when compared to the brick without PCM. This outcome can be attributed
to the low molten fraction of PCM42, as the external temperature consistently stays
below its melting point for most of the time, rendering its latent heat capacity practically
inactive.

On the other hand, it is evident that utilizing PCM32 permits attenuate the inner heat
flux swings, amounting to approximately 34% compared to the brick without PCM.

Fig. 5. Heat flux swings for different PCM types

Analyzing the variations in total liquid fraction enhances the comprehension of
the results obtained in this section. Figure 6 illustrates that PCM42 has a low molten
fraction (total liquid fraction less than 0.15), rendering its latent heat storage practically
inactive. Consequently, incorporating PCM42 into bricks yields the lowest improvement
compared to the other two PCMs. In contrast, PCM32 and PCM37 remain partially solid
(partially liquid), activating their capacity for latent heat storage. Moreover, the molten
percentage of PCM32 surpasses that of PCM37, indicating that the stored latent heat in
the PCM32-based brick is higher.
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Fig. 6. Liquid fraction for different PCM types

4 Conclusion

This paper underscored the benefits of incorporating a PCM into bricks, with a spe-
cific PCM recommendation tailored to the Fez climate. The findings demonstrated that
integrating a 20% mass fraction of PCM with a Tm of 32 °C resulted in a substantial
34% reduction in inner heat flux swings and a 2.5-h delay in the infiltration time of
the external temperature swings into the indoor space compared to the brick without
PCM. Furthermore, the outcomes suggested that the utilization of PCM significantly
mitigates fluctuations in interior temperature. Consequently, the incorporation of PCMs
in hollow bricks proves effective in maintaining satisfactory internal thermal comfort
while concurrently reducing the energy required for cooling buildings.
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Abstract. The slope protection embankment of Lien Chieu aviation petroleum
depot was built in 2001. The embankment is responsible for ensuring safety for the
oil tank area and dispensing area, with the capacity of dispensing 13,800m3 of fuel
serving airports in the central region, from Hue to Binh Dinh provinces. In 2008,
due to the occurrence of floods, a landslide has destroyed the entire 59.7 mmiddle
segment of longitudinal embankment, leaving the foundation inert. The rest of the
embankment body in theNorthwas cracked on the entire surface; the embankment
body fell inward; the weight relief plate was cut entirely from the embankment
body and collapsed downwards. The collapse of the slope embankment led to the
destruction of the oil tanks, causing the operation to stop. It was urgent at that
time to investigate the causes of the slope failure and suggest the safe remedial
design for the structure. The site investigation and numerical analyses show that
the reasons for the failure could be due to the insufficiency of drainage holes
to drain groundwater during the flood season characterized by heavy rain, which
made the lateral pressure acting on thewall increase significantly, possibly causing
the wall structure to be damaged. The proposed design which consists of a low
retaining wall and upper slope embankment, both reinforced by geotextiles, could
be stable according to numerical modelling with many loading cases. Attention
must be paid to the stability of the excavation slope during construction and the
difficulties of narrow space for the excavation.

Keywords: Embankment · Sliding · Stability · Rain Flood · Slope Protection

1 Introduction

The aviation fuel depot construction project in Lien Chieu, Da Nang, is located in Hoa
Hiep Bac ward, Lien Chieu district, Da Nang city (Fig. 1a). The construction area is
situated on the southern slope of Hai Van Pass down to the sea. To the west, it borders
National Road 1A, to the east is Kim Lien Bay in Da Nang Bay, located at 16008

′
00

′′

north latitude and 108009
′
00

′′
east longitude, in Hoa Hiep ward, Lien Chieu district, Da

Nang city. The project was built in 2001 with a capacity of 13,800 m3 of various fuels to
serve airports in the Central region, fromHue to Binh Dinh. The slope protection project
has the task of ensuring the safety of the oil storage area and distribution area with a
high difference of 18 m.
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In 2008, during the period fromOctober toNovember, due to the occurrence of floods
landslides destroyed the entire 59.7-m-long central segment. The remaining embankment
body in the south (about 4 m long) was still quite intact. The rest of the embankment
body in the North (about 7 m) was cracked on the entire surface; embankment body
fell inward; the load relief plate was severed from the embankment body and collapsed
downwards. The collapse of the slope embankment led to the destruction of the oil tanks,
causing the operation to stop (Fig. 1b).

To restore normal operations and long-term stability of the Lien Chieu oil storage
tanks, it is necessary to rebuild the central segment of the slope embankment and to
repair other damages to ensure the safety of the entire structure. Therefore, investment
in the restoration of the tank foundation of the Lien Chieu aviation oil storage tank was
very urgent and decisive in ensuring timely, effective and efficient supply of fuel to meet
the increasing demand of the central region’s airports.

The article analyzes the causes of the slope failure and suggests safety measures
when reviewing some design proposals of relevant institutions as requested.

Fig. 1. The aviation fuel depot in Lien Chieu, Da Nang.

2 Method of Study

In this study, we conducted a survey at the site to investigate the failure. Our subsequent
task involved analyzing and numerically assessing designs proposed by various relevant
institutions, aswell as recommending safetymeasures. For the numerical simulations,we
utilized both the finite element method (FEM) and the limit equilibrium method (LEM).
We employed Plaxis and GeoStudio software to analyze the stress-strain relationship
and the factor of safety of the retaining walls, utilizing plane problem models.
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3 Results and Discussion

3.1 Project Site Investigation

According to the topographic survey [4], the project location is on the southernmountain
slope of Hai Van Pass with a slope elevation of+57 m (fuel dispensing station platform)
to +39 m (oil tank farm). It faces the straight direction of National Highway 1A, with
a steep slope and a slope height of 70 ° compared to the flat surface. Along National
Highway 1A, the slope direction is North-South, which is also the direction of water
flow from the mountain slope and outflows through the road trench. The water in the
fuel dispensing station platform area flows towards the foot of the slope. The foot of the
slope is an existing oil tank farm, in which the foot-to-tank 1 distance is about 1.5 m and
the foot-to-tank 2 distance is about 2.5 m, which are very narrow and fixed distances.

According the original design [9], the length along the ridge is 101 m. The slope
structure is made of reinforced concrete with a grade of 250, 13 m high. The thickness
changes from 40 cm (at the foot of the roof) to 30 cm (at the top of the slope). The slope
angle is 70 °. The foundation is 50 cm thick and 1.5 m wide, placed on natural ground.
The top of the ridge is at elevation +48 m, while the foot of the ridge is at elevation
+35 m. The load-bearing horizontal part is at elevation +44 m. The top of the ridge
features a horizontal flange 1m wide and 25 cm thick for locking the roof. The inside of
the ridge is filled with sand and gravel material with a compaction ratio (K value) of 0.9.
From elevation +48 m to the distribution platform (elevation +53.6 m) is the soil slope,
which is 70 °, reinforced by 11 layers of watered TT060, 3.5 m wide, with a spacing of
0.5 m.

Da Nang is situated in an area influenced by monsoon activity, thus falling within
the monsoon climate zone. The Truong Son Mountain range to the west significantly
influences the type and characteristics of the climate in the region. This area experiences
a 2-season climate pattern: a dry season extending from January to September and a
rainy season from September to December. The interplay of the monsoon regime and
the Truong Son range generates distinct variations between the rainy and dry seasons
across the project area.

The soil strata of the surveyed area (Fig. 2), from top to bottom, are as follows [10]:
Layer 1a: The yard consists of concrete, sand, crushed stone, and clay, with a poorly

structured composition. This layer is distributed across the surface and encompasses
most of the surveyed area. It has been identified in boreholes HK09, HK05, and HK03,
with thicknesses ranging from 0.20 m (HK05) to 1.40 m (HK01). The average thickness
of this layer is 0.67 m.

Layer 1b: consists of filling soil characterized by mixed clay with yellow-brown,
yellow-gray, gray-brown, red-brown, mixed with grit, weathered rock in hard plastic
state. This layer is distributed throughout the survey range, found in all boreholes (from
HK01 to HK09), the thickness varies from 0.40 m (HK08) to 5.90 m (HK05).

Layer 2: comprises clay with yellow-brown, yellow-gray, and gray-brown hues,
mixed with gravel and weathered rock, presenting a semi-hard to hard state. This layer
is partially distributed across the survey area and has been encountered at boreholes
HK02, HK04, and HK08. The thickness of this layer varies from 2.60 m (HK08) to
7.80 m (HK04).
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Borehole Notation
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GEOTECHNICAL CROSS SECTION II-II
PROJECT: REMEDIAL SLOPE PROTECTION OF LIEN CHIEU-DA NANG AVIATION PETROLEUM DEPOT 
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Fig. 2. Typical geotechnical cross section [10].

Layer 3: consists of intensely weathered granite, clay mixed with yellow-brown,
gray-brown, and gray-white tones, combined with grit and soft weathered seams, pre-
senting a semi-hard to hard state. This layer is identified in boreholes HK01, HK02,
HK04, HK05, and HK06. The thickness of this layer varies from 0.50 m (HK06) to
13.80 m (HK02).

Layer 4: is characterized by strongly weathered granite, displaying yellow-grey
and white-gray hues, with cracks and strong fragmentation, often exhibiting significant
weathering. This layer is distributed and identified in boreholes HK02, HK03, HK04,
HK05, HK07, andHK09. The thickness of this layer within the survey range is unknown,
reaching depths of up to 25.00 m, as boreholes HK02 and HK05 terminate within this
layer.

Layer 5 consists of yellow-grey, white-gray, and green-gray granite exhibiting mod-
erate to light weathering, characterized by a block structure and cracks. This layer is
partially distributed within the survey range and is only identified in boreholes HK01,
HK04, HK06, HK07, HK08, and HK09. The thickness of this layer is unknown within
the survey depth range, varying from 5.50m (HK07) to 25.00m (HK04), as all boreholes
terminate within this layer.
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Fig. 3. Existing condition of the work at site: (a) General status of damaged slope embankment,
(b) Cracked face plate and remaining broken offload plate (CD segment), (c) Slope protection
embankment before 2008, (d) Layout of boreholes of this study.

In 2008, floods triggered landslides, resulting in the destruction of the entire section
spanning 59.7 m along the embankment (from point D to point E, as shown in Figs. 3a,
b, c). The remaining structure is now exposed, revealing a foundation that is 50 cm
thick and 1.5 m wide. The southern section of the embankment (approximately 4 m
long in the EF segment) remains largely intact. However, the northern portion of the
embankment (around 7 m in the CD segment) is extensively cracked across its surface,
causing the embankment body to collapse inward. The offload plate has been separated
from the embankment body and has collapsed downwards. Consequently, the collapse
of the slope embankment resulted in the destruction of the oil tanks, prompting the depot
to cease all operations.

Based on the survey, the failure of the slope embankment wall could be attributed to
the following reasons [3]:

1. Due to the absence of drainage holes on the slope embankment wall, heavy rainfall
saturated the backfill soil, leading to increased lateral pressure on the wall. This
heightened pressure likely contributed to structural damage within the wall. The
failure primarily occurred at the base of the wall, where the highest shear stress was
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experienced. Consequently, the wall underwent significant displacement, ultimately
collapsing under its own weight and the pressure from the sliding soil. As a result,
the embankment wall collapsed, and the embankment behind it slipped, exacerbating
damage to concrete structures and adjacent components.

2. The placement of the relief plate on the embankment surface resulted in its transfor-
mation into a large-span cantilever (3 and 4 m) when the embankment subsided. The
maximum shear stress occurred at the connection point between the relief plate and
the wall panel. Due to the considerable weight of the relief plate and the soil above
it, the plate was severed at the joint and collapsed. This phenomenon is evident in the
northern section, specifically the beginning of the CD section, where the remaining
part of the embankment wall became fractured (Fig. 3).

3. The destruction of the embankment wall originated in the middle near the beginning
of the CD segment (Fig. 3), where the backfill wasmost extensive, resulting in the col-
lapse of the entire segment. Subsequently, the backfill soil mass at the outset of the CD
segment slid along the embankment, creating a significant gap between the excavated
slope and the embankment wall surface. This displacement caused the embankment
wall panel to move inward, in the opposite direction to its original position when the
wall body was destroyed, resulting in surface-wide cracking. Consequently, the load
relief plate was severed from the wall panel and collapsed. Although this segment
of the embankment wall did not collapse entirely, its ability to support force was
compromised, even though the reinforcements were still capable of maintaining its
current state.

4. The damage to the embankment wall resulted in the landslide of the upper reinforced
embankment from elevation +48 m to +54 m. The embankment block situated atop
the embankment slipped, causing settlement and fracturing of the reinforced concrete
layer of the fuel dispensing station platform, which subsequently collapsed.

5. In the original design [9], two types of embankmentwall sectionswere utilized. Essen-
tially, these two types are identical, differing only in the size of the load relief plate.
However, observations from the actual site post-failure indicate that the efficacy, if
any, of load reduction is minimal. For instance, at the termination of the longitudinal
line (from position Sect. 15 to E; Fig. 3), the foundation consisted primarily of solid
rock, visibly close to the embankment wall surface. Consequently, one end of the
relief plate (3 m wide) likely rested on a stable stone foundation. However, during
instances of increased lateral pressure on the wall due to soil saturation from ground-
water, this load reduction plate did not perform adequately, potentially resulting in
the undermining of the wall base.

6. The remnants of the bottom footing of the embankment wall were nearly intact,
indicating that the embankmentwall did not experience overall sliding, and the bottom
foundation was situated on a solid rock foundation.

3.2 Numerical Simulations of the Structure at Site

To assess the impact of groundwater on the stability of the retaining wall numerically, we
conducted simulations under various loading scenarios, including construction, basic,
and special cases such as water drain pipe clogging (Fig. 4). The selected cross-section
was at station 13 (KM: 0+ 94.37), corresponding to the geological cross-section passing
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through boreholes LK2 and LK5, associated with Sect. 2 of the embankment (Figs. 3c
and 3d). At this location, the natural ground elevation is −1.95 m. The top elevation of
the wall is+57.0 m, with a wall height of 18 m from the base. The ground soil comprises
layers 1, 3, 4, 5A, and 5. For simplicity, the backfill and ground soil were simulated using
the Mohr-Coulomb model [7], with parameter values as shown in Table 1.

Table 1. The Mohr-Coulomb material model parameters for ground and backfill soils.

ID Soil
layer

Type γunsat
[kN/m3]

γsat
[kN/m3]

kx
[m/day]

ky
[m/day]

ν

[-]
Eref
[kN/m2]

Cref
[kN/m2]

ϕ

[°]
ψ

[°]

1 Backfill Drained 19.3 19.7 0.0432 0.0430 0.30 5000.0 17.0 19.0 0.0

2 3 Drained 19.5 20.2 0.0215 0.0215 0.30 7498.0 20.0 23.0 0.0

3 4 Drained 20.3 20.9 0.0215 0.0215 0.30 9000.0 22.0 26.0 0.0

4 5 Drained 21.0 21.0 8.64x10–4 8.64x10–4 0.20 1.0x105 100.0 35.0 0.0

5 5a Drained 21.0 21.0 0.0215 0.0215 0.20 10000.0 20.0 30.0 0.0

6 Filter
sand

Drained 17.0 19.0 1.0000 1.0000 0.25 10000.0 1.0 30.0 0.0

The construction process can be divided into three main stages: excavating the foun-
dation pit and constructing the wall bottom slab; constructing the retaining wall; and
backfilling soil behind the wall.

In the basic case, the groundwater level was assumed to be at the bottom of the
foundation (elevation +37 m). The distributed load on the top surface was assumed
to have values of q = 0 and 60 kPa. However, in the special case, we considered the
scenario of a clogged water drain pipe, causing the groundwater level behind the wall
to rise to elevation +45 m, while the water level in front of the wall was assumed to be
at elevation +39.0 m. In this case, the distributed load on the top surface was assumed
to be q = 55 kPa. It is important to note that the earthquake effect was not considered in
these analyses.

The Plaxis software, version 8.6 [7], was utilized to analyze the stress-strain behavior
using theFiniteElementMethod (FEM).TheFactor ofSafety (FOS)was calculatedusing
the shear strength reduction technique [1]. Table 2 presents the results of deformation
calculations for both the basic and special cases.

In the basic case, the wall demonstrated stability under two different surface load
values: FOS = 1.42 (q = 0) and FOS = 1.24 (q = 60 kPa). However, in the special
case of water drain pipe clogging, the rising groundwater level increased the horizontal
pressure acting on the wall due to the water pressure. Consequently, the reduction of
FOS to 1.11 (q= 55 kPa) did not meet the allowable FOS= 1.13 specified by TCXDVN
285–2002 [8]. Hence, there is a necessity to revise the remedial design plan to enhance
the stability of the slope protection embankment.
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Fig. 4. Slope analysis of the retaining wall in the special case of clogged water drain pipes.

Table 2. Calculation results of deformation in the basic and special cases.

Case of calculation Basic case Special case

q = 0 q = 60 kPa q = 55 kPa

Maximum settlement when filling to the top (m) 0.24 0.47 0.44

Maximum horizontal displacement (m) 0.20 0.29 0.32

3.3 Checking Proposed Remedial Designs

In consideration of the actual topographical conditions, constructing a wall higher than
10 m would require extensive excavation, posing challenges due to limited terrain avail-
ability. Therefore, a design featuring a lower wall height of 6.0 m (from elevations +
39.80 m to +45.80 m) and an upper slope embankment (from elevations +45.80 m to
+57.00 m) was proposed [2].

Given the steepness of the excavated slope (Fig. 5a), which fails to meet slope
stability Factor of Safety (FOS) standards, an adjusted design [6] was proposed for the
protection of the northern segment, as depicted in Fig. 5b. This structure comprises two
main components:

Lower Part: A reinforced concrete (RC) wall, 6.5 m high, with a bottom plate 600 cm
wide and 80 cm thick, featuring a vertical wall plate 80–50 cm wide. Triangular middle

https://doi.org/10.1007/978-981-97-4355-1_80
https://doi.org/10.1007/978-981-97-4355-1_50
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counterforts, 50 cm thick, and rectangular side counterforts, 50 cm thick, are included.
Two rows of plastic pipes for drainage are arranged on the wall surface.

Upper Part: A 13.5 m high soil embankment with a slope factor of 1:1.5. Two berms
are included: the slope leg berm, 250 cm wide with a drainage ditch (40-40 cm) made
of 20 cm thick RC #200, and the middle berm placed at an elevation of +47 m, 700 cm
from the leg berm, also with a drainage ditch (40-40 cm) made of RC #200, 20 cm thick.
Geogrid reinforcement, covered with concrete mortar #200 or employing a reinforced
concrete frame system inside the panel of protective stones, is utilized. Additionally, the
embankment is reinforced with geotextile reinforcement, approximately 30 cm high.

The new design underwent rigorous slope stability analysis, considering various
loading cases such as during construction, normal operation, and special cases. The
GeoStudio software, version 6.02 [5], was utilized for analysis. A grid of centers of
potential slip surface (13 × 13) and radii were implemented to determine the minimum
FOS. The limit equilibrium Morgenstern-Price method was employed in the analysis,
resulting in a stable excavation slope with an FOS of 1.19, as depicted in Fig. 6a.

In the case of the end of construction, it was assumed that the backfill soil is dry, and
the groundwater level appeared at the wall footing elevation. In the special case, it was
assumed that the water drain filter in the wall is clogged, causing the discharge water to
overflow to the top of the wall. This scenario presents a particularly dangerous case.

All results satisfied the relevant standards when the wall was reinforced with geotex-
tiles, with FOS values of 1.707, 1.858, and 1.591 for the construction, normal operation,
and special cases, respectively (Fig. 6). It’s noteworthy that for the design without slope
reinforcement, the FOS value was 1.175, which did not meet the required standard in the
case of construction. Clearly, the geotextile reinforcement proved effective in increasing
the embankment stability.

Fig. 5. Proposed remedial designs: (a) steep excavation, (b) gentle excavation.
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Fig. 6. Slope stability analyses of the new design.

4 Conclusion

The failure of the slope protection embankment at Lien Chieu aviation petroleum depot
underwent thorough investigation. The reasons for the failure could be attributed to the
insufficient drainage holes, which failed to effectively drain groundwater during the
flood season with heavy rain. This resulted in a significant increase in lateral pressure
acting on the wall, potentially causing structural damage.

To address these issues, a proposed design comprising a low retaining wall and
upper slope embankment, both reinforced by geotextiles, was developed. Numerical
modeling with various loading cases suggests that this design could ensure stability.
However, particular attention must be given to the stability of the excavation slope
during construction.

Considering the challenges posed by limited traffic space, a combination of soil
nailing and geotextiles could prove effective for slope embankment protection in nar-
row excavation areas. This approach enhances stability while accommodating space
constraints.
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Abstract. This study analyzes the behavior of reinforced concrete (RC)members
impacted by vehicles or trains by reviewing existing experimental and numerical
work. RC structures are susceptible to such collisions, which can cause structural
failure or collapse. The damage response depends on the energy transferred during
impact, ranging from cosmetic effects to full structural failure. To properly char-
acterize damage, indices are defined considering concrete and steel strain rates
during and after plastic deformation. Concrete spalling is also discussed as an
indicator of localized or global failure severity. Experimental results from other
studies are presented and compared to theoretical models. The latest provisions
for incorporating strain rate sensitivity into material models based on various stan-
dards are reviewed. This analysis aims to provide insights for better assessing the
reliability of RCmembers after impacts. Understanding reliability is important for
evaluating the safety of damaged structures and mitigating risks. The findings can
help practitioners evaluate damaged structures and guide future design to avoid
severe outcomes from vehicle and train collisions onto critical infrastructure.

Keywords: Unequal Impact · Shear Failure · Strain Rate · Crack Propagation ·
Numerical Analysis · Bending Failure

1 Introduction

Lateral impact loads such as earthquakes, explosions, vehicle collisions, train impacts,
and ship impacts can cause significant damage to reinforced concrete (RC) structures
if not properly addressed in the design [1, 2]. RC structures are composed of con-
crete and steel reinforcement and are designed to resist compressive and tensile forces.
However, lateral loads induce complex stress states that can exceed the strength of
materials [3, 4]. Understanding how RC structures behave under these dynamic loads
is important for safety and performance. Several factors influence the response to lat-
eral impacts. The strength of the concrete and steel reinforcement is critical, as higher
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material strengths improve impact resistance [5, 6]. The compressive strength of con-
crete and tensile strength of reinforcing steel allows the structure to withstand greater
loads. Larger cross-sectional dimensions and more reinforcement provide better pro-
tection against impacts [7, 8]. The intensity and duration of lateral loads also matter
[9, 10]. Short, high intensity impacts from explosions often cause the most damage
through cracking and spalling of concrete cover [11, 12]. Proper design must consider
load characteristics [13, 14]. In comparison, longer earthquake loads typically induce
less severe cracking. Proper design must consider load characteristics. Research into RC
structural behavior under lateral loads occurs through experimentation and numerical
modeling. Full-scale and small-scale impact tests usingmethods like drop-weight impart
dynamic loads [15, 16]. Observations from these experiments enhance understanding of
RC response. Numerical simulations employ tools like finite element analysis to repli-
cate complex loadings in a controlled virtual environment [17, 18]. Blast loading is
an extensively researched lateral impact. Studies show explosives induce cracking and
reinforcement failure. Parameters like explosive type/size/location and structure prop-
erties yield valuable data. High-strength concrete and reinforcement performed better.
Train and ship collisions are also under examination.Varying cross-sectional geometries,
vehicle velocities, material properties, and impact zones alter the structural response.
Cracking and spalling patterns emerge depending on parameters. Advancing knowledge
aims to refine modeling accuracy and develop improved designs. Fiber-reinforced poly-
mers show promise as alternative reinforcement. Innovations target handling impacts
without failure to safeguard infrastructure. As lateral impacts endanger the integrity,
ongoing work strives to comprehend failure mechanisms better. The goal is to design RC
members efficiently to withstand dynamic hazards through resistance strategies. Deeper
insight supports assessingdamaged structures andmitigating life safety risks from impact
incidents. Continued research in this vital field fortifies resilient construction.

2 Collision Incidents

Vehicle-structure and train-structure collisions are unfortunate but relatively common
incidents that can lead to loss of life, injury, and property damage if not properly
addressed. As transportation and infrastructure development continues globally, pro-
tecting against these hazards grows more important. Collisions can occur in various sce-
narios. Due to driver error or vehicle malfunction, cars or trucks may crash into bridges,
buildings, or guardrails. Derailed trains can impact a rail network’s bridge piers, walls,
or other fixed concrete assets. Ships navigating waterways also pose collision risks with
bridges under some conditions. Several high-profile incidents demonstrate the destruc-
tive potential. In 2007, the cargo ship Cosco Busan struck a San Francisco Bay pier,
resulting in an oil spill and over $70 million in cleanup costs. In China, fatal train wrecks
between 2011–2018 involving reinforced concrete bridges caused hundreds of casual-
ties [2]. Other cases internationally include trains hitting walls in Spain, the USA, and
Turkey with loss of life. Factors contributing to accidents span both human factors and
structural/design elements. Poor driving, train operations errors, mechanical failures,
and unexpected natural events can all trigger impact scenarios. Infrastructure layout,
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bridge/wall placements, and wind/sea conditions in maritime settings also influence col-
lision likelihood. Impacts create considerable damage depending on vehicle/vessel mass
and velocity.

3 Methodology

The methodology used in a literature review is critical to its success and credibility. The
methods and techniques used in a literature review determine the quality and relevance of
the research sources reviewed and, thus, the validity and reliability of the findings. This
paper describes themethods and techniques used in the literature review onRC structures
subjected to lateral impact loads. The paper will include the databases, search terms, and
inclusion and exclusion criteria. This paper used several databases, including theWeb of
Science, ScienceDirect, and Scopus. The databases were searched using the following
terms: “reinforced concrete, lateral impact loads, blast loads, vehicle impact loads, train
impact loads, ship impact loads, seismic loads, behavior, performance, damage.” The
article was limited to the last twenty years to ensure that the most recent research was
included in the review. The paper included studies published in peer-reviewed journals,
conference proceedings, and dissertations. The studies had to be in English and focused
on the behavior of RC structures under lateral impact loads. The studies also had to
include experimental or numerical analysis of the behavior of the structures. The studies
included in this paper were analyzed systematically and comprehensively. The studies
were first grouped into categories based on the type of lateral impact loads they addressed
(blast, vehicle, train, ship, seismic). Then, the studies were reviewed, and their main
findings were extracted and summarized. The studies were also compared to identify
similarities and differences in their conclusions.

4 Investigating the Results of Impact Resistance on RC Members:
A Study of Experimental, Numerical, and Analytical Methods

Reinforced concrete members are prone to severe damage from impact accidents, which
can cause partial failure or collapse of the structure. Scholars have studied impact
resistance through experiments, numerical analysis, and analytical methods.

4.1 Experimental Analysis

Research on the dynamic response of reinforced concrete members to impact loads has
provided valuable insights but is limited by testing constraints. Most studies focus on
mid-span impact, but parameters like boundary conditions, impactor shape, and impact
position require further examination. Hughes and Speirs [3] conducted impact tests
with varying support conditions and local stiffness. Members failed in bending concen-
trated at supports and mid-span. Stiffness had more influence on response than support.
Demartino tested cantilevers and simply supported beams, finding boundary conditions
and velocity greatly affected response and damage. Measured inertial forces indicated
they resist over 2/3 of peak impact load. Pham and Hao [4] proposed models considering
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impact, support, and inertial forces. The failure occurred via bending and shear beyond
concrete grades of 46MPa or collapse between 60-100MPa. Stress wave propagation
generates local response, while global behavior is more important per another research.
Impact body shape had little effect on overall resistance, according to some [5]. Axial
load positively influenced minimum deformation but caused catastrophic failure at high
velocity with low reinforcement. The shear failure occurred below static capacity. Vary-
ing impact velocity produced differing crack patterns - oblique cracks near impact (Type
I) for high velocity, like static tests for inclined cracks (Type II). Type I was unique to
impact. Reinforcement ratio and member grade influenced failure mode and response
[6]. Further studies aim better to characterize dynamic reinforced concrete behavior
under impact loads.

4.2 Numerical Analysis

Finite element software like ABAQUS, LS-DYNA, and ANSYS have become increas-
ingly popular among scholars since the 1990s. Numerical simulationmethods are widely
used to simulate explosion and impact behavior in civil engineering [7–9] and to obtain
essential conclusions about members’ responses under impact load. The constitutive
relationship under dynamic material load plays a vital role in numerical analysis. Con-
stitutive relationship under a dynamic load of materials. Steel bars exhibit different
mechanical properties under dynamic and static loading. The strain rate effect is signifi-
cant under dynamic load and increases the yield strengthmore than the ultimate strength.
Other models have been proposed to describe this effect, such as the Cowper-Symonds
and Johnson-Cook models, which scholars widely recognize [10, 11].

σ =
[
1 +

(
ε̇

C

) 1
P
]
σ0 (1)

where σ is the stress of the steel under static loading, ε̇ is the plastic strain rate, σ0 is
the stress of the steel under static loading, Candp are the parameters models related to
the type of material. This model can estimate the dynamic yield strength and ultimate
strength of steel at a given strain rate and is suitable for describing the strain rate effect of
steel at lower strain rates. Johnson-Cook calculation formula of the model is as follows:

σ =
(
A + BεN

)(
1 + C1nε̇∗

)(
1 − T∗m)

(2)

ε̇∗ = ε̇
/
ε0
, ε0 = 1S−1, T ∗ is a function of temperature, and A, B, C, n, and m are model

parameters related to material properties. The first bracket in the formula indicates the
stress-strain relationship at ε̇∗ = 0, T ∗ = 0, the second bracket indicates the strain
rate effect, and the third bracket indicates the temperature effect. Early studies showed
concrete strength increases with higher strain rates, though the degree depends on factors
like static strength and rate magnitude. Abrams [12] found strength rose from 2× 10−4/s
to 8 × 10−6/s testing in 1917. Bischoff and Perry [13] analyzed data, finding strength
grows more gradually below a critical rate but rapidly exceeds it. Atchley and Furr
[14] found ultimate strength plateaued at high rates, possibly due to different strain
measurement locations. Jia et al. [15] found low temperatures boosted strength with
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rising rates, s but high heat weakened it, as cracks formed beforehand, preventing rate
effects. Cotsovos and Pavlovic [16] showed via modeling that local regions experience
differing mechanical states in rapid tests, implying rate impact’s structure rather than
just material performance. Debates remain around whether strength boosts arise from
direct rate impacts or confinement pressures in experiments. The most common design
strength calculation comes from the CEB-FIP [17] Model Code fitted to test data. While
mechanical properties under rapid loading are well-researched, controversies persist
around strain rate effect mechanisms on concrete strength. Further studies could provide
clarification.

σd

σs
=

⎧⎪⎨
⎪⎩

(
ε̇d
ε̇s

)1.026α
γ
(

ε̇d
ε̇s

)1/3 ε̇d ≤ 30s−1

ε̇d > 30s−1 (3)

σd is the compressive strength of concrete under dynamic loading, σs is the compres-
sive strength of concrete under static loading, ε̇d is the strain rate value under static
loading. The parameters α, γ values are specified in the specification. Research on con-
crete dynamic tensile properties also shows strength increases with higher strain rates.
Hopkinson bar testing is commonly used. Malvar and Ross [18] found tensile strength
grows more gradually below a critical rate before rapidly rising above it, similar to
compression. Ross [19] determined strain rate had a greater impact on tensile versus
compressive strength. Yan and Lin [20] studied how properties like strength, modulus,
peak strain, and energy absorption changed with loading rate, temperature, and moisture
content. Saturated concrete strength increased more substantially. Some debates exist
around whether increased tensile strength stems from inertia effects or actual material
behavior. Lu and Li [21] proved through modeling that increased strength was not due
to higher simulated rates, indicating actual material behavior causes strengthening. The
commonly used CEB-FIP [17] Model Code proposes a calculation formula to estimate
dynamic tensile strength based on static properties and strain rate. Research continues
to enhance understanding of concrete behavior under rapid tensile loading.

fct,imp

fctm
=

⎧⎪⎨
⎪⎩

(
ε̇ct
ε̇ct0

)1.026α
0.0062

(
ε̇ct
ε̇ct0

)1/3 |ε̇ct| ≤ 10s−1

|ε̇ct| > 10s−1 (4)

fct,imp is the tensile strength of concrete under dynamic loading, fctm is the tensile strength
of concrete under static loading, ε̇ct is the material strain rate, and ε̇ct0 is the strain rate
value under static loading.

4.3 Response of Members Under Impact Load

Cai et al. [22] used ABAQUS to simulate the dynamic response of 7 reinforced concrete
members with a section size of 150 mm × 150 mm under low-speed horizontal impact
loads. The authors studied the effect of impact mass and velocity on the failure mode
of members. It is found that the inertia effect has a significant impact on the impact
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resistance of the member. By finite element analysis, Yu et al. [23] proposed simulta-
neously considering the effect of the impact body mass and velocity on the reinforced
concrete member. Once the impact body mass and velocity are small, the maximum and
residual deflection of the member is greater. EL-Tawil et al. [24] used the finite element
simulation method to study the dynamic response of the bridge pier after being hit by a
vehicle. The finite element method simulates the impact of heavy trucks’ reinforced con-
crete members with square and circular cross-sections. The members’ heights are 16.3
and 9.9 m, and the impact velocities are 1.35 m. The effects of different impact masses
and velocities on reinforced concrete members’ dynamic responses are analyzed. The
results show that the equivalent static force calculation method proposed by AASHTO-
LRFD [25] is not conservative in estimating the design force of an overweight truck
hitting a bridge pier. To evaluate the vulnerability of reinforced concrete members to
vehicle collisions. Thilakarathna et al. [26] established a numerical model of full-scale
reinforced concrete members with circular cross-sections under an impact force. The
mid-span deflection and bearing reaction force test data verify the model’s accuracy.
A method that can quantify the degree of damage to reinforced concrete members is
proposed. Study the reinforced concrete members’ dynamic response and failure mode
under impactwith andwithout CFRP layers. The experimentalmethod and finite element
analysis show that the CFRP reinforcement can change members’ failure modes. The
failure mode of reinforced concrete members that undergo shear failure under unequal
span lateral impact load hitting by a derailed train is transformed into flexural failure
after being wrapped by CFRP layers, as shown in Fig. 1 [27–35].

a) Square specimens [32] b) Circular specimens [33]

c) Square specimens with CFRP [27] d) Circular specimens with CFRP [35]

Fig. 1. Failure modes after the end of the impact scenario
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5 Discussion

This section will discuss the key findings from the literature review in more detail and
highlight important themes. One of the most prominent findings is that steel reinforce-
ment and high-strength concrete are effective techniques for mitigating impact loads
on RC structures. Several studies demonstrate their abilities to improve impact resis-
tance by reducing cracking, spalling, and reinforcement failure [3, 4, 6]. However, the
degree of benefit depends on factors like reinforcement ratio and impact parameters.
Further research is still needed to optimize design guidelines around these techniques.
Numerical simulation methods like finite element analysis were commonly used and
provided valuable insights. However, the accuracy of such models relies on the constitu-
tive relationships used to define dynamicmaterial behavior under high strain rates.While
extensive research has enhanced our understanding of rate effects, controversies remain
around the mechanisms influencing concrete properties. More work is needed to clarify
these issues and improve constitutive models. Regarding structure types, buildings, and
bridges received the most attention due to their vulnerability. However, other structures
like retaining walls are also at risk but lack comparable study. Combined loads and
long-duration impacts were identified as prominent gaps. Considering multiple hazards
simultaneously is important for robust design but challenging to reproduce experimen-
tally. Classification systems for different failure patterns aim to aid damage evaluation
but require further validation and standardization. Correlating measured response to
specific performance limits would strengthen their practical application.

The discussion section of this paper presents the main findings, including the types
of RC structures most studied and themost effective techniques for mitigating the effects
of lateral impact loads. This section also highlights any major gaps in the literature and
identifies areas for future research. In addition, this review aims to determine whether
it has filled any knowledge gaps not addressed by previous studies. This paper aims to
present the main findings of the literature review on RC structures subjected to lateral
impact loads and discuss any major gaps in the literature. Buildings and bridges are the
most studied RC structures concerning lateral impact loads. These structures are par-
ticularly susceptible to damage from blasts, vehicles, trains, ships, and seismic loads.
Furthermore, it suggested that steel reinforcements and high-strength concrete effec-
tively mitigate lateral impacts on RC structures. Several studies have found that using
high-strength concrete and steel reinforcement improves the ability of the structures to
withstand lateral impact loads, reducing cracking and spalling of the concrete and failure
of the steel reinforcement. This review paper also revealed that numerical analysis, such
as finite element analysis, is a commonly used technique for studying the behavior of RC
structures under lateral impact loads. These techniques allow for the simulation of dif-
ferent loading scenarios, providing valuable insights into the behavior of the structures
under different types of loads and conditions. The article revealed several gaps in the
current research on RC structures subjected to lateral impact loads. One major gap is the
lack of research on the behavior of RC structures under combined loads, such as simul-
taneous blast and seismic loads. In addition, there is a lack of research on the behavior of
RC structures under long-duration loads, such as those caused by prolonged vehicle or
ship impact. Another gap in the literature is the lack of research on the behavior of RC
structures under different types of lateral impact loads, such as those caused by aircraft
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impact. Additionally, there is a lack of research on the behavior of RC structures caused
by derailed train impact.

6 Conclusion

The conclusion of this paper is crucial in summarizing the main findings of the research
and providing recommendations for future research on the topic. This paper summarized
the main findings of the literature review on RC structures subjected to lateral impact
loads and provided recommendations for future research. The article also emphasized
the importance of continued research to improve the design and performance of RC
structures subjected to lateral impact loads. The specific contributions outlined damage
responses, failure patterns, real-world incidents, material behavior insights, and remain-
ing research gaps in this field. Providing a comprehensive reviewof the damage responses
of RC members to various lateral impact loads such as vehicle, train, and ship collisions
based on existing experimental and numerical studies. Various performance-based stud-
ies were examined to find the best way to predict damage. Classifying different failure
patterns of RC members under impact loads based on damage severity can help evaluate
structural integrity after a collision event. Highlighting real-world collision incidents to
demonstrate the destructive potential of such accidents and the need to improve impact
resistance of infrastructure. Summarizing the latest understandings of material behavior
under high strain rates from the literature to inform more accurate simulation of impact
load scenarios. Identifying remaining gaps in research, such as the behavior of com-
bined loads, to guide future work towards more robust assessment and design for impact
resistance.

Two alternative configurations of RC columns were used in each case. According to
the findings of the research topic, the impactor speed is related to the duration for which
the peak impact force is generated. This article also includes experimental and numerical
findings on the effects of drop hammer impact weight on columns and beams. Finally,
when comparing dynamic and impulsive testing to quasi-static testing, it seems that
concretematerials exhibit an apparent increase in strength.Much test data documented in
the article regarding strain rate sensitivity has been discussed. Moreover, more modeling
studies and field testing are needed to develop the dynamic response methodology that
precisely evaluates the damage of RC members by impact force and improves decision-
making on what must be done to protect the RC members from impact force damage.
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Abstract. Filtration problems of suspensions and colloids in porous media are
considered when designing tunnels and underground structures. To strengthen
weak soil, a liquid solution is injected into the rock, the particles of which are fil-
tered in the pores and distributed far from the well. A deep bed filtration model of
2-particle suspension in a porous material is considered. The purpose of the work
is to determine the model parameters from the measured outlet concentration of
suspended particles. Using an explicit solution to the direct filtration problem on
the concentration front, the inverse problem is reduced to a system of nonlinear
algebraic equations, which is a special case of the moment problem. The system
is solved by passing to a canonical basis in the space of symmetric polynomials.
Conditions for the existence of a solution are obtained. An explicit solution is con-
structed. The inverse filtration problem of a suspension with particles of two types
is solved, determining the initial partial concentrations and filtration coefficients.

Keywords: Deep Bed Filtration · Porous Medium · Inverse Problem · Analytical
Solution

1 Introduction

The transport and deposition of particles in porous media must be taken into consid-
eration when designing tunnels and underground structures, preparing foundations and
consolidating loose soils [1–5]. Fine particles transported by groundwater are usually
heterogeneous and differ in shape and size. Knowledge of the composition of a suspen-
sion filtered in a porous sample allows us to calculate the distribution of sediment and
its composition.

At deep bed filtration, suspended particles are transferred and retained throughout
the entire porous medium [6–8]. A porous medium contains millions of pores of differ-
ent sizes. The retention mechanisms are associated with hydrodynamic, electrical and
gravitational forces. Sedimentation depends on the shape, mass, size and charge of sus-
pension particles. Size-exclusion mechanism of particle retention means that transport
and blocking of particles depends on particle to pore size ratio [9–11]. An analytical
solution to the one-dimensional filtration problem with identical particles was obtained
in [12].
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When filtering a bidisperse suspension, the retention profiles of large and small
particles are different [13]. A deep bed filtration scheme of a bidisperse suspension with
particles of two sizes is presented in Fig. 1.

Fig. 1. Transport and retention of 2-particle suspension in porous medium

The mathematical filtration model of a bidisperse suspension in a porous medium
includes balance equations for the concentrations of suspended and deposited particles
of each type. The growth of the sediment is proportional to the concentration of par-
ticles and depends on the formed sediment of particles of both types and their initial
concentrations. The model under consideration was constructed and solved numerically
in [14], the analytical solution was obtained in [15, 16]. 4x4 PDE-system with given
initial concentrations and filtration coefficients determines the unknown concentrations
of suspended and retained particles.

Laboratory equipment makes it possible to measure the total concentration of sus-
pended particles of a suspension at the inlet and outlet of a porous medium. The inverse
filtration problem consists of finding the initial partial concentrations and filtration coef-
ficients from the measured total concentration. To obtain partial concentrations, the total
concentration at the outlet of the porous medium at the moment of breakthrough is
measured and compared with the analytical solution to the direct filtration problem.
By collecting the suspension at the outlet and passing it through a new sample of the
porous medium, we obtain a new value of the total concentration at the moment of
breakthrough. Based on several experiments, a closed system of algebraic equations for
finding unknown concentrations of particles of different types and their filtration coeffi-
cients has been compiled. This problem is close to the discrete moment problem, studied
in probability theory and mathematical statistics.

Inverse filtration problems, as a rule, do not have an analytical solution and are solved
numerically [17]. The instability of such problems leads to a significant change in the
solution with small errors in the initial data. The presence of an exact solution allows
one to determine the parameters of the direct problem with high accuracy.

The inverse filtration problem is reduced to a nonlinear algebraic systemof equations.
Conditions for the existence of a solution are obtained, an exact solution to the inverse
problem is given explicitly.
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2 Mathematical Model of Direct and Inverse Filtration Problem

Consider 1-D deep bed filtration model in dimensionless form. Filtration of a bidisperse
suspension in a homogeneous porous medium is determined by the system

∂ci
∂t

+ ∂ci
∂x

+ ∂si
∂t

= 0, (1)

∂si
∂t

= (1 − b)λici, b = c01s1 + c02s2, i = 1, 2 (2)

with conditions

x = 0 : ci = c0i , c0i > 0, t = 0 : ci = 0, si = 0, i = 1, 2. (3)

Here λi, c0i are positive constants and λ1 > λ2 > 0, c01 + c02 = 1.
Before the concentration front at 0 < t < x the solution is zero: c = 0, s =

0, b = 0; after the front at t > x the solution is positive. At the concentration front
si = 0, i = 1, 2.

Substitute (2) into Eq. (4):

∂ci
∂t

+ ∂ci
∂x

+ λici = 0 (4)

Solution to Eq. (4) with the first condition (3) sets partial suspended concentrations
at the front cfi (x) = c0i e

−λix, i = 1, 2.
The breakthrough concentration at the porous medium outlet x = 1

c1i = c0i e
−λi , i = 1, 2 (5)

To find the initial partial concentrations c11, c12 and filtration coefficients λ1, λ2,
Formula (5) is used several times. If you collect a suspension at the outlet of a porous
medium at the breakthrough moment, measure its total concentration and filter it again
through a porous sample, then at the outlet the breakthrough partial concentrations are
c2i = c0i e

−2λi , i = 1, 2.
After the third filtration the breakthrough partial suspended concentrations at the

outlet c3i = c0i e
−3λi , i = 1, 2.

Using 3 measurements of the total suspended concentration at the outlet, we obtain
a non-linear system of algebraic equations

c01 + c02 = 1,

c01e
−λ1 + c02e

−λ2 = m1,

c01e
−2λ1 + c02e

−2λ2 = m2,

c01e
−3λ1 + c02e

−3λ2 = m3.

(6)

System (6) is a discrete finite moment problem complicated by additional conditions
λ1 > λ2 > 0, c01 > 0, c02 > 0.
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3 Analytical Solution to the Inverse Problem

Denote

k1 = e−λ1 , k2 = e−λ2 , 0 < k1 < k2 < 1. (7)

The system (6) takes the form

c01 + c02 = 1, (8)

c01k1 + c02k2 = m1, (9)

c01k
2
1 + c02k

2
2 = m2, (10)

c01k
3
1 + c02k

3
2 = m3. (11)

Using (8), (9), express unknowns c11, c12 through k1, k2:

c01 = m1 − k2
k1 − k2

, c02 = m1 − k1
k2 − k1

. (12)

Substitute (12) into Eqs. (10) and (11) and transform the equations

m1(k1 + k2) − k1k2 = m2,

m1(k
2
2 + k1k2 + k21 ) − k1k2(k2 + k1) = m3.

(13)

Denote

u = k1 + k2, v = k1k2. (14)

System (13) takes the form

m1u − v = m2,

m1(u
2 − v) − uv = m3.

(15)

Solution to system (15)

u = m3 − m1m2

m2 − m2
1

, v = m1m3 − m2
2

m2 − m2
1

. (16)

By Vieta’s theorem and Formula (14) the unknowns k1, k2 are determined by
quadratic equation k2 − uk + v = 0 with two roots

k1,2 = u ± √
u2 − 4v

2
=

(m3 − m1m2) ±
√

(m3 − m1m2)2 − 4(m1m3 − m2
2)(m2 − m2

1)

2(m2 − m2
1)

.

(17)
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Let us formulate the conditions on the measured total concentrationsmi under which
the solution to system (8)–(11) satisfy the inequalities

c01 > 0, c02 > 0 and 0 < k1 < k2 < 1. (18)

Necessary conditions follow from positive-semi definiteness of Hankel matrices:

0 < m3 < m2 < m1 < 1, m2 > m2
1, m3 > m1m2, m1m3 > m2

2. (19)

These conditions can be derived directly from the inequalities (18):

1 = c01 + c02 > c01k1 + c02k2 = m1 > c01k
2
1 + c02k

2
2 = m2 > c01k

3
1 + c02k

3
2 = m3 > 0,

m2 − m2
1 = c01c

0
2(k2 − k1)

2 > 0,

m3 − m1m2 = c01c
0
2(k1 + k2)(k2 − k1)

2 > 0,

m1m3 − m2
2 = c01c

0
2k1k2(k2 − k1)

2 > 0.
(20)

From the necessary conditions follows an inequality

k1 < m1 < k2. (21)

Formulae (21) and (12) ensure the inequalities c01 > 0, c02 > 0.
Sufficient conditions specify restrictions on measurements mi under which the

inequalities 0 < k1 < k2 < 1 are satisfied. According to the properties of the parabola
y = k2 − uk + v, its roots satisfy the relation 0 < k1 < k2 < 1, if

y(0) > 0, y(1) > 0, 0 <
k1 + k2

2
= u

2
< 1, y

(u
2

)
< 0 ⇔ D > 0. (22)

Figure 2 demonstrates the sufficiency of the inequalities (22) for finding two roots
in the interval (0;1).

In the variables u, v, inequalities (22) take the form

0 < u < 2, v > 0, v > u − 1, u2 − 4v > 0. (23)

The inequalities u > 0, v > 0 follow from (20). Other sufficient conditions are
also necessary:

u − 2 = k1 + k2 − 2 < 0,

v − u + 1 = (k1 − 1)(k2 − 1) > 0,

u2 − 4v = (k2 − k1)
2 > 0.

(24)

Sufficient conditions (24) do not follow from the necessary conditions (19). Let
m1 = 0.5, m2 = 0.275, m3 = 0.25.

All the necessary conditions are fulfilled:

0 < 0.25 < 0.275 < 0.5 < 1, 0.275 > 0.52 = 0.25,

0.25 > 0.5 · 0.275 = 0.1375, 0.5 · 0.25 = 0.125 > 0.2752 = 0.075625,
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Fig. 2. Parabola graph.

but sufficient condition u < 2 is not valid:

u = m3 − m1m2

m2 − m2
1

= 4.5 > 2. (25)

In this case 0 < k1 < 1 < k2 and conditions (18) are not true.
Thus, the inequalities (19) and (23) do not follow from each other, these conditions

are necessary and sufficient to solve the inverse problem.
If all inequalities (19) and (23) are true, then c01, c02 are expressed by (12) and λ1, λ2

are obtained from (7).

4 Numerical Results

For example, let the measurements of the total breakthrough suspended concentration
at the porous medium outlet are m1 = 0.5, m2 = 0.33, m3 = 0.25.

All the necessary conditions (19) are valid:

0 < 0.25 < 0.33 < 0.5 < 1, 0.33 > 0.52 = 0.25,

0.25 > 0.5 · 0.33 = 0.165, 0.5 · 0.25 = 0.125 > 0.332 = 0.1089.
(26)

The variables u = 1.0625, v = 0.20125 and sufficient conditions (23) are fulfilled
also:

0 < 1.0625 < 2, 0.20125 > 0, 0.20125 > 1.0625 − 1,

1.06252 − 4 · 0.20125 = 0.324 > 0.
(27)

The roots k1, k2 are obtained from (17):

k1 = 0.479, k2 = 0.584. (28)



Inverse Filtration Problem of a Bidisperse Suspension 591

The required parameters are determined by Formulae (7) and (12):

λ1 = 0.736, λ2 = 0.538, c01 = 0.8, c02 = 0.2. (29)

Figure 3 shows the partial and total suspended concentrations at the front.

C
C1
C2

Fig. 3. Suspended concentrations cf = c
f
1 + c

f
2, c

f
1, c

f
2 at the front.

5 Discussion

Inverse problems, as a rule, are unstable, that is, small measurement errors lead to large
deviations in the solution. Such problems are solved numerically; they require a large
number of calculations. The use of exact solutions makes the inverse problem correct
and significantly simplifies the calculations [18, 19].

Filtration of a bidisperse suspension leads to uneven distribution of partial sediment:
large particles are mainly deposited closer to the inlet, and small ones - at the outlet
of the porous medium. Solving the inverse filtration problem allows to calculate the
distribution of large and small suspension particles. This makes it theoretically possible
to non-chemically separate different types of particles.

The refinedfiltrationmodel of a bidisperse suspension contains additional parameters
that determine the size of the places occupied by particles of different types on the porous
medium frame. These parameters are not included in system (6) and can be determined
separately using the asymptotics of the solution at the exit of the porous medium.

The generalization of the inverse filtration problem to the case of a polydisperse sus-
pension is important for theory and practice [20, 21]. For n types of particles, only the
necessary conditions for solving the inverse problem are known [22–24]. Finding suffi-
cient conditions for solving the inverse problem of filtration of a polydisperse suspension
and its solution is a separate complex problem.

6 Conclusion

The study of the inverse filtration problem of a 2-particle suspension in a porous medium
lead to the following conclusions:



592 L. I. Kuzmina and Y. V. Osipov

– A model for solving the inverse problem was constructed based on measurements of
the concentration at the outlet of a porous medium.

– Necessary and sufficient conditions for the existence of a solution to the inverse
problem in the form of a system of inequalities are derived.

– An exact solution to the inverse problem has been obtained in explicit form.
– The exact solutions regularize the inverse problem and make it resistant to measure-

ment and calculation errors.
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Abstract. The lumped plasticity model has been widely used for the nonlinear
analysis of structures due to its simplicity, established guideline in seismic design
codes, and less computational effort. However, it has been shown that the accu-
racy of the lumped plasticity model depends significantly on the plastic hinges’
properties. In this study, the nonlinear behaviors of two similar RC frames but
with two different reinforcing detailing were simulated using the lumped plastic-
ity model and the results were compared with those obtained from the conducted
experiments on the frames. The effects of using two different plastic hinge models
(i.e., ASCE/SEI 41–17 and moment-curvature) and effective stiffness values (i.e.
ASCE/SEI 41–17 and Eurocode 8) were investigated. It was observed that the
employed plastic hinge models had insignificant effect on the frames’ ultimate
loads and both were able to estimate the ultimate loads accurately. However, the
models underestimated the displacements corresponding to the ultimate loads of
the frames. The failure modes of the frames were also estimated accurately.

Keywords: Lumped Plasticity Model · Plastic Hinge · RC Frame · Cyclic
Response · Inadequate Lap Splice Length

1 Introduction

Although an elastic method is suitable for the seismic analysis of many regular struc-
tures, it cannot predict the failure mechanisms and the redistribution of forces during a
progressive yielding. Therefore, for complex structures, an advanced seismic analysis
that employs a nonlinear method should be used. The continuum finite element model,
distributed plasticity model, and lumped plasticity model are among techniques used
for the nonlinear analysis of structures. However, due to its simplicity, computational
efficiency, and supports from seismic design codes, the lumped plasticity model has
been broadly used by practice engineers and researchers [1–4]. Despite its wide appli-
cation for seismic analysis of different structures, the accuracy of the lumped plasticity
model requires further investigations [5]. It has been shown that the plastic hinge length,
stiffness reduction factors, and the location of plastic hinges can significantly affect the
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results of a nonlinear analysis that use the lumped plasticity model [5–8]. Besides, the
plastic hinges’ moment-rotation relationships and their damage levels’ acceptance cri-
teria can later the results of a nonlinear analysis that make use of the lumped plasticity
model. In this study, the results of an experiment conducted on two reinforced concrete
frames (RC) are used to examine the efficiency of the lumped plasticitymodel in estimat-
ing their force-displacement relationships. The first frame represents a special moment
resisting RC frame and the second one is a low-ductile RC frame with inadequate lap
splice length.

2 Details of the Selected Frames and Conducted Experiment

The selected frames for this study are show in Fig. 1. As the Fig. 1 shows, the RC
frames have a similar geometry, reinforcement ratio, and material properties. However,
their seismic detailing is quite different. While the first frame (referred to as Frame 1)
satisfies the requirements of ACI 318 [9] for a special moment frame, the second frame
(referred to as Frame 2) suffers from many deficiencies. Inadequate lap splice length in
the reinforcing bars of columns, the use of a 90-degree hook in stirrups, large distance

Fig. 1. Details of the tested frames (a) Frame 1 (b) Frame 2.
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between stirrups at critical locations, and joints without any shear link are among the
maindeficiencies of the second frame.The28-days compressive strengthof the employed
concretemeasured on the standard cylinder was 30MPa. Table 1 displays themechanical
properties of the employed reinforcing bars in frames. The frames were subjected to a
similar quasi-static loading and their force-displacement responses were recorded at
their beam level. Figure 2 depicts the obtained force-displacement relationships for the
frames. As can be seen, Frame 1 has a slightly larger ultimate load than Frame 2 and its
displacement at the ultimate load is also significantly larger than that of the Frame 2. Both
frames have shown a linear response up to the lateral displacement of 3.2 mm. Frame 1
has reached the ultimate load of 61.48 kN at the lateral displacement of 90.3 mm. On the
other hand, Frame 2 has reached an ultimate load of 54.5 kN at the lateral displacement
of 66.8 mm. More detail about these frames can be found in [10].

Table 1. Mechanical properties of the frames’ reinforcing bars

Diameter (mm) Yield Stress
(Mpa)

Ultimate Stress
(Mpa)

Yield Strain
(mm/mm)

Ultimate Strain
(mm/mm)

8 532 693 0.0026 0.086

12 444 565 0.0022 0.112

16 537 681 0.0027 0.092

3 Finite Element Simulation

Asmentioned earlier, the lumped plasticitymodel was employed to simulate the inelastic
response of the frames under a gradually increasing lateral load (i.e., Pushover analy-
sis). Figure 3 shows the considered locations for the plastic hinges in both frames. As
can be seen from Fig. 3a, two plastic hinges were assigned to the both ends of beams
and columns. The moment-rotation relationships of plastic hinges followed the shown
multiline representation in Fig. 3b. In this figure, line AB shows the elastic stiffness of
the element, with point B as the yield point. Besides, line BC displays the post-yield
stiffness, with point C as the ultimate capacity of the plastic hinge. Line CDE represents
the strength degradation of the plastic hinge after passing its ultimate capacity. In order
to determine the required parameters of Fig. 3b (i.e., a, b and c) two different meth-
ods were employed. In the first approach, these parameters were determined based on
the recommendation of ASCE/SEI 41 [11] as shown in Tables 2 and 3. The yield and
ultimate capacities of the plastic hinges were calculated based on the elements’ cross-
sectional and material properties using the given equations in ACI 318 [9]. As shown in
the tables, the beams were classified based on their stirrup spacing into conforming (i.e.,
stirrup spacing was less than 1/3 of beams’ effective depth) and non-conforming (i.e.,
stirrup spacing was larger than 1/2 of beams’ effective depth). In the second approach,
the required parameters in Fig. 3b were determined based on the moment-curvature
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Fig. 2. The backbone curves of tested frames (a) Frame 1 (b) Frame 2.

analysis of elements’ cross-section. For this purpose, at first, the cross-section of ele-
ments was divided into small fibres of steel and concrete materials. Then, nonlinear
material properties were assigned to these fibres. For steel fibres, the values shown in
Table 1 were used to determine the stress-strain relationships. However, the concrete’s
stress-strain relationshipswere developed based onMender’s equations [12] for confined
and unconfined concrete elements. The plastic hinges’ length was estimated using the
equations suggested by Paulay and Priestley [13]. Table 3 displays the obtained results
from the moment-curvature analysis. It should be motioned that the effect of inadequate
lap splice length in the columns of Frame 2 was taken into account using the proposed
method in ASCE/SEI 41 [11]. In this method, the yield stress of the reinforcing bars
with inadequate lap splice length is reduced proportional to the ratio of the provided lap
length to the required lap length. Based on this method, the yield stress of longitudinal
reinforcing bar in the columns of Frame 2 (only at the location of lap length) was reduced
from 537 MPa to 475 MPa. The effective stiffness of frames were taken into account
using two different methods. First, the recommended values by ASCE/SEI 41 [11] were
used (i.e., 0.3EI and 0.7EI for the flexural action of columns and beams, respectively),
and then the proposed value by Eurocode 8 [14] (i.e., 0.5EI for beams and columns) was
examined.
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Fig. 3. (a) Location of plastic hinges in the FE models (b) Employed forced-displacement
relationship for the plastic hinges.

Table 2. Moment-rotation parameters used for nonlinear analysis of beams

Method Plastic rotation angle (rad) Moment capacity
(kN.m)

a b c Yield Ultimate

ASCE 41–17 (conforming) 0.025 0.050 0.200 21.51 23.66

ASCE 41–17 (non-conforming) 0.020 0.030 0.200 21.51 23.66

Moment-curvature (confined) 0.064 0.115 0.200 21.90 24.10

Moment-curvature (unconfined) 0.023 0.115 0.200 21.90 24.10

Table 3. Moment-rotation parameters used for nonlinear analysis of columns

Method Plastic rotation angle (rad) Moment capacity
(kN.m)

a b c Yield Ultimate

ASCE 41–17 (adequate lap) 0.045 0.111 0.205 32.57 35.83

ASCE 41–17 (inadequate lap) 0.025 0.060 0.400 29.28 29.28

Moment-curvature (confined) 0.071 0.146 0.203 41.08 45.19

Moment-curvature (unconfined) 0.013 0.146 0.205 37.43 37.43
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4 Results and Discussions

Figures 4 and 5 compare the experimentally obtained force-displacements relationships
of Frame 1 and Frame 2 with those predicted by the finite element models. As shown in
the figures, the employed methods for the calculations of the plastic hinge parameters
(i.e., ASCE41–17 andmoment-curvature approaches) have had an insignificant effect on
the obtained force-displacement relationships from the finite element models. However,
the selected effective stiffness for structural elements has had a significant effect on the
obtained force-displacement relationships. In both frames, regardless of the employed
method for the calculation of plastic hinges parameters and the selected values for
the effective stiffness of structural members, the ultimate loads have been estimated
with good accuracy. The maximum difference between the obtained ultimate loads for
Frame 1 and Frame 2 and that of the experiment are, respectively, 13.38% and 6.37%.
The obtained results for the ultimate loads also show that the proposed method by
ASCE/SEI 41–17 for the consideration of inadequate lap splice length has been efficient
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Fig. 4. Comparison between force-displacement relationships of finite elementmodels and exper-
iment for Frame 1 (a) using ASCE/SEI 41 effective stiffness values (b) using Eurocode 8 effective
stiffness values.
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as the ultimate load of Frame 2 has been estimated accurately. On the other hand, the
displacement corresponding to the ultimate loads havebeenunderestimated in allmodels.
Although the use of ASCE/SEI 41–17’s effective stiffness has reduced the difference
between the displacements at ultimate loads, the differences in the results are around
33.9% for Frame 1 and 22.9% for Frame 2. It is also noteworthy that, althoughASCE/SEI
41–17’s effective stiffness values estimate the displacement at the ultimate load better
than that of Eurocode 8’s effective stiffness values, it has predicted the initial stiffness of
frames with a lower accuracy. Figure 6 displays the predicted damage level of the plastic
hinges at the ultimate load of frames. As can be seen, all models predict severe damage
to the base of columns (i.e., CP hinges) while they expect a minor damage to the beam
(i.e., IO hinges). This prediction correlates well with the observed damage to the beams
and columns of both frames. In order words, the finite element models have been able
to predict the damaged zone and the intensity of damage with a good precision.
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Fig. 5. Comparison between force-displacement relationships of finite elementmodels and exper-
iment for Frame 2 (a) using ASCE/SEI 41 effective stiffness values (b) using Eurocode 8 effective
stiffness values.
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(a)                       
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Fig. 6. Damage level of the plastic hinges (a) Frame 1 using ASCE/SEI 41 effective stiffness
values (b) Frame 1 using Eurocode 8 effective stiffness values (c) Frame 2 using ASCE/SEI 41
effective stiffness values (2) Frame 2 using Eurocode 8 effective stiffness values.

5 Conclusion

This study investigated the accuracy of two different lumped plasticity models for esti-
mating the force-displacement relationships of two similar RC frames but with differ-
ent seismic detailing. Comparisons with the experimental results indicated that both
ASCE/SEI 41–17 and moment-curvature lumped plasticity models estimated the ulti-
mate loads of both frames with less than 15% error. However, both models underesti-
mated the displacements corresponding to the ultimate loads by 33.9%. Therefore, the
lumped plasticity model should be used in the performance-based seismic design meth-
ods like the capacity spectrum approach with precaution as the target displacement may
be estimated inaccurately. The finite element models were able to predict the damage
level and failure mode similar to the obtained results from the experiment.
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Abstract. This study investigates the efficacy of Moringa oleifera-derived coag-
ulants for removing Cd, Cr, and Pb from water through zeta potential analysis.
The surface charge characteristics of Moringa oleifera seed, gum powder, ben-
tonite clay, and clay-polymer composites are explored, emphasizing their role
in coagulation-flocculation processes. The isoelectric point (IEP) is identified as
a crucial parameter, underlining its significance in the colloidal system. Results
highlight promising heavymetal removal byMoringa oleifera seed, gum, and their
composite coagulants. The research offers unique insights into the zeta poten-
tial characteristics of these coagulants, emphasizing pH’s importance in heavy
metal removal. This holistic examination of Moringa oleifera-derived coagulants
presents a promising avenue for sustainable water purification practices.

Keywords: Zeta Potential · Moringa Oleifera Seed Composite · Moringa
Oleifera Gum Composite · Coagulo-Adsorption · Heavy Metal Removal

1 Introduction

Zeta potential measurement plays a crucial role in determining the stability of col-
loidal suspensions. The stability of dispersions relies on the magnitude of zeta potential,
influencing particle aggregation. These studies are closely linked to the coagulation-
flocculation process, wherein the isoelectric point (IEP) becomes a critical indicator of
colloidal system stability [1]. Effective coagulation processes hinge on an understand-
ing of IEP, where the potential energy barrier opposing coagulation disappears. Previous
studies have indicated the suitability of Moringa oleifera seed/gum coagulant and com-
posites for removing turbidity, fluoride, and heavy metals from water and wastewater
[2–8].

Despite these individual studies, there exists a noticeable research gap in compre-
hensively understanding the zeta potential characteristics of Moringa oleifera-derived
coagulants, their interactions with other coagulants, and their practical applications in
heavy metal removal. This gap highlights the necessity for a holistic investigation that
integrates these key elements to address the complexities of water purification.
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This research significantly contributes to bridging the existing gap in the literature.
The study not only explores the zeta potential characteristics of Moringa oleifera seed,
gum powder, bentonite clay, and clay-polymer composites but also delves into their
interactions within the colloidal system. Furthermore, the systematic examination of the
application of these coagulants in heavy metal removal enhances our understanding.
This holistic approach provides valuable insights that can inform more effective and
sustainable water purification practices.

2 Methodologies

The Zeta potential analyzer, Malvern Zetasizer Ver. 7.01, analyzed Zeta potentials of
coagulants at various pH conditions for heavymetal removal. pH significantly influences
Zeta potential, with a positive curve at low pH and a lower or negative curve at high
pH. The point where the curve crosses zero is the isoelectric point, crucial for stability.
Zeta potential measurements, conducted on Moringa oleifera seed (MOS) cake coag-
ulant, Moringa oleifera gum (MOG) powder coagulant, and bentonite clay (BC) and
its composite Moringa oleifera seed composite (MOSC), Moringa oleifera gum com-
posite (MOGC) in water at room temperature, help optimize coagulant dosage in water
treatment.

Electrophoresis, measuring electrophoretic mobility (EM) using Henry’s Equation,
determined Zeta potential for each coagulant. Electrophoresis involved injecting 25 ml
of aqueous dispersions into the Zeta potential instrument’s cell at room temperature.
The electrophoresis cell, designed for microscopy, comprises two electrode chambers
connected by an optically polished tube. Zeta potential was determined by directly
measuring electrophoretic mobility using Henry’s Equation [9].

μ = 2ε0εrζ f (κr)

3η
(1)

where, μ = electrophoretic mobility, η = viscosity of medium, � = permittivity of
a vacuum, ƒ(κr) = Henry’s function, ε0 = permittivity of a vacuum, εr = medium
dielectric constant (or permittivity), ζ = zeta potential, κ = Debye-Hückle parameter
and r = hydrodynamic radius of particle.

Previous studies in 2020, Ravikumar and Udayakumar investigate a green clay-
polymer nanocomposite for the removal of heavy metals [7] and in 2021, Ravikumar
and Udayakumar introduce Moringa oleifera gum composite as a novel material for
heavy metals removal [8]. This research delves into the preparation and characterization
of the nanocomposite, showcasing its potential in addressing heavy metal pollution.
Figures 1 and 2 show the isoelectric pH and apparent pH of MOS, MOG and BC.
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Fig. 1. Apparent zeta potential values of Moringa oleifera seed and gum

Fig. 2. Apparent zeta potential of bentonite

The modified coagulants, MOSC and MOGC, demonstrated varying zeta poten-
tial values at pH 5.5. The clay-polymer composite media exhibited enhanced heavy
metal removal efficiency compared to natural clay, emphasizing the significance of the
composite in coagulo-adsorption processes.

The measurement of the zeta potential is also a method that provides us with insight
into the character of the particle surface itself and the processes occurring on this surface
(e.g., adsorption, ion exchange, modification).

Figure 3 show that the apparent zeta potential of MOSC (3.78 mV) was less positive
than that of MOGC (−1.21 mV) at a pH of 5.5.

Table 1 shows the isoelectric pH and apparent pH of BC, MOS and MOG, MOSC,
and MOGC. The isoelectric point indicates that at the experimental pH > pHpzc, heavy
metal species are attracted to the surface sites of the coagulant, which are negative. To
avoid the possible precipitation of metals, pH studies were not performed at pH > 8.
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Fig. 3. Apparent zeta potential of MOSC and MOGC

The comprehensive influences of all functional groups determine pHpzc (point of zero
charge) of a coagulant and the pH at which the charge on the adsorbent surface is zero.

Table 1. Isoelectric pH and apparent pH of MOSC and MOGC

Sample Isoelectric pH Apparent zeta potential (pH 5.5)

BC – −15.5mV

MOS 6 .2 −0.516mV

MOG 1.5 −38.4mV

MOSC 5.7 3.78mV

MOGC 5.3 1.21mV

3 Result and Discussion

The pH influenced the adsorption process for metal ions. This observation was attributed
to the surface charge of MOSC/MOGC, which could be modified by changing the pH
of the solution.

It could bementioned that bothMOSC andMOGCparticles have a higher adsorption
affinity to adsorbmetal cations (cadmiumand lead) at highpHvalues.As the pH increases
and the balance between H3O+ and OH− becomes equal, more of the positively charged
metal ions in the solution are adsorbed on the negative nano clay-polymer composite
surface and thus, the removal percentage of the metal cations (Cd (II) and Pb (II))
increases.
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When the pH decreased toward acidic conditions, the zeta potentials of MOSC
and MOGC decreased and converted to positive values caused by the protonation of the
carboxylic and hydroxide ions on the surface. The results of zeta potential measurements
indicated that the isoelectric point (pHzpc) of the MOSC and MOGC nanocomposite
was 5.7 and 5.3 and the surface charge of the composite was positive at pH < 5. This
positively charged surface at pH< 5 favours the retention of anionic contaminants. With
the increase of pH, the zeta potential value decreased, which will in turn reduce the Cr
(VI) removal efficiency.

Fig. 4. Influence of pH in the removal process of cadmium, chromiumand leadbyMOSCcoagulo-
adsorbent

Figures 4 and 5 show the influence of pH in the heavy metal’s removal efficiency
by coagulation/flocculation with 5 g/l of MOSC (at 40 rpm of rapid mixing and 15 rpm
of slow mixing) and MOGC (at 45 rpm of rapid mixing and 20 rpm of slow mixing)
composite coagulo-adsorbent with an initial heavy metal concentration of 6 mg/l.

The clay-polymer coagulo-adsorption studies with MOSC confirmed that optimum
condition for metal ions removal were pH 6–8 for cadmium, pH 2–4 for chromium and
pH 5–7 for lead. At very low pH values metal uptake has been found very less in the
case of cadmium and lead. But chromium has more removal efficiency at very low pH
values.

The adsorption studies with MOGC confirmed that optimum condition for metal
ions removal were pH 7–8 for cadmium, pH 1–4 for chromium and pH 6–7 for lead.

MOSC and MOGC have a tendency to chelate with metal ions like Cd, Cr, and Pb,
etc. The functional groups present in the clay-polymer chain are strongly active with
metal ions, as follows:

Mn+ + RNH2 → M(RNH2)
n+ (2)

The amino group forms coordinate bonds with the metal ions by donating free
electrons present on nitrogen and oxygen in the amino groups and hydroxyl groups,
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Fig. 5. Influence of pH in the removal process of cadmium, chromium and lead by MOGC
coagulo-adsorbent

respectively, to the vacant orbitals of the metals. The metal binding efficiency of the
clay-polymer depends on the availability of the amino groups for interaction with metal
ions, chain length, and the extent of inter/intra-molecular hydrogen bonding, etc.

Solution pH determines the level of electrostatic or molecular interaction between
the adsorption surface and adsorbate owing to charge distribution on the materials. The
zero point charge or isoelectric point (pHzpc) of theMOSwas about 6.2 and then shifted
to 5.7 after being modified by bentonite clay. Similarly, in the case of MOG, it shifted
from 1.5 to 5.3. The pHzpc of MOSC and MOGC was obtained at pH = 5.7 and 5.3.
At pH below 5.3, more amino groups in the MOSC and MOGC were protonated (i.e.,
from −NH2 to −NH3 +). From pH 5.7 to 10, the negative zeta potential of MOSC and
MOGC, the amino group in the composite media was not deprotonated under this pH
condition (i.e., from −NH2 to −NH-). Moreover, the adsorption capacity of composite
media highly depended on the positive charge at pH < 5.3.

Clay-polymer composites were found to be much more effective than natural clay
for the removal of heavy metals. If a bare particle may have a high zeta potential value, a
polymer is adsorbed, giving an increase in the adsorbed layer thickness; the zeta potential
would be reduced to some extent. The adsorbed clay particles withMoringa oleifera shift
the net surface charge of clay from slightly positive to negative in the case of MOSC;
the point of zero charge of clay shifted from 6.2 to 5.7. The adsorbed clay particles
with Moringa oleifera shift the net surface charge of clay from negative to positive from
1.5 and 5.3 in the case of MOGC. The heavy metal ion adsorption on composite media
was found to be affected by the ionic attraction between the protonated surface groups
on Moringa oleifera and the heavy metal ions. But, the heavy metal ions adsorption on
natural clay is governed by the positively charged clay particle edges formed by broken
bonds of Al–O and Si–O.

Moringa oleifera seed/gum composite presents interesting adsorption capacities
because it contains deprotonated hydroxyl groups and is able to give electrostatic inter-
action with heavy metals, which mainly include complexing with non-binding doublets
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on nitrogen and oxygen atoms. The intercalation part of Moringa chains in the clay
minerals and the porous network of the composite ensured a good transport of the heavy
metal solution to the remaining reactive sites of the bentonite.

Fig. 6. TEM image in 50nm scale (a) MOSC and MOGC before heavy metal removal (b) Cd
loaded MOSC and MOGC (c) Cr loaded MOSC and MOGC (d) Pb loaded MOSC and MOGC

TEM images of MOSC/ MOGC clay-polymer metal complexes indicate the for-
mation of nano structure. TEM images of MOSC/MOGC before and after coagulo-
adsorption (Cd, Cr and Pb) was undertaken in order to locate the active adsorptive sites
of the composite coagulants to form its metal complexes. In each figure (a) is pure
MOSC/MOGC, (b) MOSC/MOGC-Cd complex, (c) MOSC/MOGC-Cr complex and
(d) is MOSC/MOGC-Pb complex. TEM images with 50 nm magnification the adsorbed
heavy metal ions assume more clarity in their shapes in the form of dark dots as shown
in Fig. 6.

Another study [10] contributes to this research by investigating a composite of kaoli-
nite clay and moringa seedcake, which effectively removes methylene blue and acid
orange-7 dyes. This investigation includes a comprehensive examination involving batch
and column tests, chemical modifications, and characterization techniques. The isoelec-
tric pH values of kaolinite clay, Moringa seedcake, and their composite are presented in
Table 2.

The study achieved optimum removal rates of 86% and 94% at pH 2 and 10,
respectively, for acid orange-7 (AO-7) and methylene blue (MB). These results were
obtained using a 1 g/L adsorbent dose and 50 mg/L initial dye concentration. This study
underscores the potential of themoringa-based clay-polymer composite for dye removal.
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Table 2. Isoelectric pH of kaolinite clay, Moringa seedcake, and its composite

Sample Isoelectric pH

Kaolinite clay 5.50

Moringa seedcake 6.00

Composite 7.50

4 Conclusion

In conclusion, the zeta potential analysis revealed distinctive characteristics of Moringa
oleifera seed (MOS) and gum (MOG) coagulants at pH 6.5, with MOS exhibiting a zeta
potential of −0.516 mV and MOG showing −38.4 mV. Notably, MOS demonstrated
superior coagulant activity at pH 7.0, making it more effective for cadmium removal
within the pH range of 7–8. Bentonite, with an apparent zeta potential of −15.5 mV
at pH 6.5, demonstrated a pH-sensitive zeta potential, underscoring its role in system
stability. The study revealed that heavy metal ion adsorption on the clay surface altered
bentonite’s zeta potential, highlighting its significance in the removal process.

Furthermore, the modified coagulants, MOSC and MOGC, exhibited varying
zeta potential values at pH 5.5. The clay-polymer composite media, particularly
MOSC/MOGC, demonstrated enhanced heavy metal removal efficiency compared to
natural clay, emphasizing the composite’s pivotal role in adsorption processes. Trans-
mission electron microscopy (TEM) images of MOSC/MOGC composite coagulant
confirmed the mono-dispersed and spherical nature of nanoparticles, highlighting their
uniform distribution and absence of agglomeration. The visualization of adsorbed heavy
metal ions in the clay-polymer nanocomposites at 50 nm elucidated their shape and size.

In essence, this comprehensive analysis of zeta potential characteristics in the con-
text of heavy metal removal using Moringa oleifera-based coagulants provides valuable
insights into the underlying mechanisms. The findings not only advance our under-
standing of coagulant behavior but also carry practical implications for the development
of effective and sustainable water purification methods. Exploring the scalability and
long-term efficacy of these coagulants in real-world scenarios would be instrumental in
realizing their potential for widespread application in water treatment processes.
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Abstract. The aim of the paper is to review the different research manuscripts on
dynamic soil properties analysis in Bangladesh. In this case, Wrap faced embank-
ment is significantly better result to build earthquake resilient infrastructure.Wrap
faced embankment is basically a sand embankment wrapped around by geotextile
layers as a steep embankment. This wrap-faced embankment is filled with differ-
ent characteristics of sand. In this research, the wrap faced embankment is model
by reduce scale in BUET Geotechnical Lab. The shaking table test machine was
used to induce earthquake and wave action. The fifteen sensors have been placed
in the wrap faced embankment and clay soil layer which was discussion on Hore’s
research from 2020 to 2023. The different soil characteristics like accelerations,
displacement, pore water pressure and strain has been analyzed in this research.
This embankment showed better response to the earthquakes and wave action
means stable to seismic andwave action. The results of the research have also been
verified bynumerical analysis byPLAXIS3Dsoftware.Without knowing the char-
acteristics of the wrap faced embankment during the earthquake, it is impossible
to build this type earthquake/wave resisting embankment. The dynamic behavior
of wrap faced embankment on soft soil in Bangladesh has been invented by the
Hore’s research. Now, it is possible to design and construction of earthquake/wave
resistance wrap faced embankment on soft Bangladeshi soil.

Keywords: Soil Structure · Embankment ·Wrap-Faced · Geotechnical
Properties

1 Introduction

The shake table test on the different dynamic loading based on the slopy area developed
a calibrated numerical model and analyzed the input ground motions [1, 2] at the base of
the rigid-faced reinforced soil-retainingwall. The seismic behavior under dynamic loads,
these series of tests was performed using two different slope angles, and reinforcements
[3–10]. The research on seismic response of slurry wall and sandy soil was presented by
[11]. The effectively performedmore tests to investigate the behavior of excess porewater
pressure in different soft soil-foundation [12–15]. Latha and Manju [5] described the
performance of geo-cell retaining walls inside a laminar box which were under seismic
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shaking conditions. A recent study byGidday andMittal [16] on reinforced soil retaining
wall on soil which is facilitated by the shake table test. The embankment analysis of
the soft clay soil in Bangladesh is the vital effect on the soil structure interaction. The
experimental andnumerical analysis (PLAXIS3D)whichwere performedby the shaking
table platform with laminar box on soft clay soil. The dynamic soil analysis platform is
very significant for the analysis of the soil behavior as per seismic response. Moreover,
cyclic loading is the vital role on the analysis of the Bangladeshi soft soil [17–34].

In this research, the response of earthquake and wave action on the soft soil in
Bangladesh has been analyzed where the different soil type of wrap faced embankment
(local and Sylhet sand) on the shaking table test machine used in the experiment Sub-
jected to cyclic loading. This paper is reviewed the different research paper from 2020
to 2023 on wrap Faced embankment at lab of Bangladesh University of Engineering and
Technology (BUET).

2 Shaking Table, Laminar Box and Testing

A computer-controlled servo-hydraulic single degree of freedom shaking table facility
was used in this experiment, where the platform used for testing was made of steel,
the measurement is of 2 m by 2 m size, and with a payload capacity of 1500 kg. as
shown in Fig. 1 [30]. The acceleration range is 0.05 g to 2 g. A frequency range is
0.05 Hz to 50 Hz. The maximum amplitude was± 200 mm. The maximum velocity was
30 cm/sec. Twenty-four (24) hollow aluminum layers of a large-sized shear box is used
for this experiment. The friction between the layers is minimum, as shown in Fig. 1. In
the present study, the height of clay soil foundation is 300 mm. On the other hand, the
thickness of the sand blanket is 50 mm as shown in Fig. 2 (Chakraborty et al. 2022).
The prototype to model scale being N = 10 and scale factor 1/N. Figure 3 [26] shows
the Wrap-faced soil retaining wall.

Fig. 1. Seismic analysis of the model embankment



Analysis of Dynamic Soil Properties by a Systematic Approach 615

3 Results and Discussion

Displacement profile with respect to surcharge and base acceleration has been analyzed
in the results and discussion section. Horizontal face displacement along the height of
the wall was scrutinized based on different sinusoidal motion where different frequency
and acceleration level are fixed presented in Figs. 4 to 5 [26]. Here elevation is denoted
as z and horizontal displacements as δh are presented in non-dimensional from after
normalizing.

The height of the wall is denoted as H. Figure 4 depicts the normalized displacement
profile for different base accelerations of 0.05 g, 0.10 g, 0.15 g and 0.20 g. The tests
are ST72, ST80, ST88, and ST96 respectively. From the Fig. a maximum horizontal
displacement of 2.26% of the total wall height (H), for 0.20 g, was observed compared
with 2.16% for 0.05 g base accelerations. The maximum displacement is 9.06 mm at
a acceleration of 0.2 g, whereas it is decreased to 8.67 mm at a acceleration of 0.05 g.
The numerical analysis results are 3.97% and 3.85% higher than the experimental results
respectively. The effect of different surcharge loadings of 1.72 kPa, 1.12 kPa and 0.7 kPa
as shown in Fig. 5. The displacement response against surcharge variation was inversely
proportional at all elevations. The maximum displacement of the wall was (δh/H =
2.19%) at a surcharge pressure of 0.7 kPa, whereas it was decreased to (δh/H = 2.10%)
at a surcharge pressure of 1.72 kPa. The numerical analysis results are 3.57% and 3.67%
higher than the experimental results respectively.

Fig. 2. Experimental setup reinforced Fig. 3. Wrap-faced geotextile
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Fig. 4. Displacement profile (base
acceleration)
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4 Conclusions

The behavior ofwrapped-face retainingwall has a significant effect on the soft clay soil in
Bangladesh which was presented in Hore’s research from 2020 to 2023. Accelerations at
the top of thewall were inversely proportional to the surcharge pressures and acceleration
response against frequency variation is not directly proportional. On the other hand,
acceleration amplifications were increased with increased base accelerations which are
proved in the experimental results. Moreover, in all cases, numerically obtained values
are higher than the experimental results. The experimental result is found to be lower
than the numerical result that is used in PLAXIS 3D for all parameters. These research
outcomes are very helpful to analysis of the future research on dynamic behavior of soft
soil and forecast a future scenario of the soil profile specially the middle and southern
part of the country.
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Abstract. This investigation develops an innovative dismantling methodology
for industrial facilities impacted by a 2022 missile strike, aiming to restore opera-
tions with minimal interruption. The purpose of the research is to establish a rapid
and secure dismantling process that integrates seamlessly with ongoing industrial
activities, ensuring safety and efficiency. It focuses on the damaged workshop
facilities, analyzing the affected structures and utilities to inform emergency dis-
mantling and recovery efforts. Advanced technologies, including specialized exca-
vator attachments and carts, are introduced for precise dismantling, maintaining
the integrity of adjacent structures.Ourfindings illustrate the efficacyof integrating
advanced dismantling technologies within active industrial settings, significantly
enhancing operational safety and efficiency. The successful application of these
methodologies not only aids in the rapid recovery of damaged facilities but also
sets a new benchmark for emergency industrial operations. Object of Research:
The primary focus is on the damaged industrial workshop facilities, specifically
examining the structures, utilities, and operational frameworks affected by the
missile strike. This includes the physical site, the technological layout, and the
existing industrial processes within the context of emergency dismantling and
restoration efforts.

Keywords: Dismantling Process · Disassembling Buildings · Prefabricated
Elements · Demolition · Technology of Work

1 Introduction

One of the main tasks of construction is the rational use of resources. This issue becomes
especially important during war or hostilities.

The industrial building suffered threatening destruction as a result of a missile attack
on the workshop facilities at the end of 2022. In order to restore the functioning of the
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workshop, it became necessary to carry out dismantling and restoration works of the
load-bearing and enclosing building structures.

The affected site is systematically divided into four work sections, emphasizing areas
most impacted by the rocket attack. Following the completion of emergency measures,
specialists conduct a comprehensive diagnosis of structures beyond the hazardous zone,
providing an approximate assessment of the scope of emergency demolition works.

The consequences of the damage are presented in (Fig. 1). The characteristics of
the constructive and object-planning solution of the facility are provided in Table 1.The
existing roof of the building is made of ribbed precast concrete slabs measuring 3× 6 m.
On top of the slabs, there is 80 mm insulation, 20 mm cement screed, and four layers of
roofing felt on bitumen mastic. The roof slabs are welded to the trusses at three points.
The dismantled building is conditionally divided into 6 sections (Fig. 2).

Fig. 1. Nature of object destruction. Fig. 2. The diagram and 3d scheme of the
building being restored (divided into sections).

2 Analysis of Recent Research

In this study, we created methodology for the emergency dismantling of industrial facil-
ities impacted by military activities, a subject that remains largely unexplored within the
current corpus of research.

Recent literary sources on the research topic demonstrate a consistent trend towards
so-called “green dismantling” and recycling of materials generated as a result of dis-
mantling. For instance, the article [1] describes a methodology for developing a dis-
mantling plan and minimizing CO2 emissions during the dismantling process.Authors
in article [2] describe new technologies for dismantling concrete structures that utilize
sound-absorbing chemical agents to minimize the environmental and health impacts of
dismantling activities. The article outlines the main components of these agents and
their influence on the dismantling process, as well as presents an environmental impact
assessment system.
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Article [3] investigates and explains the dismantling practices in cities in the United
States and Germany, while article [4] presents solutions based on completed projects in
Ukraine. While article [3] focuses more on economic aspects and typology, article [5]
highlights the need for selective dismantling, which involves disassembling buildings
into components and materials for further reuse. The dismantling practices issue is also
discussed using examples from China, the Czech Republic and other countries [6–8].
Another important topic is the technical assessment of residual resources of dismantled
buildings [9, 10]. Timely conducted technical assessment can serve as a legal basis
for. can identify reserves for their further utilization [9]. Accurate information on the
composition (quantity and quality) ofmaterials is necessary for designing the subsequent
use of construction materials obtained from building and structure dismantling [10]. In
the research conducted [11], quantitative data on the activities of reuse, recycling, and
demolition of construction materials have been analyzed.

Table 1. Characteristics of the destroyed object

Parameter Type Value

Building type: Industrial complex

The number of spans of the building: 4

The length of each span of the building: 30 m

Total length of the building: 120 m

Capacity of bridge cranes in the building 12 t, 20 t

Length of reconstructed area 236 m

Column spacing (main) 12 m

Column spacing (specific areas with different
spacing):

6 m, 18 m, 24 m, 36 m

Year of commissioning: 1961

Load-bearing structures: Reinforced concrete

Roof structure: Trusses with metal in axes 78-48, reinforced
concrete in axes 48-37

To create structures and buildings with high transformability and dismantling poten-
tial, more effort needs to be focused on the development of prefabricated elements and
building systems to support the potential for transformation during possible dismantling
stages [12]. A successful example of addressing waste disposal and overall waste man-
agement can be seen in the case of AZS company (Czech Republic) [13]. An attempt to
summarize current trends in the field of construction waste recycling is being conducted
in the work [14].

Considering demolition as a stage preceding the main construction process, several
authors in their works focus on the issues of designing the technology and making key
decisions regarding the dismantling and destruction of building elements, with a special
emphasis on controllability, safety, and process efficiency.
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In the work [15], the corresponding requirements are outlined to ensure the spec-
ified conditions when choosing the method of building demolition, many factors to
be considered. The article [16] presents the process of mechanical demolition through
step-by-step investigation and structural collapse. Initially, the structure is weakened in
a cross-section using a cutter, and then it is brought down by applying lateral (horizon-
tal) loading. Demolishing structures in this manner allows for the maximum amount of
material to be recycled.

The work [17] introduces a Java application with a Building InformationModelling-
based Deconstruction Assessment Score (BIM-DAS) to assess the deconstructability
of structures during the design stage. Additionally, careful image pre-processing can
remove noise and smooth the original information for later analysis [18–20].

Recent studies mainly address standard dismantling and construction waste recy-
cling, overlooking emergency scenarios. This article aims to show how conventional
dismantling technologies and digital tools can be adapted for use in sites damaged by
the missile strike. The identified research gap in emergency dismantling underlines the
importance of exploring advanced technologies for managing industrial crises.

3 Results and Discussion

In the first hours following the occurrence of an emergency situation, ensuring the
safety of personnel and the environment becomes the primary concern. To achieve this,
the following actions needed to be taken as soon as possible: 1) disconnect all utilities
and power systems in the building; 2) extinguish the fire resulting from the explosion
of the missile; 3) assess the extent of damage to the building; 4) identify key issues and
develop a plan for the dismantling of destroyed and damaged structures; 5) disconnect
all utilities and power systems in the building.

Since an emergency situation had arisen, it was necessary to expedite the pro-
cess of dismantling the affected structures to minimize potential consequences such
as environmental pollution and the risk of damaging other buildings and systems on the
premises.

The first step was to dismantle the damaged structures and equipment that could
potentially pose a danger, such as falling structures or damaged power systems.

Subsequently, the dismantling process was carried out step by step, taking into
account the specific characteristics of the building and potential risks.

The building was conventionally divided into 4 general work sections, with the areas
most affected by the rocket attack highlighted in purple. The schematics of the most
affected site are shown in Fig. 3a, 3b. After completing all the emergency measures, spe-
cialists conducted a diagnosis of the structures located outside the hazardous zone of the
collapsed emergency structures. After the inspection and examination, an approximate
assessment of the scope of emergency works was carried out (Table 2).

At the next stage, it was necessary to remove the already collapsed structures and
those that were partially destroyed but still secured and posed a risk of collapse (Fig. 4a,
4b). This was done in order to subsequently install cranes and safely proceed with the
demolition of less affected structures.
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The next task was to dismantle the remaining structures that were attached to the
frame, such as wall panels and beams, which were in a critical condition and at risk of
collapse at any time. In general, the dismantling technology for panels at considerable
height (7 m and above) is not significantly different from installation, except that it is
performed in reverse order and involves the following steps: 1) establishing a safety
perimeter around the hazardous zone, with a distance of 7 m from the building; 2)
installing a crane and a hydraulic lift; 3) assessing the condition of the panel and iden-
tifying its attachment points to the building; 4) rigging the structure to be dismantled,
which involves creating openings in the structure or welding lifting lugs to metal parts
of the panel, and ensuring proper tensioning of the rigging.

However, in the current conditions, it is not feasible to use this technology because
the panels are severely damaged and lack structural rigidity. Even if they could be rigged,
when cutting the embedded parts, they may collapse in any direction, posing a risk to
construction machinery and workers involved in the dismantling operations. In such
cases, it is advisable to use mechanical demolition by excavators. However, even a 30–
40-ton excavator with a standard boomwould not be able to handle the task, as the upper
panels are situated at a significant height (over 17 m), and the excavator would need to
be positioned outside the hazardous zone, i.e., at a radius of more than 7 m from the
hazardous structures.

Fig. 3. a. The 1st section (diagrams of before and after destruction), b. The 3rd section (diagrams
of structures structures before and after destruction)

Fig. 4. a. Clearing the site from the demolished structures (photo before), b. Photo of the site
after clearing.
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One of the presented solutions is the use of an excavator with an extended boom for
demolitionworks. The diagram for demolition using an excavatorwith an extended boom
is shown below (Fig. 5). The technology for carrying out work during the dismantling of
panels using an excavator with a boom extension involves the following steps: 1) recting
a stable enclosure around the work area; 2) attaching the boom extension instead of the
bucket; 3) driving the excavator into the demolition zone;4) securing the damaged wall
panels using the boom extension and using the excavator’s hydraulic system to lower
them to ground level; 5) after completing the dismantling, moving to another parking
area.

Using another excavator equipped with a hydraulic hammer positioned outside the
dangerous zone of panel collapse to further process the panels into a convenient size for
loading and transportation.

After the dismantling of the hanging damaged panels, the next step is to gradually
dismantle the damaged fencing structures. During the inspection, it was found that
the roofing panels have also been damaged and are in a critical condition, making it
impossible for workers to be on the roof. Therefore, the standard method of dismantling
a part of the roofing panels cannot be used when workers are present on or under the
roof covering. To dismantle the structures, high-capacity crawler cranes of 100 and 250
tons with movable hooks were selected and utilized. The main feature of these cranes is
that they have two hook suspensions on one hook (Fig. 6), each with its own mechanism
(brake, winch, safety device). One hook is used to suspend awork platformwithworkers,
while the other can be used to attach the dismantled panel.

Table 2. Approximate estimate of emergency demolition works

No Structure Description Unit Quantity

1. Light-aeration lantern structures

1.1 Demolition of metal structures of
industrial light-aeration lanterns

tons 160

1.2 Demolition of metal sheet coverings
for lantern structures

tons 195

1.3 Demolition of assembled ribbed
plate coverings for lantern structures

m3/ton 220/514

1.4 Demolition of profiled sheet fencing
for lantern structures

m2/ton 2270/72

1.5 Demolition of metal sheet fencing
for lantern structures

m2/ton 1290/25

1.6 Demolition of side panels of lantern
structures

m3/ton 40/85

2. Framework structures

2.1 Labor safety of metal truss structures
(length: 30 m)

tons 510

(continued)
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Table 2. (continued)

No Structure Description Unit Quantity

2.2 Demolition of reinforced concrete
truss structures (length: 30 m)

m3/ton 144/336

2.3 Demolition of metal sub-purl in truss
structures (length: 12–36 m)

tons 135

2.4 Demolition of metal crane beam
structures (length: 6–36 m)

tons 728

2.5 Demolition of outer row reinforced
concrete columns

m3/ton 225/510

2.6 Demolition of middle row reinforced
concrete columns

m3/ton 432/993

2.7 Demolition of metal ties on
reinforced concrete framework

tons 165

2.8 Demolition of metal platforms and
fencing

tons 150

3. Roofing on trusses

3.1 Demolition of metal sheet coverings
on truss structures

tons 515

3.2 Demolition of assembled ribbed
plate coverings on truss structures

m3/ton 325/811

4. Enclosure structures

4.1 Demolition of metal framework
structures for glazing

m2/ton 1512/75

4.2 Demolition of assembled reinforced
concrete facade panels (length: 12 m)

m3/ton 140/460

4.3 Demolition of assembled reinforced
concrete facade panels (length: 6 m)

m3/ton 60/155

4.4 Demolition of profiled sheet fencing
for facades

m2/ton 667/21

This technology was adopted for the dismantling of the damaged panels at this site.
The work execution scheme is shown (Fig. 7).

When we have completed the dismantling of the parts of the building that were in
an emergency state, it became possible to move on to the dismantling of the surviving
parts of the coating, which are set aside for dismantling. The following work method
can partially overcome this problem. The task was to remove the coating/metal sheets
in undamaged areas and out of reach of the crane. To solve this task, the following
technological scheme was adopted for performing working a specialized cart.
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Fig. 5. Photo of the boom extension

Fig. 6. Winch arrangement diagram. Fig. 7. Scheme of dismantling the roof
panels.

Preparatory work: 1) Inspect the roof, if it is in satisfactory condition and can accom-
modate workers; 2) Workers climb onto the roof using existing ladders. 3) Secure safety
ropes to existing structures and place wooden planks on the roof (Fig. 8a). Workers
must be constantly secured with a safety harness attached to the structure or the installed
safety rope. 4) Attach specialized safety systems (Fig. 8b) to existing structures.

(a) (b)

Specialized safety
system

Safety lanyard
cable Wooden ladder

Fig. 8. a. Scheme for installing ladder, b. Schemes of specialized safety systems.
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The principle of the safety system is that it allows free movement for the worker,
stretches under normal movement speed, but if the speed exceeds 1 m/s (falling speed),
it stops (brakes are activated) and keeps the harness taut. 5) Install guide rails for the
workers (Fig. 9a). 6) Position the trolley on the guide rails in the working position
(Fig. 9).

Main technological process: 1) Position the carriage above the plate/sheet to be dis-
mantled. 2)Make holes for slinging in the reinforced concrete plate and weld attachment
points on themetal sheet. 3) Sling the plate/sheet using the hooks attached to the carriage.
4) Separate the reinforced concrete plate using manual tools (break the joints and trim
embedded parts). For metal sheets, detach their embedded parts. 5) Lift the detached
sheet 200–300 mm from the roof using the hoists. 6) Transport the detached sheet along
the rail tracks using the carriage to the crane work area. 7) Lower the plate/sheet onto
the roof and release it from the slings in the crane work area. 8) Remove the plate/sheet
using the crane in storage area.

Fig. 9. Dismantling scheme of reinforced concrete panels/metal sheets using a specialized
carriage.

4 Conclusions

Summing up the highlights of the project efficiency, with the dismantling of 2470 tons
of metal structures, coverings, beams, and crane equipment, along with nearly 650 m3

of prefabricated and monolithic concrete structures, and also replaced nearly 7,800 m2

of damaged covering concrete slabs on metal sheets completed within a four-month
period in complex industrial conditions. This underscores the method’s effectiveness
and potential for broader application.

The studyprovides a detailed exploration of themethodologies necessary for address-
ing the consequences of incidents at industrial complexes, specifically focusing on the
dismantling of structures within a facility compromised by a missile strike. By intro-
ducing advanced technological strategies, the research significantly reduces the need
for manual labor, maximizes the effectiveness of construction machinery, and notably
improves on-site safety conditions. These technological advancements are versatile,
making them suitable for a wide range of industrial settings, thus underscoring the uni-
versal applicability of the proposed solutions. The applicability of these technological
schemes extends across diverse industrial environments, highlighting the broad relevance
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of the study. Future research will aim to develop a systematic framework and typology
for the dismantling methods applicable to both industrial and civilian infrastructures,
thereby contributing to the standardization and efficiency of dismantling practices glob-
ally. Moreover, the integration of digital tools and real-time data analysis is anticipated
to further streamline the dismantling process, enabling more precise decision-making
and enhancing operational agility in response to unforeseen challenges.
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Abstract. Cold-formed structural members have been demonstrated to be highly
sensitive to buckling modes due to their small thickness. Cold-formed sections
have been identified to exhibit significant geometric imperfections which have
been illustrated to significantly affect the stability and should be considered in
structural analyses of such cold-formed structural members. Their effects were
presented in a variety of previous investigations, but these obtained results were
still discrete without general evaluations. Therefore, this paper will provide an
overview on the impacts of various imperfection components on the behavior
of cold-formed structural members. Subsequently, several previous investigations
on structural behaviors of cold-rolled structural members were summarized and
thoroughly analyzed to enhance understanding of the influence of each geometric
imperfection component. It was found that sectional imperfection components
should be considered in the analyses for short and intermediate structural members
whereas global imperfection components should be included in the analysis of
long structural members. Also, bucking behaviors of a structural member were
governed by combinations of various imperfection components instead of any
single component. These findings will be the base for future investigations of
such members under the effects of geometric imperfections.

Keywords: Impacts · Geometric Imperfections · Behaviour · Cold-formed
Structural Members

1 Introduction

Geometric imperfections can be observed in cold-formed structural members due to
unavoidable factors in the manufacturing, transportation, and assembly processes. Con-
sidered as thin-walled structures, cold-formed structural members are highly sensitive to
various forms of instability influenced significantly by geometric imperfections. There-
fore, addressing geometric imperfections in the analysis of cold-formed structural com-
ponents is essential. These geometric imperfections are categorized into global and sec-
tional imperfections corresponding to different buckling modes. Global imperfections
include initial twist (G3) and flexural components (G1 and G2), while sectional imper-
fections involve deformations of flat sections, including local imperfections (d1) and dis-
tortional imperfections (d2) (refer to Fig. 1). The influence of geometric imperfections
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leads to a gradual buckling occurrence from pre-buckling, buckling to post-buckling,
which makes the unclear buckling point.

These geometric imperfections are required to measure on the actual specimens
for investigations. A variety of methods have been employed for this measurement,
including the use of displacement gauges [1], optical observation [2], strainmeasurement
devices [3], two-dimensional and three-dimensional laser scanning devices [4–6], and
imaging devices [7]. The geometric imperfections are processed to incorporate them into
structural analysis models. This processing procedure is detailed in the report by Pham
et al. [8]. The results of integrating geometric imperfections into the analysis model are
illustrated in Fig. 2.

Fig. 1. The representatives of global and sectional geometric imperfections

Fig. 2. Actual geometric imperfections of a specimen

Figure 2 illustrates that the geometric imperfections of cold-formed structural mem-
bers are significant, impacting both their behavior and strength. Therefore, these param-
eters need to be carefully examined and incorporated into structural analyses in studies
related to this type of structure.

The paper focuses on providing a comprehensive overview regarding the influence
of geometric imperfections on the behavior of cold-formed steel or aluminum structural
members. The aim is to enable readers to gain a deeper understanding of the impact of
these parameters. Subsequently, the paper thoroughly presents the behavioral analysis
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of cold-formed aluminum columns influenced by geometric imperfections, based on the
investigated results conducted by Pham [9–11]. Based on these results from the previ-
ous investigations, recommendations can be given for the consideration of geometric
imperfection components in the buckling analyses of cold-formed structural members.

2 Overview on the Impact of Geometric Imperfections
on the Behavior of Cold-Formed Structural Members

Numerous studies have examined geometric imperfections and their impact on the capac-
ity and behavior of cold-formed steel structural members. Pi and Trahair’s have inves-
tigated the influence of torsional geometric imperfections on cold-formed steel channel
or Zed beams [5, 12–15]. These studies have highlighted the effect of the twist direc-
tion on the strength of investigated beams, whereas this twist direction was determined
by the initial twist geometric imperfections (G3). Dubina and Ungureanu’s study [16]
also explored the influence of the initial twist (G3) and flexural imperfections (G1);
and it was found that these two components significantly affect the bending capacity
of the examined structural members, while the sectional geometric imperfections have
a negligible impact and can be disregarded. Subsequently, Dinis [17] investigated the
separate impact of two sectional geometric imperfection components (d1) and (d2) on
the post-buckling behavior of cold-formed steel channel columns. The study revealed
that the imperfection component (d2) significantly affects the capacity of the investigated
sections. Schafer and Zeinoddini [18] examined the influence of geometric imperfection
(d1) on the strength of columns and provided design recommendations. Katarzyna and
Andrzej [19] conducted a stability analysis of cold-formed steel sigma section columns
influenced by both overall and local geometric imperfection components. The research
results indicated a 20% reduction in the column capacities due to overall imperfections
and only a 10% reduction due to local imperfections. Dominik et al. [20] developed a
probabilistic approach to geometric imperfections to study the instability behavior of
eccentrically loaded I-section columns. Andrei et al. [21] conducted sensitivity analyses
to identify the most critical geometric imperfection shapes affecting the compressive
strength of perforated steel columns.

Bassem and Hanna [22] conducted a study to examine how geometric imperfec-
tions affect the ultimate moment of cold-formed sigma section beams. The investigation
indicated that compression flange sectional imperfections significantly influence the per-
formance of short and medium-length beams, while longer beams are more critically
affected by global imperfections Chao andYong-Lin [23] examined the impact of imper-
fections (G1) on the capacity of box-shaped columns. Random values were generated
based on collected data, and these values were then input into the analytical model to
obtain the limit load values. Unfavorable geometric imperfections were proposed to
obtain detrimental capacities. Dinis et al. [24] studied the behavior of cold-formed steel
channel columns influenced by global imperfections and sectional imperfections (d2).
The investigated results served as a basis for identifying the most unfavorable imper-
fections, which were subsequently used in numerical models. Additionally, studies also
pointed out that the influence of geometric imperfections varies between beams and
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columns. Sectional imperfections have negligible effects and can be ignored in beam
models [12, 16, 25, 26], whereas they should be considered in column models [27–32].

Regarding the geometric imperfections in aluminum cold-formed structures,
research on the influence of geometric imperfections is still limited, as this type of
structure is relatively new worldwide. Pham [33] investigated the impact of geometric
imperfections on the strength of aluminum cold-formed members under compression or
bending subject to global buckling. Detrimental modes of geometric imperfections were
suggested for further extensive studies. Pham [9, 10] also examined the influence of
various geometric imperfections on the behavior and capacity of short and intermediate
lengths of aluminum cold-formed columns.

A review of research studies on geometric imperfections in cold-formed steel and
aluminummembers has been reported. This allows the readers to have an overview of the
influence of geometric imperfections on the behaviors of cold-formed structural mem-
bers. To better understand of these influences, the paper also analyses several research
results from Pham [9–11], which explored the influence of various geometric imperfec-
tions on the behavior and capacity of cold-formed structural columns regarding their
lengths as presented in Sect. 3.

3 Summary and Analysis of the Influence of Geometric
Imperfections on the Behavior and Capacity of Cold-Formed
Structural Columns

The paper summarizes studies conducted by Pham [9–11] on the impact of geometric
imperfections. Geometric imperfection data were collected from the Cold-formed Alu-
minium Structure Project with the reference number ARC LP140100863, carried out at
the University of Sydney, Australia. Based on the results of studies on the influence of
geometric imperfections [27–32] as presented in Sect. 2, various sectional imperfection
modes were examined for short and intermediate-length columns corresponding to local
and distortional bucklings, while global imperfections were considered for long columns
in the case of global buckling.

3.1 Short and Intermediate-Length Columns

Thegeometric imperfections considered in the study include local and distortional imper-
fection modes. These two types are combined to create various model shapes, as shown
in Fig. 3 for short columns and Fig. 4 for intermediate columns, where L and D stand
for local and distortional imperfection components respectively. The obtained results
depicting the behavior of the members and average limit load values are illustrated in
Figs. 5 and 6.

For short columns, the obtained results are reported as following:

– The results of models 1.2 and 1.3 are higher than the other twomodels, corresponding
to cases where the signs of local and distortional imperfections are opposite. Models
1.1 and 1.4 provide detrimental results with both local and distortional imperfections
having the same signs, exhibiting lower strength by up to 8% compared to the strength
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(a) Model 1.1: L (+) D (+) (b) Model 1.2: L (+) D (-)

(c) Model 1.3: L (-) D (+) (d) Model 1.4: L (-) D (-)

Fig. 3. Sign conventions of short column models. Note: L and D stand for local and distortional
imperfection components respectively.

(a) Model 2.1: D (+)

(b) Model 2.2: D (-)

Fig. 4. Sign conventions of intermediate columns. Note: D stands for the distortional imperfection
component.

of the former models. Therefore, the later models are considered in the development
of numerical investigations to propose design recommendations.

– Fig. 5 illustrates the sectional behavior depending on the direction of the local imper-
fection. These models exhibit the same deformation behaviors when they have the
same direction of local imperfection.
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(a) Model 1.1: L (+) D (+) (Capacity: 129 kN) (b) Model 1.2: L (+) D (-) (Capacity: 137 kN)

(c) Model 1.3: L (-) D (+) (Capacity: 132 kN) (d) Model 1.4: L (-) D (-) (Capacity: 126 kN)

Fig. 5. Behavior and average strength of short columns.

(a) Model 2.1: D (+) (Capacity: 104 kN)

(b) Model 2.2: D (-) (Capacity: 102 kN)

Fig. 6. Behavior and average strength of intermediate columns.
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– For intermediate columns, the obtained results are reported as following:
– Although the results of model 2.2 are slightly lower than those of model 2.1, the

difference is not significant, being approximately 1%.
– Fig. 6 depicts the sectional behavior depending on the direction of the distortional

imperfection. The model exhibits different behaviors as the directions of distortional
imperfections changes.

The research results from Pham [10] also indicate that the influence of imperfection
values on the capacity of short and medium-length columns is negligible and can be
disregarded in the design recommendations. Further details can be found in Pham’s
work [10].

3.2 Long Columns

The configuration model of the long aluminum column is illustrated in Fig. 7 under
boundary conditions allowing the column to rotate around the y-y axis. The geometric
imperfection (G1) attributed to this component is significant in the research model, as
discussed in Pham [11]. For long columns, a nominal eccentricity value is determined
as presented in Pham [11]. Due to the asymmetry of the cross-section about the y-y axis,
two cases of eccentricity (E) and geometric imperfection (G1) are defined as shown in
Fig. 8.

x

y

x

y

Fig. 7. Configuration model for long columns.

Based on the investigated results presented by Pham [11], several remarks are made
as follows:

– Themost detrimental loading condition is specified as the eccentricity E has a positive
value E(+) and the flexural imperfection has a negative value G1(-).

– The impact of imperfection should be considered in the proposed design according to
the regulations of American Specification [34] with a coefficient of variation (CoV)
equal to 0.2, as analysed in Pham’s work [11].
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Fig. 8. Sign conventions of eccentricity and flexural imperfections.

4 Conclusions

The paper provides an overview of investigations and related studies on the influence of
geometric imperfections on the behavior of cold-formed steel and aluminum structures.
Also, several studies regarding the impact of various modes of geometric imperfections
on the behavior and capacity of cold-formed aluminium columns are summarized and
analyzed with a variety of column lengths. Remark conclusions can be given as follows:

Sectional imperfection components should be incorporated in the buckling analyses
for short and intermediate structural members whereas global imperfection components
can be included in the simulation models for long structural members.

A combination of geometric imperfection components should be considered in
the buckling analyses to get the detrimental output instead of only using the single
imperfection component.

These remarks are recommended for further investigations of cold-formed structural
members with the consideration of geometric imperfections.
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Abstract. The passenger rail transportation system is of strategic importance to
the decarbonization of the transportation sector. The use of green hydrogen is an
environmentally sustainable option where highly polluting diesel trains currently
operate on non-electrified rail lines. This paper proposes a novel adaptive power
flow management strategy for urban railway trains powered by a hydrogen fuel
cell stack and electrochemical batteries. The fuel cell stack is not dynamically
controlled as usual, but it operates in on-off conditions to improve its overall
efficiency. It always operates at the maximum efficiency operating point when it
provides electrical power (on state) without following the load power variations.
Furthermore, the state of the fuel cell stack depends on the state of charge of
the electrochemical batteries which is the controlled quantity. As a case study, it
is proposed a simulation of a suitably redesigned hydrogen-fuelled railway train
operating, over an existing non-electrified line, for the L’Aquila (Italy) urban trans-
portation service. Themain components of the railway line and vehicle powertrain
are designed, and the hydrogen consumption for railway operation is estimated.

Keywords: Railway Transport · Hydrogen Fuelled-Rail Train · Fuel Cell ·
Decarbonization

1 Introduction

Transport systems currently are responsible for a quarter of the greenhouse gas (GHG)
emissions in Europe.

The European Commission has adopted a set of proposals to make EU climate,
energy, and transport policies aligned with the community’s purposes of reducing net
greenhouse gas emissions by at least 55% by 2030, compared to 1990 levels, and then
achieving climate neutrality in 2050 [1].

The European rail industry is implementing and financing research activities to
achieve the sustainable performance target set up by the European Commission. The
goal is to perform the widest research activities in the rail sector, to get the greatest
enhancements, able to introduce operative and technological changes in the railway
system, which enable it to meet the Sustainable Development Goals (SDG).

© The Author(s) 2024
G. Feng (Ed.): ICCE 2023, LNCE 526, pp. 640–648, 2024.
https://doi.org/10.1007/978-981-97-4355-1_62

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-97-4355-1_62&domain=pdf
https://doi.org/10.1007/978-981-97-4355-1_62


Redesign of a Non-electrified Urban Railway Line 641

The use of alternative fuels, such as hydrogen, rather than fossil ones offers further
potential in reducing emissions in railway transport [2]. However, nowadays the pro-
duction and refuelling hydrogen chain has not been fully developed. To substitute diesel
traction vehicles running in secondary railways therewould be necessary high infrastruc-
tural investments, which now are economically justified only in the so-called “primary”
lines and high speed/high-capacity service that have significant operative frequencies
and flows (for passengers and goods).

Therefore, highly polluting diesel trains operate on secondary lines, which range
from 30% to 70% of the extension of European national railway networks [3], due to
low traffic density and high electrification costs.

Undoubtedly, the transition to electric mobility is a fundamental step towards cutting
direct environmental emissions but will be not fully effective if the energy used is from
fossil combustibles. At the same time, change in the rail sector requires the full use of
energy carriers produced from renewable sources.

In addition, the development of innovative technologies that can reduce the motion
resistance of vehicles makes it possible to increase their operational efficiency and,
consequently, reduce energy consumption. [4–6].

For railway applications on non-electrified lines, one of the most environmentally
friendly technology options involves the use of hydrogen as a fuel in vehicle traction. This
has zero greenhouse gas emissions, can be produced from renewable energy sources,
and overcomes the need for infrastructure electrification [7].

Operational examples on this topic have been realized, in the international context,
both urban and extra-urban environments [8–10].

Most of the above applications use technological solutions in which the hydrogen FC
is hybridizedwith energy storage systems (ESSs), that usually are electrochemical batter-
ies [11]. As an alternative for electrochemical batteries’ usage, such as ESS, to support
FCs, some authors have investigated more environmentally sustainable technological
options based on the Flywheel Energy Storage System (FESS) [12–18].

The work aims to simulate the dynamic behaviour of a hydrogen-powered rail-
way train traveling along an existing non-electrified line, suitably redesigned for urban
transportation service in L’Aquila City (Italy).

2 Vehicle Design Method

The scheme of the proposed railway train is shown in the Fig. 1. The traction motors are
placed in the two end side trolleys; FCs and the hydrogen vessels are distributed on the
roof of the rail train. The proposed powertrain uses electric traction motors (EM), fed by
the hybrid power unit (HPU), for each rail car. The HPU consists of FC stacks operating
in on-off conditions and ESS electrochemical battery-based. The traction motor and the
FC are connected to the DC power bus (continuous red line) by converters, respectively
(CM and CFC), to manage the power flows, as required by the master control system
(CS) via a communication bus (green line).
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Fig. 1. Sketch of the vehicle system architecture

The control strategy of the HPU is based on the ESS state of charge. Due to the FC’s
slow dynamic response and to improve the FC’s overall efficiency, the master controller
imposes a constant operating point for the FC stack. In this way, the ESS handles the
load variations with the purpose of:

a) providing power when the load power is higher than the FC power
b) recovering power when the FC power is higher than the load power and during the

regenerative electrical braking.

2.1 Model-Based Approach

The vehicle’s powertrain is described by using a model-based approach [19]. A para-
metric dynamic simulator has been developed, by the authors, in a MATLAB-Simulink
environment. It consists of interconnected analytical-numerical sub-models and allows
to simulate the travel of a given vehicle along a path and evaluate the performance of
each component. The submodule interconnection is illustrated in the block diagram in
Fig. 2.

Fig. 2. Block diagram of the system simulator
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The implemented software calculates the power flows and energy consumption
starting from the definition of the inputs concerning the following three blocks:

• “Vehicle”, addressing the vehicle (mass, dimensions, mechanics, efficiency, payload,
etc.);

• “Railway path”, concerning the topography characteristics;
• “Drive cycle”, describing the vehiclemission’s driving profile by specifying the speed

vs. time;
• “Traction power” block computes the mechanical power needed to drive over the

input path at the specified speed profile.

The vehicle simulation software, developed by the authors, was used for the investi-
gations presented in this paper. The simulator solves the following vehicle equations of
motion utilizing numeric integration:

T(v(t))−m · a · dv
dt

=
∑

R(v(t))=RW(v(t)) ∓ RS+RW(v(t))+RA(v(t)) (1)

where RW is the rolling resistance, RS is the slope resistance, RA is the air resistance,
max is the average mass vehicle per axle, m is the gross mass, v is the speed of the train,
respectively, g is the acceleration of gravity, β is the angle of the track slope, CA is the
drag coefficient, S is the vehicle frontal area, nc is the number of coaches, and α is the
rotational mass inertial coefficient. Through the traction thrust T (v(t)) the mechanical
power of the traction motors PM can be evaluated as:

PM(t) = 1

ηt
T(v(t)) · v(t ) = 1

ηt

∑
R(v(t)) · v(t) (2)

where ηt is the transmission efficiency. In regenerative braking 1/ηt becomes ηt .
Considering regenerative electrical braking, the electrical traction power PU is:

PU(t) =

{
PM(t)
ηM

if PM(t)> 0

ηM · PM(t) if PM(t)< 0
(3)

where ηM is the electromechanical conversion efficiency of the EM and CM. The energy
recovered during braking is stored according to the ESS stack’s State of Charge (SOC).
Moreover, the use of on-board auxiliary devices is considered, whose operation requires
energy Eaux(t) that is calculated taking in consideration the absorbed power Paux(t).
The electric traction motor is simply modeled using its torque and power capability,
i.e., the torque/speed and power/speed limit curves. The FC is assumed to be a non-
linear voltage generator modeled by its voltage-current static characteristic, neglecting
its dynamic behavior and any time delay. Since the FC works at constant power, the
maximum output power is chosen as the operating point to minimize the rating of the
whole FC stack. This choice has been possible because the efficiency value does not
differ too much from the maximum one. Therefore, an FC constant efficiency (ηfc) is
assumed in the model. The fuel consumption is calculated using relation (4):

mFuel = Eo

ηfc · Hi
(4)

where E0 is the output energy, mFuel (kg) is the mass of fuel and Hi (MJ/kg) is the fuel
lower heating coefficient.
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3 Case Study

To validate the proposed vehicle performance, a real urban path with four stations was
identified. L’Aquila City’s (Italy) railway has been selected for application study. This
is an existing non-electrified single-track line where diesel trains currently operate.
The railway line has been redesigned, introducing further 8 stations, to increase the line
accessibility. Figure 3 shows the map of the selected railway line on which the round-trip
route (47.2 km long) is simulated.

Fig. 3. Case study railway line section.

The calculated driving cycle is illustrated in Fig. 4.

Fig. 4. Driving cycle

Vehicle mission requires an overall time of 115 min, dwell time included, to cover
a 47.2 km distance. A maximum speed of 80 km/h is reached during the mission with
corresponding peaks, of positive and negative acceleration, of 0.6 m/s2. Logged peaks
and grade average are, respectively, of 13‰ and 3.38‰. The cycle time is calculated by
including an average dwell time per station of 60 s and railhead turn-around times of,
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respectively, 25 min and 15 min. The overall roundtrip time is about 115 min, including
dwell times on terminals. An urban rail train topology, carrying a full load capacity of
300 passengers, was considered to run along the selected railway line shown above. The
main characteristics of the baseline vehicle are listed in Table 1.

Table 1. Main rail vehicle data.

Parameters Symbol Unit Value

Number of coaches per train nc - 3

Carrying capacity (passengers) np - 300

Gross mass m t 104

Auxiliaries Power (peak) Paux kW 114

Fuel Cells Power Pfc kW 250

Fuel Cells Efficiency ηfc - 0.55

DC/DC Efficiency ηDC/DC - 0.91

Fuel Cell Stacks k - 1

Vehicle Front Area S m2 9.8

Drag coefficient CA - 0.45

Motors power for traction (total, peak) PM kW 1200

ESS Energy EESS kWh 100

ESS Power (peak) PESS kW 1400

ESS Efficiency ηESS - 0.9

Maximum efficiency of traction motor/generator ηM - 0.94

Transmission efficiency ηt - 0.92

Inertia coefficient of rotating masses α - 1.18

Radius of wheel rW m 0.425

3.1 Simulation and Results

A simulation of the rail train based on the adaptive control logic have been carried out
on the selected rail path whose features are described above.

Each single block of the whole system’s power flow has been evaluated by using the
developed dynamic model to simulate the vehicle mission in the application case.

The electrical power is provided by the FC and ESS,managed by the control strategy,
and is based on theESSSOC reference value. The FCbehaviour, in terms of output power
and of the ESS SOC over the vehicle mission, is reported in Fig. 5.
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Fig. 5. Power profiles of traction, electric traction and Auxiliaries.
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Fig. 6. FC output power (top), reference and actual FESS SOC (bottom).

Figure 6 shows themost significant energyvalues during themission cycle.Given that
the ESSSOCvalue at the end of the cycle is equal to the initial one and it can be neglected,
the following energy balance considerations can be drawn. The electric recovery braking
energy is almost 310 kWh, the useful energy recovered is about 170 kWh and the amount
of energy generated by FC is about 350 kWh. Those results demonstrate the ESS bank’s
significant braking energy recovery capabilities, while the FC control appears to be well
suited to respond to the energy output variations that occur during driving.

The effect of the auxiliary loads is significant in terms of energy consumption; nev-
ertheless, their energy absorption during braking operation or driving downhill helps
to keep the ESS SOC within its boundaries. The results show a railway train fuel
consumption of 0.4 kg H2/km (Fig. 7).
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Fig. 7. Vehicle cycle: energy count of FC stack, electric drivetrain (losses included), auxiliary
loads and the energy losses in the ESS.

4 Conclusion

This paper provided a novel adaptive energy flow management strategy for an urban
railway electric train powered by a hydrogen fuel cell stack and electrochemical batteries.

An existing non-electrified single-track railway for the urban transport service in the
L’Aquila city (Italy) has been properly redesigned and considered as case study.

The main components of the railway and the vehicle drive train were designed and
the hydrogen consumption for railway operation was estimated. The results show a rail
train fuel consumption of 0.4 kg H2/km.Moreover, the results prove that the new control
strategy of the fuel cell stack is suitable for urban applications. This is relevant result
because the proposed control strategy increases the system efficiency while reduces the
energy consumption and traction costs.

Future research will be focused on the development of a fully predictive control strat-
egy aiming to reduce railway train fuel consumption, by knowing the actual passenger’s
load, and to minimize the power unit.
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Abstract. This study examines the potential application of leftover ceramic dust
for stabilising expansive soil in infrastructure projects. We know that expansive
soils have low strength and bearing capacity, whichmakes them troublesome in the
natural world. Therefore, it’s crucial to level off weak or powerless soil to increase
the sublevel’s bearing limit and support a suitable, long-lasting wearing course.
To stabilise the soil, the poor soil was taken from Yenagoa, Bayelsa state in the
South-South region of Nigeria, and mixed with varying amounts of waste ceramic
dust. Standard Proctor compaction, soaked/unsoaked CBR testing, unconfined
compressive strength tests, and consistency limit tests were used to evaluate the
applicability of stabilised soil. The OMC appreciated at 7.5% of CD, which was
utilized as an additive at 17.9 KN/m2, according to the results. From 1.72 to
1.74 KN/m2, MDD increased. From 9.3% at 0% to 16.77% (unsoaked) at 10%
admixture (WCD + PLC) and 2.60% at 0%, according to the CBR test results,
there was a rise. The highest (CBR) value was obtained when the mixture was
soaked to 11.52%, as opposed to 16.77% when it was unsoaked. It was revealed
that stabilisation in UCS improved with replacement ratios of 2.5%, 5%, 7.5%,
and 10%, in that order. In conclusion, it was found that expanding soil stabilisation
can be achieved without failure by using the ideal mix design.

Keywords: Stabilization ·WCD · Expansive Soil · CBR · UCS

1 Introduction

Increasing environmental challenges and tighter budgets are facing engineers in both
the public and commercial sectors. Costs associated with traditional road construction
techniques are rising and building and maintaining roads is more expensive in devel-
oping countries. There are fewer soil aggregates, such as gravel, available for building
road bases, and the expense of transporting these resources for road construction has
increased dramatically. In locations where traditional aesthetics are desired, the use of
existing soil in road construction not only lowers costs but also contributes to preserv-
ing the natural beauty of unpaved roads. A significant decrease in construction costs is
maintained by using stabilisation-treated soils for the construction of road pavement.
Clay minerals found in expansive soils can absorb water, increasing its volume. But
during the dry season, it contracts and develops fissures that let water seep through
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deeply when the weather is moist [1]. Expansive soil problems lead to cracks and crum-
bling in the pavement, embankments, building foundations, and other structures [2–5].
Pavements deteriorate due to the properties that soils cohabit. Some researchers have
examined the level of damage brought about by this alternative swell behavior of soil,
and various strategies for enhancing this condition for appropriate construction have
also been considered. Although the application of beach sand and waste ceramic dust to
improve mangrove soil conditions suitable for pavement design has not been explored,
the project’s success will not only close the gap in the knowledge base by providing
a new source of construction materials for road design and projects, which will lower
construction costs, but it will also address waste management issues about waste ceram-
ics. According to [6], the tile industry produces over thirty percent of its waste each
day, which is disposed of, polluting the air, water, and soil. The goal of this study is to
determine whether the properties of expansive soil—such as its index properties, com-
paction properties, MDD, UCS, soaked and unsoaked CBR, shear strength parameters,
and swelling pressure—can be improved by using and waste ceramic dust for stabilizing
expansive soil [7].

2 Methodologies

2.1 Materials

Expansive Soil. The soil employed in this study is called expansive soil, and it was col-
lected 1.5m below the surface of the land at Yenagoa, Yenagoa LGA,Bayelsa State. The
BS1377 (1990) code of practice is used to determine the index and engineering param-
eters of Expansive soil. The soil around mangroves has a comparatively high moisture
content. Therefore, to provide the appropriate moisture and improved cohesiveness to
create a cementing action that functions as a waterproofing material, soil stabilising
agents are used.

Waste Ceramics Dust (Tiles Waste).Ceramic tile is recognized as a crystalline, inor-
ganic, non-metallic substance. Kermos, which translates to “potter’s clay,” is where the
word “ceramic” originated. History demonstrates that in the beginning, ceramics were
created by people. Clay-based things were either created entirely of clay or by com-
bining it with other substances like silica, porcelain, and brick. To produce a smooth,
long-lasting, and corrosion-free product, later ceramics were hardened at temperatures
between 1,600 and 1,800 degrees Celsius. Clay minerals, including feldspar, that are
extracted from the earth’s crust make up ceramics. When tile debris is utilised to sta-
bilise soil, it might be a significant issue to dispose of. It is crushed by hand until it passes
through a 90-micron filter and is then mixed with soil. The majority of the tile wastes
are made up of 59.12% silica and 1.60% CaO [8]. Additionally, waste generated during
the ceramics production process is waste ceramic dust. An estimate indicates that every
day, thirty percent of useless tiles are created. These wastes pollute our water, air, and
land when they are disposed of in the environment.

Portland Cement. Portland limestone cement under the Dangote brand was bought
from a Yenagoa building materials vendor, which meets. [9, 10]. Portland limestone
cement is a hydraulic cement that forms a waterproof composite by solidifying in water.
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Water.The use of potable water in construction is frequently permitted. Presumably,
the water utilised in this study’s studies is safe to drink and devoid of any dangerous
impurities.

2.2 Methods

Physicochemical Assets of Cement, Waste Ceramic Dust, and Expansive Soil.The
physicochemical characteristics of the soil from black cotton, WCD, and cement were
examined. To evaluate the average particle sizes and particle absorbance of the soil,
tests were conducted to determine its important constituents in conjunction with cement
and WCD. The following test (BS1377–1, 1990) was conducted using the UV/VIS
Spectrophotometer instrument; the results are shown in Table 1 (Tables 2 and 3).

Table 1. Physicochemical Asset of Soil and Treatment Agents

Properties Portland cement (42.5R) Waste Ceramic Dust Expansive soil

SG 3.02 2.61 2.44

pH 12 7.16 11

SiO2 (%) 18.92 51.99 62.96

Fe2O3(%) 3.04 6.85 3.57

Al2O3 (%) 6.11 10.10 17.18

CaO (%) 65.02 12.51 0.16

MgO (%) 1.33 2.10 1.05

SO3(%) 1.93 2.74 0.76

K2O (%) 1.12 3.39 2.09

P2O3(%) 0.19 - -

TiO2 (%) 0.29 0.20 -

Table 2. Comparison of OMC and MDD against Percentage Replacement

Mix proportion
%

Soaked CBR (%) Unsoaked CBR % MDD (%) OMC (gm/cc)

100 2.50 8.26 - -

97.5 6.08 9.26 1.67 16.1

95 7.68 10.54 1.71 18.1

92.5 9.24 13.32 1.69 17.2

90 11.48 15.72 1.62 15.8

Mix Proportion. The expansive soil was combined with varying proportions ofWCD
(0, 2.5, 5, 7.5, and 10%), and it was then put through a series of tests, including a wet and
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Table 3. Effect of WCD and PLC on Compressibility Characteristics of Expansive Soil

Stress
KN/m290%

100%Natural
Soil +
0%WCD +
0%PLC

97,5% Natural
Soil +
1.25%WCD +
1.25%PLC

95% Natural
Soil +
2.5%WCD +
2.5%PLC

92.5% Natural
Soil +
3.75%WCD +
3.75%PLC

Natural Soil +
5%WCD +
5%PLC

22 0.984 0.813 0.743 0.52 0.312

44 0.961 0.80 0.72 0.492 0.283

66.6 0.876 0.78 0.70 0.490 0.25

dry grain size analysis test, specific gravity, liquid limit, plastic limit, Proctor compaction,
CBR,UCS, and indirect tensile strength tests. Aftermixing, theAtterberg limit testswere
conducted both instantly and 24 h later. Furthermore, the Un-soaked conditioning test
for the CBR test was conducted right after mixing, and the Soaked condition was tested
three days later.

Index Properties. Every laboratory examination and method, such as [11–14], was
carried out in compliance with the standard operating procedures specified in the appli-
cable Codes. Furthermore, a comprehensive examination of the components employed
was carried out and documented.

CBR Tests. To make different CBR samples, the collected coastal soil was dried,
homogenized, sieved, and combined with WCD. The CBR measurements at various
WCD percentages (2.5, 5, 7.5, and 10%) were obtained in both wet and dry situations.

Compaction Tests. The MDD and optimal moisture levels of the expansive marine
clay were assessed using the standard heavy compaction test, which varied the amount
of WCD added. OMC and MDD were evaluated for every test.

3 Result and Discussion

3.1 The Soaked/Unsoaked

The CBR test findings (Fig. 1) for the soil show that, as a result of the higher percentages
of both cement and WCD, the soaked CBR value is lower than the unsoaked CBR
values. At 0% replacement, CBR values drop from 9.3% (unsoaked) to 2.60% (soaked)
to 10.75% (unsoaked) to 6.12%, 11.55% to 7.75%, 13.82% to 9.55%, and (soaked)
16.77% to 11.52% (unsoaked) at 2.5, 5, 7.5, and 10% replacements, in that order. The
CBR value for 0% replacement (100% expansive soil) is 9.3%, as shown in the graph
(Fig. 2) which compares the CBR values of wet and dry soil. Nonetheless, a steady rise
was observed between 2.5 and 10% in contrast to 0% replacement.
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Fig. 1. CBR Test Result for WCD Stabilized Expansive Soil

3.2 Compaction Test

The OMC and MDD variations are depicted in the above Fig. The greatest OMC of
17.9 was obtained at a matching MDD of 1.62 gm/ml at 0% to 10% substitution of
cement plus CD. Such behavior results from the substitution of low-specific-gravity soil
particles for WCD (2.68).

Fig. 2. OMC/MDD Curve for WCD Stabilized Expansive Soil

3.3 One-Dimensional Consolidation Test

The Oedometer test is intended to replicate the drainage conditions and one-dimensional
deformation that soils encounter in real-world scenarios. Loads are transferred from
the beam to the column and down to the foundations when constructions are built on
the subgrade. Load impacts on the soil often reach a depth of two to three times the
foundation’s breadth. The forces placed on the soil at this distance cause it to become
compacted. The reduction in volume of the mass caused by the compaction of the soil
mass results in the settling of the structure.

By adding up the movements of individual mass components brought on by strains
arising from alterations in the stress system, it is possible to rationally ascertain the
movements that emerge at any given border of the soil mass. The time-dependent or
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virtually immediate firmness of the soil mass resulting from induced pressures can be
determined by the permeability characteristics of the soil. At 22.2, 44.20, and 66.61
KN/m2 vertical pressure, the void ratio was 1.187, 1.142, and 0.951, in that order. The
void ratio of the stabilized marine clay sol falls for all percentages as WCD and PLC
percentages rise, creating a high parking structure that strengthens the soil. Figure 3.
4.24 above depicts the impact of WCD and PLC on stabilized marine clay. The soil’s
response to a change in effective stress in the field is predicted using the data from the
One-Dimensional Consolidation experiments.
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Fig. 3. Consolidation Curve

4 Conclusion

The results of the laboratory experiments demonstrate that the volume variations that
arise with changes in the moisture content of the soil were lessened by adding cement
andWCD as stabilizing agents to the expansive soil. The CBR is higher in the expanding
soil that was treated with cement and WCD. Layer thickness and fatigue performance
will therefore be impacted by the use of cement and WCD as stabilizers in the design of
the flexible pavement. The results of this study also suggest that WCD may be utilized
as stabilizing materials for new roads and as a potential remedy for problems with the
disposal of solid waste, both of which will reduce the degradation of the environment.
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Abstract. This article presents the results of studies demonstrating the influence
of nonlinear effects of laminar flowunder vibrational harmonic effects onfluidflow
and heat transfer. The paper summarizes the results of research on the influence
of vibrations in various fluid flow problems. The effect of periodic oscillations
on the symmetrization of an asymmetric flow in a diffuser, on Rayleigh-Bernard
convection and on the wide of boundary layers in various single crystal growth
processes are shown.
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1 Introduction

During vibrational action on continuous media, their anomalous nonlinear peculiarities
and resonant properties may manifest themselves [1–3]. Nonlinear peculiarities of the
moving under vibration action are manifested not only in liquids, but also in the move-
ment of bulk granular media [2]. The study of the effects of vibrations on liquid media
has been carried out since the works of M. Faraday (1831) and L. Rayleigh (1883).
Vibrational control of the heat exchange in the melt is more energy-efficient and simpler
than controlling the melt flow by changing the gravitational or magnetic field. Therefore,
the study of vibration effects on the hydrodynamics of the melt is an actual task. Reviews
of works on vibrational convective flow can be found in [3–6]. Many theoretical papers
[1–6] and experimental papers [7–10] have been devoted to the study of vibrations.

This paper presents and summarizes the results of mathematical modeling of the
following problems: on flow symmetrization in a flat diffuser, on Rayleigh-Benard con-
vection, and on the hydrodynamics of melt and heat and mass transfer in the processes
Bridgman and Czochralski of crystal growth [10–18]. The results of numerical modeling
have shown also that vibrations can reduce the thickness of dynamic and temperature
boundary layers and increase the temperature gradient at the crystallization front, which
can intensify heat and mass transfer and the rate of crystal growth [10–16]. The fact
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of increasing the crystal growth rate up to four times under vibrational action on the
crystal was discovered experimentally in [7], which is an experimental confirmation of
an increase in the temperature gradient at the crystallization front. The paper [17] shows
the change in the beginning time and in structure of Rayleigh-Benard convection under
vertical vibrations in a long-confined layer heated from below (the Rayleigh-Benard
problem with vibration of the heated wall).

The study of the problem symmetrization of asymmetric fluid flows by means of
vibration action on the flow is also important in a lot off applications, for example, in
mechanical engineering for fuel injection in engines, as well as in biomedicine when
creating new technologies and methods for the precise targeted delivery of drugs to the
necessary areas of organs in human treatment. This paper presents the results on the
symmetrization of the flow in a flat diffuser (for (Jeffery-Hamel problem [19–23]) using
two technique of vibration action.

2 Mathematical Model

Themathematical model is based on the numerical solution of a system of non-stationary
planar 2D Navier-Stokes equations for natural convection of an incompressible liquid
in the Boussinesq approximation (1–3):

∇ · u = 0 (1)

ρ0du/dt + ∇p = ∇ · (ρ0ν∇u) − ρ0gβ(T − T0)ez (2)

ρ0cV dT/dt = ∇ · (kT∇T ) (3)

where traditional notation is used. The problems were considered for flat cases or for
conditions of axial symmetrywith orwithout rotation. Therefore, for a cylindrical coordi-
nate system r, θ, z, then u, v,w are radial, circumferential and axial velocity projections,
ν, kT are kinematic viscosity, heat conduction coefficients, β is the buoyancy coefficient,
T0 is a reference temperature, ρ0 is a reference density, g – acceleration of gravity oppo-
site directed to the vertical coordinate axis (z). The boundary conditions were as follows:
for velocity - no friction on a free surface, no slip condition on solid surfaces and setting
the velocity of the vibrator or moving at the vibrating wall (on law y(orz) = Asin(2π ft)
with a frequency f and an amplitude A, Revibr = A22π f/ν – is vibration Reynolds num-
ber); for temperature - were conditions of the first kind or thermal insulation conditions
and at the crystallization interface, either the crystallization temperature or the Stefan
condition with latent heat release was set.

The results presented in this paper were obtained using different numerical methods:
the finite-difference scalar method, the fully implicit matrix finite-difference and the
finite element methods [24, 25]. The good accuracy of numerical results was confirmed
by comparison with experimental data and comparison of numerical results obtained by
various numerical models.
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3 Result and Discussion

3.1 Symmetrization of Fluid Flow in a Flat Diffuser by Vibrational Effect

The problem of the flow of a viscous incompressible liquid in a flat diffuser in the
approximation of flow symmetry was solved by the authors of [19, 20]. It is known
that when the Reynolds number increases above the critical Re* number, the flow loses
symmetry, staying steady state and laminar. [21–23]. This article shows two methods
of symmetrization of the asymmetric flow of a viscous incompressible liquid in a flat
diffuser using periodic vibration action: 1 - from the side of the input stream, 2 - from
the side of the walls of the diffuser. The research was carried out based on solving the
complete two-dimensional Navier-Stokes equations for an incompressible fluid (1, 2)
for case g = 0. The harmonic effects of vibration effects (in the form of Asin(2π ft),
where A and f are the amplitude and the frequency of the changing velocity) on velocity
are considered.

The Problem Statements. The laminar flow of a viscous incompressible fluid driven.

Fig. 1. Scheme of the computational domain for a flat diffuser: a) it is details of domain near the
inlet and outlet of the diffuser; b) the numerical region with mesh (β = 4◦,L = 0.495 m).

Through a channel bounded by two flat walls inclined towards each other at a small
angle β is considered. In this paper we consider flat diffuser bounded by two arcs (“input”
and “output” boundary) with the one center (Fig. 1a). The geometry of the mathematical
model was chosen to be able to compare our results with the results of well-known
works [19–22]. Geometric model of the diffuser is as follows: opening angle isβ = 4◦,
of an arc the input boundary has the form lin(rin=0.005m) where r is calculated by
formula r2 = x2 + y2 (Fig. 1). The initial conditions aret = t0 = 0,V (t0) = 0,P = 0.
The velocity scale is chosen by the velocity Vin and the Reynolds numbers are defined as
Re = Rein= Vinlin/ν, Revibr = Aflin/ν, ydimless = y/r sin (β/2), Vx_dimless = Vx/Vx_in,
Vy_dimless = Vy/Vx_in.

The Fluid Flows in the Diffuser Without Vibrations. The results for the case asym-
metric fluid flows (Re = 279) in the diffuser without vibration effects are presented in
Fig. 2 [23]. The results coincide with results of paper [22].
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Fig. 2. The isolines and the profiles in vertical cross- sections of horizontal component Vx of
velocity vector for the case of asymmetrical steady state fluid flows (Re = 279).

Symmetrization of the Fluid Flow in the Diffuser Due to the Effect of Vibration
on the Inlet Velocity. The effect of a periodic vibrational disturbance V = Vin + A
sin(2πf) (f = 10 Hz, A = 0.1 m/s Revibr = 2.4) on the basic flow with Re = 279 are
presented in Fig. 3.

Fig. 3. The isolines of the averaged longitudinal component of the velocity meanVx, (the isolines
of themeanVx velocity near the entrance to the diffuser are shownbelow) (a), the profiles of the lon-
gitudinal component of themean_Vx velocity (b) for caseVin= 11.7m/s,A = 0.1m/s, f = 10Hz
(Re = 279, Revibr = 2.4)

Comparison of the results in Fig. 2 and Fig. 3 shows that the effect of vibrations
(Revibr = 2.4), even at amplitudes less than 1% of the velocity Vin (Re = 279) can lead
to symmetrization of the fluid flow in the diffuser.

Symmetrization of the Fluid Flow in the Diffuser Due to the Effect of Vibration
From the Walls. An example second approach of symmetrization of the fluid flow
velocity in a flat diffuser by vibration action along normal to the walls of the diffuser
according to the harmonic lawVn =Asin(2πf) with a small amplitudeA and a frequency
f is shown in Fig. 5. In Fig. 4 mean_Vx – is the time-average velocity profiles for Re =
279, A = 0.001 m/s, f = 10 Hz (Revibr = 0.02) are shown.
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Fig. 4. The isolines and the profiles of time average velocity (mean_Vx) for fluid flow in a flat
diffuser with vibration action from the walls of the diffuser for Re = 279, A = 0.001m/s, f =
10Hz (Revibr = 0.02).

The results of numerical simulation have shown two ways of symmetrization of
asymmetric laminar flows of viscous incompressible fluid in a flat diffuser: the first -
due to a weak periodic effect on the flow velocity at the entrance to the diffuser and
the second – due to vibration action from the walls of the diffuser. It is shown that the
impact of vibration, even at amplitudes less than 1% of the velocity Vin, can lead to the
symmetrization of the fluid flow in the diffuser.

3.2 The Effect of Controlled Vibrations on Rayleigh-Benard Convection

The problem of convective flow in a horizontal layer heated from below is called the
Rayleigh-Benard (R-B) problem. This problem has a threshold character of the occur-
rence of natural convection, which is determined by the critical Rayleigh number. R-B
problem was considered for a horizontal layer with free top boundary with an aspect
ratio of 1:10 and the Prandtl number Pr= 1 in a gravity field with specified temperatures
on horizontal walls and with thermally insulated vertical walls. The results of numerical
simulation presented in Fig. 5 show the influence of the lower horizontal wall oscillations
on the structure of the convective flow in the Rayleigh-Benard problem. The number of
Rayleigh-Benard rollers decreases from 10 to 9 during vertical harmonic vibrations of
the lower wall (on law y = Asin(2π ft) with a frequency f = 10 Hz and an amplitude A
= 10–4 m, Revibr = A22π f/ν = 0.007), which indicates a decrease in the wave number
of the periodic convective structure.

The simulation results also showed the possibility of a significant decrease in the
critical Rayleigh number for the occurrence of R-B convection under vibration action.
The time of occurrence and establishment of the quasi-stationary regime of convective
flow is also significantly reduced. A decrease in the critical Rayleigh number and the
time of occurrence of Rayleigh-Benard convection due to vertical vibrations of the lower
wall was also shown in paper [17] (Fig. 6). This is important for boiling processes [18].
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Fig. 5. Pictures of isolines of the stream function and isotherms with and without vibrations of
the lower wall with Revibr = 0.007, Ra = 4 · 103, Pr = 1.

Fig. 6. The dependences of the maximum values of the stream function on time (Ra = 4 ·
103, Pr = 1): a) – without vibrations; b) – with vertical vibrations of the bottom wall with
Revibr = 0.007[17].

3.3 The Effect of Vibrations in Crystal Growth Processes

Bridgman model. The calculation results were carried out for the following geometric
configurations of crucibles for Bridgman method with submersible vibrators for a fixed
flat and variable calculated shape of the crystallization front shown in Fig. 7. The area
under consideration has the following dimensions: R = 1.6 10–2; H = 3.2 10–2; rvibr =
4 10–3; h1 = 8 10–3; h2 = 8 10–3; δ =10–3 (m) where R is the radius of the ampoule, H
is the height of the ampoule, h1 is the distance between the vibrator and the solid-liquid
interface, h2 is the thickness of the vibrator (the distance between its lower and upper
surfaces), the gap δ (the distance between the vibrator and the side wall of the crucible.
The following variants with size values A = 5 10–4 and 10–4 m, f = 0–100 (Hz) are
calculated. The effect of vibrations on temperature boundary layers are shown in Fig. 8.
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TheEffect ofVibrations on theShape of theCrystallizationFront. Using themethod
of solving the Stefan problem described in [25], for the Bridgman method with a sub-
merged vibrator (Fig. 9), a simulation of convective heat transfer was performed in order
to determine the effect of vibrations on the shape of the crystallization front.

Fig. 9. The effect of vibrations on the shape of the front crystallization: a), b) – stream function
in the melt of NaNO3, (a) without vibrations - f = 0; b) - with vibrations A = 10–4 m, f = 50 Hz),
c), d) – water-ice interface, c) – without vibrations, f = 0, d) – with vibrations, A = 10–4 m, f =
30 Hz)

Czochralski Model with Submerged Vibrator. The scheme of the computational
domain is shown in Fig. 10. The computational domain is a square with sides L =
H = 3 cm crystal with a diameter of d = 1cm and immersed into the melt to a depth
of 1mm, the vibrator has a diameter of 0.8 cm and thickness 1mm. It is assumed that
the immersed vibrator is located under the crystal at a distance h. Irregular grid with
refinement near the solid walls and the corners of the vibrator and the crystal were used
in the calculations. The vibrator makes translational oscillatory movements along the
vertical axis of the crystal according to the law: y = y0+Asin(2π ft), with frequency f
and small amplitude A = 10–4 m, y0 is initial location of vibrator.

The isotherm and structure of the averaged flow is presented in Fig. 11(a, b). It is
showing how the vibrating immersed activator leads to the mixing of the entire volume
of the melt. In Fig. 11c presents temperature profiles on vertical cross section (on axis)
that show the effect of vibration on the temperature boundary layer and the temperature
gradient near the crystal-melt interface (Pr= 7; Revibr = 1500; h/d= 0.5, A= 4 10–4 m,
f = 20 Hz).
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Fig. 10. Scheme of
the computational
domain

Fig. 11. Isotherms temperature: a) – without vibration, b) with
vibrations, c) temperature profiles on the axis section: curve 1- is without
vibration, curve 2 - is with vibration. (Pr = 7, Revibr = 1500, Ra = 0).

4 Conclusion

It is possible to symmetrize the flow of viscous liquid in a flat diffuser using the effects
of weak harmonic vibration from the inlet side or from the walls of the diffuser. It is
also shown that the vibration effect can change the structure and time of occurrence of
Rayleigh –Benard convection. This is important for boiling processes. By controlling the
vibration effect on the convective fluid flow, the thickness of the boundary layers can be
reduced. For the Bridgman model, it is shown that the surface of the crystallization front
can be made flatter by means of vibration action. This is of fundamental importance in
crystal growth and for controlling temperature gradients to control the kinetics and rate
of crystal growth through vibration.
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Abstract. A hugging flow occurs when a fluid is hugged between two undistin-
guishable plates fronting one another. To this end, the hugging flow between two
disks in drive of unstable nature is of immense importance for its technical and
scientific uses such as, molding of fluids, the study of fluid machinery such as
pumps, fans, blowers, windmills, air compressors, heat exchangers, jet & rocket
engines, gas turbines, power plants, pollution control equipments, air-conditioning
equipments, heating & ventilation systems, breathing aids, heat-lungs machines,
among others makes fluid mechanics of massive importance to Mechanical Engi-
neers. Similarly, expansion and contraction in blood flow, piston motion, brakes,
and in cooling towers among others. The aim of this research is to investigate
Newtonian fluid between two porous time-varying plates in hugging flow. The
impact variable, magnetic field is taken into account. The treatment of obtained
system of equations is done by HAM (Homotopy Asymptotic Method). After a
comparative analysis between The results obtained through HAM and Numeri-
cal methods showed a great agreement of harmony. Variation in the flow fields
is presented with the help of figures. The residual errors for fluid flow fields are
calculated and shown with the help of table. All the computational work has been
done with the help of computer software Mathematica Software.

Keywords: Non-Newtonian Fluid · Two Plates · HAM Solution

1 Introduction

Non-Newtonian fluid flow has established the researchers’ interest in modern age as they
are taking interest due to its excessive applications like pollution control equipments,
air-conditioning equipments, heating & ventilation systems, breathing aids, heat-lungs
machines and other nano-fluids are examples. Numerous scientists and engineers have
gone through and scrutinized this concept from innumerable rheological viewpoints. A
fluid is a non-Newtonian liquid with exceptional features. As for example Mohmand
et al. [24–27] have thrown light on the graphical solution of fluid flow. Geniuses have
been successfully applied to a number of nonlinear problems arising in the science and
engineering by various researchers [3–5, 10–16, 18, 20, 33–35]. Shah et al. [17–19] have
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investigated the behavior through graphical representation. Khan et al. [1, 2] discussed
flow between rotating stretchable disks. What’s more, Khan et al. [1] found that when
both the discs rotate in the same sense then the fluid in the disks rotates with an angular
velocity. Khan et al. [3] discussed Dynamics with Cattaneo–Christov heat and mass flux
theory of bioconvectionOldroyd-B nanofluid. Notwithstanding, Khan et al. [1–3] further
explored that the their study provides the best solutions and it has been proved that its
solution is close to exact solution. Khan et al. [4] discussed Rotating flow assessment of
magnetizedmixture fluid suspendedwith hybrid nanoparticles and chemical reactions of
species. Rasheed et al. [5] discussed Computational analysis of hydromagnetic boundary
layer stagnation point flow of nano liquid by a stretched heated surface with convective
conditions and radiation effect. Mohmand et al. [24–27] scrutinized oscillating and
porous, and flow with heat transfer effect as well as vibratory flow. Usman et al. [6]
discussed Computational optimization for the deposition of bioconvection thin Oldroyd-
Bnanofluidwith entropygeneration.Khan et al. [7] exploredLorentz forces effects on the
interactions of nanoparticles in emerging mechanisms with innovative approach. Khan
et al. [8] analyzed Solution of magnetohydrodynamic flow and heat transfer of radiative
viscoelastic fluid with temperature dependent viscosity in wire coating analysis. Khan
et al. [9] investigated A Framework for the Magnetic Dipole Effect on the Thixotropic
Nanofluid Flow Past a Continuous Curved Stretched Surface. Khan et al. [10] studied
Analytical solution of UCM viscoelastic liquid with slip condition and heat flux over
stretching sheet: Galerkin Approach. Shah et al. [17–19] have explored the transient
flow, with unsteady stretching surface and accompanied by Soret and Dufour effects.
Khan et al. [11] discussed Mechanical aspects of Maxwell nanofluid in dynamic system
with irreversible analysis. Khan et al. [12] studied Numerical simulation of double-layer
optical fiber coating using Oldroyd 8-constant fluid as a coating material. Khan et al. [8,
10, 12] have also discussed heat and heat transfer. Shah et al. [13, 18] analyzed Gravity
Driven Flow of an Unsteady Second Order Fluid as well as Heat transfer rate of the fluid
at the belt is also calculated. Khan et al. [14] discussed Investigation ofwire coating using
hydromagnetic third-grade liquid for coating alongwithHall current andporousmedium.
Khan et al. [15] studiedAnalytical Solution of the MHD Viscous Flow over a Stretching
Sheet by Multistep Optimal Homotopy Asymptotic Method. Fiza et al. [16] explored
Modifications of the multistep optimal homotopy asymptotic method to some nonlinear
KdV-equations. Shah et al. [17]discussed. The ADM solution of MHD non-Newtonian
fluid. Khan et al. [1–4] have discussed solution through tables. Shah et al. [18] studied
the Heat transfer and hydromagnetic effects on the unsteady thin film flow of Oldroyd-B
fluid over an oscillating moving vertical plate. Shah et al. [19] explored for Soret and
Dufour effect on the thin film flow over an unsteady stretching surface. Khan et al.
[14, 20, 21] discussed for Mechanical aspects of Maxwell nanofluid in dynamic system
with irreversible analysis as well as the impact of emerging parameters involved in the
solutions are discussed through graphs on the velocity and temperature profiles in detail.
Khan et al. [14] researched on the investigation of Wire Coating using Hydromagnetic
Third-Grade Liquid for Coating alongwithHall Current and PorousMedium.Khan et al.
[21] discussed the Analytical Solution of UCM Viscoelastic Liquid with Slip Condition
and Heat Flux over Stretching Sheet: The Galerkin Approach. Mohmand et al. [22]
discussed the Engineering Investigations of Dufour and Soret effect on MHD heat and
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mass transfer with radiative heat flux in a liquid over a rotating dick.Mohmand et al. [23]
explored the Engineering applications and analysis of vibratorymotion fourth order fluid
film over the time dependent heated flat plate. Mohmand et al. [24] analyzed for Time
dependent Oldroyd-B liquid film flow over an oscillating and porous vertical plate with
the effect of thermal radiation.Mohmand et al. [25] studiedTime dependent second grade
fluid between two vertical oscillating plates with heat transfer effect. Mohmand et al.
[26] investigated the Vibratory motion of fourth order fluid film over a unsteady heated
flat. Mohmand et al. [27] discussed Engineering applications and analysis of vibratory
motion fourth order fluid film over the time dependent heated flat plate. Mohmand et al.
[28] explored for Heat transfer and hydromagnetic effects on the unsteady thin film flow
of Oldroyd-B fluid over an oscillating moving vertical plate. Shah et al. [29] discussed
Soret and dufour effect on the thin filmflowover an unsteady stretching surface. Likewise
Khan et al. [20] have also discussed about the Brownianmotion and thermophoresis with
thermal radiation and buoyancy effects are encountered in the governing equations. The
oscillating parallel plates were discussed by Shah et al.[13]. Shah et al. [17–19] have also
explored some more properties of fluids. Similarly, Fiza et al. and Khan et al. [14, 16]
have discussed flow through numerical results (Runge-Kuttamethod). Rasheed et al. [30]
and Shah et al. [29] have discussed fluid flow through shooting technique and numerical
approach. Moreover, flow of Oldroyd-B fluid over an oscillating was discussed by Shah
et al. [28]. Likewise Mohmand et al.[27] have discussed time-dependent heated plate.
Moreover, Rasheed et al. [31, 32] have discussed the fluid flow. To this end,Khan et al. [2]
have investigated pressure distribution and entropy generation rate and then their solution
through HAM approach. Moreover, Khan et al. [3–5] Darcy–Forchheimer law is used
to study heat and mass transfer flow and microorganisms motion in porous media as
well as flow of Maxwell nanofluid induced by two parallel rotating disks were analyzed.
Furthermore Rasheed et al.[30–32] have discussed fluid motion with thermal analysis.
Shah et al. [33] have also discussed MHD flow. Khan et al. [1–4] have analyzed the fluid
motion through graphs. Similarly, Shah et al. [17–19] have also investigated the MHD
fluid motion through graphs. Likewise, Khan et al. [7–12] have also discussed fluid flow
through graphs and found excellent harmony with the already published works. Shah
et al. [33, 34] have scrutinized a mathematical and computational analysis of MHD fluid
with heat source effect and the chemically reactive Casson fluid to add knowledge to the
existing one. OHAM technique was also applied by Shah [35] and as concern of PDE
or ODE was discussed by Khan et al. [36].

The aim of the author in this study is to examine the non-Newtonian fluid model,
which includes two dimensional fluid flow of a viscous, incompressible, and electrically
conducting fluid in two parallel plates, and to represent the obtained results in graphical
as well as in a tabulated form.

2 Problem Formulation and Solution

Consider the two dimensional fluid flow of a viscous, incompressible, and electrically
conducting fluid in two parallel plates. The temperature of the lower and upper plates are
T0 and T1. The lower plate is hugging in the direction of lower plate with velocity (

dh(t)
dt ).

The two-dimensional coordinate system is taken as that the x-axis is along the lower plate
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while y-axis is normal to it. The velocity is represented by �u = �u(u(x, y, t)), temperature
is shown by T = T (x, y, t), and magnetic field is considered by T = T (x, y, t)

. The magnetic field is considered in both directions. In view of these assumptions,
the leading equations are in Fig. 1:

Fig. 1. Geometry
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with

ũ = 0, ṽ = −νw = −a.

c
,T = 0, at ỹ = h(t), (7)

ũ = 0, ν̃ = 0,T = T0
(
1 − e−ηt) . . .AT . . . y = 0, (8)
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By these transformations, the leading equations are reduced to,

S
(
f ′′′ + 3f ′′ + f ′f ′ − ff ′′′) = A

(
2f ′GH + 2FG2

)
+f ′′′′ − A

(
2f ′HH + H 2f ′ + f ′HG + fHG′ + fH ′G

)
,

(9)

2θ ′′ − f θ l2 − θ ′ηl2 = 0 (10)

G′η − 2G − δHf ′′ − δf ′H ′ − δf ′H ′ − δGf ′ − fG′ − G′′M = 0, (11)

H ′′Q + H ′η + H
(
1 − f ′) = 0, (12)

3 Results and Discussions

Figure 2 portrays the complete harmony of MAM and numerical method for f(η).
Notwithstanding, table shows a very small error which lead us to believe on the
authenticity of our current research.
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Fig. 2. AS and NS comparison for f (η)

Table 1 shows the individual Residual Error of f ′(η), θ(η), and H (η).
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Table 1. Errors among different quantities

No f (η) θ(η) G(η) H (η)

2 3.45099 × 10–4 2.79452 × 10–11 0.00675467 2.7712924

4 1.00488 × 10–3 1.77377 × 10–13 0.000406648 2.43464 × 10–3

6 1.11916 × 10–4 1.64768 × 10–14 9.33238 × 10–6 2.3744 × 10–4

8 1.11381 × 10–5 1.61982 × 10–15 2.40518 × 10–6 1.44139 × 10–4

10 1.2227 × 10–6 1.88767 × 10–15 1.00453 × 10–7 1.76503 × 10–6

12 1.12164 × 10–7 1.6313 × 10–16 2.11491 × 10–8 1.47125 × 10–6

14 1.23155 × 10–8 1.0007 × 10–18 1.23349 × 10–9 1.07647 × 10–7

16 1.95402 × 10–9 1.17776 × 10–18 1.01639 × 10–10 1.0624 × 10–8

18 1.10497 × 10–10 1.23983 × 10–21 1.11093 × 10–11 1.20031 × 10–9

20 1.23668 × 10–11 1.19905 × 10–20 1.0113 × 10–12 6.65142 × 10–11

22 1.10174 × 10–12 1.25915 × 10–22 1.00199 × 10–13 4.16438 × 10–11

24 1.56872 × 10–13 1.12765 × 10–22 1.0015 × 10–14 4.00878 × 10–13

26 1.22234 × 10–13 1.27271 × 10–23 1.20496 × 10–15 4.00156 × 10–14

28 1.00903 × 10–15 1.13626 × 10–24 1.01007 × 10–17 4.03467 × 10–15

30 1.00566 × 10–15 1.27023 × 10–25 1.00222 × 10–17 4.01952 × 10–16

4 Conclusion

Concluding remarks of the current study are listed as under: a. The current study has
found that both techniques are agreed to treat the modeled system of equations in a best
possible way. b. It is logical that the larger values of S show falling influence on f ′(η). c.
It is noticed that the upper values of P show declining impact on f ′(η). d. It is witnessed
that the higher values of R show the heightening impact on θ(η). e. The current analysis
suggests that the growing values of R enhances G(η) and vice versa.

5 Future Work

For the upcoming researchers, one can reformulate this mathematical model for com-
pressible flow.One can calculate the results by finite element method among others to
open more doors of intriguing knowledge in this area of research for other scientists in
the field.
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Abstract. The aim of this paper is to apply the Optimal Homotopy Asymptotic
Method (OHAM), a semi-numerical and semi-analytic technique for solving linear
and nonlinear Tenth order boundary value problems. The approximate solution of
the problem is calculated in terms of a rapidly convergent series. Two bench mark
examples have been considered to illustrate the efficiency and implementation of
the method and the results are compared with the Variational Iteration Method
(VIM). An interesting result of the analysis is that, the OHAM solution is more
accurate than the VIM. Moreover, OHAM provides us with a convenient way to
control the convergence of approximate solutions. The obtained solutions have
shown that OHAM is effective, simpler, easier and explicit.

Keywords: OHAM · Tenth Order Boundary Value Problems

1 Introduction

In this paper, it is observed that the OHAM is a powerful approximate analytical tool
like HAM (Homotopy Asymptotic Method) that is simple and straight forward and does
not require the existence of any small or large parameter as does traditional perturbation
method. OHAMhas been successfully applied to a number of nonlinear problems arising
in the science and engineering by various researchers [3–5, 10–16, 18, 20, 34–36]. Shah
et al. [17–19] have investigated the behavior through graphical representation. Whilst
Khan et al. [1, 2] discussed flow between rotating stretchable disks. What’s more, Khan
et al. [1] found that when both the discs rotate in the same sense then the fluid in the disks
rotateswith an angular velocity.Khan et al. [3] discussedDynamicswithCattaneo–Chris-
tov heat and mass flux theory of bioconvection Oldroyd-B nanofluid. Notwithstanding,
Khan et al. [1–3] further explored that the their study provides the best solutions and it
has been proved that its solution is close to exact solution. Khan et al. [4] discussedRotat-
ing flow assessment of magnetized mixture fluid suspended with hybrid nanoparticles
and chemical reactions of species. Rasheed et al. [5] discussed Computational analysis
of hydromagnetic boundary layer stagnation point flow of nano liquid by a stretched
heated surface with convective conditions and radiation effect. Mohmand et al. [25–28]
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scrutinized oscillating and porous, and flow with heat transfer effect as well as vibratory
flow. Usman et al. [6] discussed Computational optimization for the deposition of bio-
convection thin Oldroyd-B nanofluid with entropy generation. Khan et al. [7] explored
Lorentz forces effects on the interactions of nanoparticles in emerging mechanisms with
innovative approach. Khan et al. [8] analyzed Solution of magnetohydrodynamic flow
and heat transfer of radiative viscoelastic fluid with temperature dependent viscosity
in wire coating analysis. Khan et al. [9] investigated A Framework for the Magnetic
Dipole Effect on the Thixotropic Nanofluid Flow Past a Continuous Curved Stretched
Surface. Khan et al. [10] studied Analytical solution of UCM viscoelastic liquid with
slip condition and heat flux over stretching sheet: Galerkin Approach. Shah et al. [17–
19] have explored the transient flow, with unsteady stretching surface and accompanied
by Soret and Dufour effects. Khan et al. [1–4] have discussed solution through tables.
Khan et al. [11] discussed Mechanical aspects of Maxwell nanofluid in dynamic system
with irreversible analysis. Khan et al. [12] studied Numerical simulation of double-layer
optical fiber coating using Oldroyd 8-constant fluid as a coating material. Khan et al.
[8, 10, 12] have also discussed heat and heat transfer. Shah et al. [13, 18] analyzed
Gravity Driven Flow of an Unsteady Second Order Fluid as well as Heat transfer rate
of the fluid at the belt is also calculated. Khan et al. [14] discussed Investigation of wire
coating using hydromagnetic third-grade liquid for coating along with Hall current and
porous medium. Khan et al. [15] studied Analytical Solution of the MHD Viscous Flow
over a Stretching Sheet byMultistep Optimal Homotopy Asymptotic Method. Fiza et al.
[16] explored Modifications of the multistep optimal homotopy asymptotic method to
some nonlinear KdV-equations. Shah et al. [17] discussed The ADM solution of MHD
non-Newtonian fluid with transient flow and heat transfer. Shah et al. [18] studied the
Heat transfer and hydromagnetic effects on the unsteady thin film flow of Oldroyd-B
fluid over an oscillating moving vertical plate. Shah et al. [19] explored forSoret and
Dufour effect on the thin film flow over an unsteady stretching surface. Khan et al. [20–
22] discussed for Mechanical aspects of Maxwell nanofluid in dynamic system with
irreversible analysis as well as the impact of emerging parameters involved in the solu-
tions are discussed through graphs on the velocity and temperature profiles in detail.
Khan et al. [21] researched on the investigation of Wire Coating using Hydromagnetic
Third-Grade Liquid for Coating along with Hall Current and Porous Medium. Khan
et al. [22] discussed the Analytical Solution of UCMViscoelastic Liquid with Slip Con-
dition and Heat Flux over Stretching Sheet: The Galerkin Approach. Mohmand et al.
[23] discussed the Engineering Investigations of Dufour and Soret effect on MHD heat
and mass transfer with radiative heat flux in a liquid over a rotating dick. Mohmand
et al. [24] explored the Engineering applications and analysis of vibratory motion fourth
order fluid film over the time dependent heated flat plate. Mohmand et al. [25] ana-
lyzed for Time dependent Oldroyd-B liquid film flow over an oscillating and porous
vertical plate with the effect of thermal radiation. Mohmand et al. [26] studied Time
dependent second grade fluid between two vertical oscillating plates with heat transfer
effect. Mohmand et al. [27] investigated the Vibratory motion of fourth order fluid film
over a unsteady heated flat. Mohmand et al. [28] discussed Engineering applications
and analysis of vibratory motion fourth order fluid film over the time dependent heated
flat plate. Mohmand et al. [29] explored for Heat transfer and hydromagnetic effects on
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the unsteady thin film flow of Oldroyd-B fluid over an oscillating moving vertical plate.
Shah et al. [30] discussed Soret and dufour effect on the thin film flow over an unsteady
stretching surface. Likewise Khan et al. [20] have also discussed about the Brownian
motion and thermophoresis with thermal radiation and buoyancy effects are encoun-
tered in the governing equations. The oscillating parallel plates were discussed by Shah
et al. [13]. Shah et al. [17–19] have also explored some more properties of fluids. Simi-
larly, Fiza et al. and Khan et al. [16, 21] have discussed flow through numerical results
(Runge-Kutta method). Rasheed et al. [31] and Shah et al. [30] have discussed fluid flow
through shooting technique and numerical approach. Moreover, flow of Oldroyd-B fluid
over an oscillating was discussed by Shah et al. [29]. LikewiseMohmand et al. [28] have
discussed time-dependent heated plate. Moreover, Rasheed et al. [32, 33] have discussed
the fluid flow. To this end, Khan et al. [2] have investigated pressure distribution and
entropy generation rate and then their solution through HAM approach. Moreover, Khan
et al. [3–5] Darcy–Forchheimer law is used to study heat and mass transfer flow and
microorganisms motion in porous media as well as flow of Maxwell nanofluid induced
by two parallel rotating disks were analyzed. Furthermore Rasheed et al. [31–33] have
discussed fluid motion with thermal analysis. Shah et al. [34] have also discussed MHD
flow. Khan et al. [1–4] have analyzed the fluid motion through graphs. Similarly, Shah
et al. [17–19] have also investigated the MHD fluid motion through graphs. Likewise,
Khan et al. [7–12] have also discussed fluid flow through graphs and found excellent
harmony with the already published works. Shah et al. [34] & [35] have scrutinized
a mathematical and computational analysis of MHD fluid with heat source effect and
the chemically reactive Casson fluid to add knowledge to the existing one. As regard
to the validity solution of PDEs one can consult the research done by Khan et al. [36].
Similarly, Shah [37] has discussed the fluid motion through the treatment of OHAM.
This paper is organized as follows. First, we formulate the problem. Then, we present
basic principles of OHAM. The OHAM solution is also given. After that, we analyze
the comparison of the solution using OHAM with existing solution of VIM and DTM.
Last but not the least, drew the conclusion.

2 Formulation of the Problem

In the present paper, thirteen-order boundary value problems are solved using OHAM.
The following thirteen-order boundary value problems are considered

u(13)(x) = f (x, u(x)), a ≤ x ≤ b
u(i)(a) = Ai,

u(j)(b) = Bj

⎫
⎬

⎭
(1)

where for i = 0,1, 2, 3, . . . , 6 and j = 0,1, . . . , 5 A′
is and B′

js are finite real constants.
Also f(x, u(x)) is a continuous function on [a, b].

3 Fundamental Mathematical Theory of OHAM

Consider the differential equation of the following form:

A(u(x)) + f (x) = 0, x ∈ � (2)
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B(u, ∂u/∂x) = 0, x ∈ � (3)

whereA is a differential operator, u(x) is an unknown function, and x and t denote spatial
independent variable, � is the boundary of � and f(x) is a known analytic function. A
can be divided into two parts: L and N such that:

A = L + N (4)

L is the linear part of the differential equationwhich is easier to solve, andN contains
the nonlinear part of A.

According to OHAM, one can construct an optimal homotopy φ(x, p) : �×[0,1] →
R which satisfies:

H (φ(x, p), p) = (1 − p){L(φ(x, p)) + f (x)} − H (p){A(φ(x, p)) + f (x)} = 0, (5)

where the auxiliary function H(p) is nonzero for p �= 0 and H(0) = 0. Equation (5) is
called optimal homotopy equation. Clearly, we have:

p = 0 ⇒ H (φ(x, 0), 0) = L(φ(x, 0)) + f (x) = 0, (6)

p = 1 ⇒ H (φ(x, 1), 1) = H (1){A(φ(x, p)) + f (x)} = 0, (7)

Obviously, when p = 0 and p = 1 we obtain φ(x, 0) = u0(x) and φ(x, 1) = u(x)
respectively. Thus, as p varies from 0 to 1, the solution φ(x, p) approaches from u0(x)
to u(x), where u0(x) is obtained from Eq. (5) for p = 0:

L(u0(x)) + f (x) = 0, B(u0, ∂u0/∂x) = 0. (8)

Next, we choose auxiliary function H(p) in the form

H (p) = p1C1 + p2C2 + . . . (9)

To get an approximate solution, we expand φ(x, p,Ci) by Taylor’s series about p in
the following manner,

φ(x, p,Ci) = u0(x) +
∑∞

k=1
uk(x,Ci)p

k , i = 1, 2, . . . (10)

Substituting Eq. (10) into Eq. (5) and equating the coefficient of like powers of p, we
obtain Zeroth order problem, given by Eq. (8), the first and second order problems are
given by Equations. (11–12) respectively and the general governing equations for uk(x)
are given by Eq. (13):

L(u1(x)) = C1N0(u0(x)),B(u1, ∂u1/∂x) = 0 (11)

L(u2(x)) − L(u1(x)) = C2N0(u0(x))+
C1[L(u1(x)) + N1(u0(x), u1(x))],B(u2, ∂u2/∂x) = 0

(12)
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L(uk(x)) − L(uk−1(x)) = CkN0(u0(x)) + ∑k−1
i=1 Ci

[L(uk−i(x))
+Nk−i(u0(x), u1(x), . . . , uk−i(x))

]
, k = 2, 3, . . .B(uk , ∂uk/∂x) = 0

, (13)

where Nk−i(u0(x), u1(x), . . . , uk−i(x)) are the coefficient of pk−i in the expansion of
N (φ(x, p)) about the embedding parameter p.

N (φ(x, p,Ci)) = N0(u0(x)) +
∑

k≥1
Nk(u0, u1, u2, . . . , uk)p

k (14)

It should be underscored that the uk for k ≥ 0 are governed by the linear equations
with linear boundary conditions that come from the original problem, which can be
easily solved.

It has been observed that the convergence of the series Eq. (10) depends upon the
auxiliary constants C1,C2, . . . . If it is convergent at p = 1, one has:

ũ(x,Ci) = u0(x) +
∑

k≥1
uk(x,Ci) (15)

Substituting Eq. (15) into Eq. (1), it results the following expression for residual:

R(x,Ci) = L(ũ(x,Ci)) + f (x) + N (ũ(x,Ci)) (16)

In actual computation k = 1, 2, 3, . . . ,m.

If R(x,Ci) = 0 then
∼
u (x,Ci) is the exact solution of the problem. Generally it

doesn’t happen, especially in nonlinear problems.
For the determinations of auxiliary constants, Ci = 1, 2, . . . ,m, there are different

methods like Galerkin’s Method, Ritz Method, Least Squares Method and Collocation
Method. One can apply the Method of Least Squares as under:

J (Ci) = ∫ba R2(x,Ci)dx (17)

∂J

∂C1
= ∂J

∂C2
= . . . = ∂J

∂Cm
= 0 (18)

The mth order approximate solution can be obtained by these constants so obtained.
The constants Ci can also be determined by another method as under:

R(h1;Ci) = R(h2;Ci) = . . . = R(hm;Ci) = 0, i = 1, 2, . . . ,m. (19)

at any time t, where hi ∈ �.
The more general auxiliary function H(p) is useful for convergence, which depends

upon constants C1,C2, . . . can be optimally identified by Eq. (18) and is useful in error
minimization.

4 Solution of the Problem via OHAM

In this section we will apply OHAM to a linear boundary value problem and non-linear
boundary value problem. Example 1: The linear thirteen-order BVP, is considered as

u(13)(x) = cosx − sinx, 0 ≤ x ≤ 1, (20)
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Subject to the boundary conditions,

u(0) = 1, u(1) = cos(1) + sin(1),
u(1)(0) = 1, u(1)(1) = cos(1) − sin(1),
u(2)(0) = −1, u(2)(1) = −sin(1) − cos(1),
u(3)(0) = −1, u(3)(1) = −cos(1) + sin(1),
u(4)(0) = 1, u(4)(1) = cos(1) + sin(1),
u(5)(0) = 1, u(5)(1) = cos(1) − sin(1),
u(6)(0) = −1,

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(21)

The exact solution of the problem is,

u(x) = cosx + sinx. (22)

According to above equation, we have

L(u(x)) = u(13)(x);N (u(x)) = 0; and f (x) = −cosx + sinx; (23)

5 Comparison of OHAM Solution with VIM Solution

Comparison of absolute error of OHAM with VIM in Table 1.

Table 1. Shows the comparison of absolute error of OHAM with VIM [10]

x Exact OHAM Abs: Error in present
method

Abs: Error in VIM

0 1.00000 1.00000 0.00000 0.00000

0.1 1.105170918 1.10517 4.32987 × 10–14 4.17444 × 10–14

0.2 1.221402758 1.2214 2.44249 × 10–14 2.64144 × 10–12

0.3 1.349858808 1.34986 5.99520 × 10–15 2.99314 × 10–11

0.4 1.491824698 1.49182 1.44329 × 10–14 1.67101 × 10–10

0.5 1.648721271 1.64872 2.64677 × 10–13 6.30955 × 10–10

0.6 1.8221188 1.82212 1.02807 × 10–12 1.84757 × 10–9

0.7 2.013752707 2.01375 8.95284 × 10–13 4.47866 × 10–9

0.8 2.225540928 2.22554 6.89315 × 10–12 9.21592 × 10–9

0.9 2.459603111 2.4596 2.60871 × 10–11 1.58906 × 10–8

1 2.718281828 2.71828 3.41771 × 10–12 2.09057 × 10–8
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6 Conclusion of the Current Analysis

In the above table, it is clearly observed that OHAM is better than VIM and give won-
derful results of Tenth order boundary value problems for both linear and nonlinear.
Therefore, we conclude that OHAM is reasonably good method for any type of T order
boundary value problem. Below Fig. 1: represents the exact solution of the Tenth order
nonlinear boundary value problem, while Fig. 2: shows the OHAM solution of the Tenth
order nonlinear boundary value problem.

.
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x

1.5

2.0
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3.0

EXACT

Fig. 1. Exact Solution
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OHAM

Fig. 2. OHAM Solution
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Abstract. At present, there are many control measures for the deformation of
subway caused by the excavation of foundation pit. It is worthy of attention that
pretreatment measures can effectively reduce the influence of deformation on
the subway tunnel under different working conditions. Therefore, the finite ele-
ment model is established by Midas/GTS to explore the reinforcement effect of
two measures of pit bottom reinforcement and isolation pile reinforcement. The
results show that: in the excavation of foundation pit, the two schemes have differ-
ent effects on controlling the deformation of tunnel structure, and the inclination
of diameter line is generally smaller. The deformation characteristics of each com-
ponent structure of the diameter line after the pit bottom reinforcement are similar
to those of the unreinforced condition, while the displacement changes of each
structure after the isolation pile reinforcement become uniform and reasonable.
Isolation pile reinforcement is better than pit bottom reinforcement, especially in
reducing the vertical displacement of the structure. The reduction degree of the
maximum horizontal displacement after the isolation pile reinforcement is about
24%–31%. Therefore, when selecting the pretreatment method, priority is given
to the isolation pile reinforcement method.

Keywords: Foundation Pit Excavation · Displacement · Pit Bottom
Reinforcement · Isolation Pile Reinforcement

1 Introduction

The excavation of foundation pits in cities inevitably causes disturbance to nearby sub-
ways. It is necessary to take corresponding reinforcement measures when encountering
additional deformation caused by excavation of foundation pits in subway tunnels [1,
2]. Previous researchers have done sufficient work on the deformation control of cor-
responding tunnel structures. Isolation pile reinforcement is currently one of the most
widely used reinforcement methods, playing an effective role in controlling building
deformation [3]. Although there has been extensive research on reinforcement methods
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by predecessors, there are few reports on the application of full pit bottom reinforce-
ment and isolation pile reinforcement methods in the same project, and comparing their
deformation control effects. This article will rely on the adjacent underground diameter
line project of Tianjin Jiahai Deep Foundation Pit, adopting pre-treatment schemes of
bottom grouting reinforcement and isolation pile reinforcement respectively. Based on
the established finite element model, the control effect of reinforcement measures on
diameter line deformation caused by foundation pit excavation will be analyzed. The
analysis results can provide reference and reference for similar projects.

2 Project Overview

The south side of the Tianjin Jiahai Foundation Pit Project is the underground diameter
line from Tianjin West Station to Tianjin Station. As this foundation pit belongs to a
super large deep foundation pit, it is divided into three parts: the north, middle, and south.
The excavation depth of the southern foundation pit is about 10.8 m, with a distance
of 16–20 m from the diameter line and a parallel distance of about 250 m. Multiple
construction methods are used for the underground diameter line. The tunnel is buried at
a smaller depth and is constructed using the open excavation method. The section with
a deeper burial depth in the middle is constructed using the shield tunneling method.
The side of the foundation pit close to the diameter line adopts a support form of drilled
cast-in-place piles+ concrete internal support, while the west side of the foundation pit
adopts double row cast-in-place piles+ counter pressure soil. The enclosure structure of
the open cut tunnel adopts the form of drilled pile+water stop curtain, and underground
connecting wall structure (the deeper section of the foundation pit adopts underground
connecting wall, and the shallower section adopts drilled pile+water stop curtain). Two
pre-treatment methods are considered for reinforcement, and the pre-treatment scheme
adopted for foundation pit construction is shown in Table 1.

Table 1. Foundation Pit Excavation pretreatment scheme

Scheme Concrete content

Scheme 1 Strengthen the soil of 3 m below the pit bottom. The reinforcement area is the
southern foundation pit with full reinforcement

Scheme 2 A separation wall (pile) is used to reinforce the soil between the southern
foundation pit and the shield shaft. The reinforcement range is: the length range of
the shield tunnel is extended by 20 m towards the open excavation section and the
shield tunnel section, with a reinforcement width of 3 m and a depth of 30 m below
the surface
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3 Model Establishment

The dimensions of the 3Dmodel are 250 m in length, 135 m in width, and 50 m in depth.
In order to consider the above two working conditions in the same model, the geometric
entities will be cut accordingly during modeling, and the entities in the grouting rein-
forcement area at the bottom of the pit and the reinforcement area of the separation wall
(pile) will be cut in advance, so that the transformation of the two models can be easily
realized by modifying the material properties. See Fig. 1 and Fig. 2 for the specific seg-
mentation. The constitutive relationship between soil and structure is determined using
the D-P model and the linear elastic constitutive model, respectively. The soil within a
depth range of 50 m in the model is approximately divided into four layers. Simulation
of the excavation process of foundation pits. CS1: Apply gravity and initial water head
to form an initial stress field, and then clear the displacement to zero; CS2: The first
step of excavation is completed, and the support and waist beam are completed; CS3:
Excavate to the bottom of the pit.

Fig. 1. Pit bottom reinforcement Fig. 2. Isolation pile reinforcement

4 Analysis of Reinforcement Measures

Select the CS3 (excavation to the bottom of the pit) process for analysis, and the model
specifies that the horizontal direction is towards the side of the pit as the positive direction,
and the vertical direction is upwards as the positive direction.

4.1 Displacement of Shield Shaft

The horizontal displacement of the shield shaft for two preprocessing schemes is shown
in Fig. 3. From the figure, it can be concluded that both schemes are effective in reducing
the absolute displacement of the shield shaft bottom plate. However, after using bottom
grouting reinforcement, a reverse displacement of 1.18 mm occurred at the top of the
shield shaft (i.e. moving away from the foundation pit), resulting in a relative displace-
ment of 8.72mm. Compared to the relative displacement before reinforcement, the value
increased, resulting in a more pronounced inclination of the shield shaft. After adopt-
ing the isolation pile reinforcement scheme, the horizontal displacement of the shield
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shaft varies uniformly along the height, resulting in a maximum horizontal displace-
ment of 6.26 mm, which occurs in the middle of the side wall near the foundation pit.
The minimum displacement at the top is 5.73 mm, resulting in a relative displacement
value of only 0.53 mm for the shield shaft. This reinforcement method reduces relative
displacement, which means that the inclination of the shield shaft is also reduced.

a Grouting reinforcement plan at the bottom of the pit b Isolation pile reinforcement plan

Fig. 3. Horizontal displacement of shield shaft

The vertical displacement of the shield shaft in Scheme 1 and Scheme 2 is shown in
Fig. 4. The grouting reinforcement scheme at the bottomof the pit resulted in the sidewall
(inner side) of the shield tunnel near the foundation pit floating upwards and the outer
sidewall sinking. After using isolation piles for reinforcement, the overall structure tends
to sink, with a maximum vertical displacement of 0.32 mm and a downward direction.

a Grouting reinforcement plan at the bottom of the pit b Isolation pile reinforcement plan

Fig. 4. Vertical displacement of shield shaft

4.2 Displacement of Shield Tunnel Segments

The horizontal displacement of the reinforced shield tunnel segment is shown in Fig. 5.
The horizontal displacement variation of the shield tunnel segment after grouting rein-
forcement at the bottom of the pit is similar to that of the unreinforced scheme. The
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maximum horizontal displacement occurs at the bottom of the segment near the shield
shaft, and the minimum displacement occurs at the top of the segment far from the shield
shaft end. After the reinforcement of the isolation pile, the horizontal displacement trend
of the shield tunnel segment changes, and the displacement of the segment is relatively
uniform along the cross-sectional direction. The horizontal displacement of the seg-
ment near the shield shaft is the largest, and gradually decreases along the longitudinal
direction of the segment.

a Grouting reinforcement plan at the bottom of the pit b Isolation pile reinforcement plan

Fig. 5. Horizontal displacement of shield segment

The vertical displacement of the reinforced shield tunnel segment is shown in Fig. 6.
After grouting reinforcement at the bottomof the pit, themaximumvertical displacement
occurs at the “arch waist” position near the shield shaft and closer to the foundation pit,
with the displacement direction being upward. The minimum displacement occurs at the
“arch waist” position on the side far from the shield shaft and the foundation pit, with
a downward displacement direction. After using isolation piles for reinforcement, the
vertical displacement change law generated by the shield tunnel segment is similar to the
horizontal displacement change law, that is, the displacement is evenly distributed along
the cross-sectional direction, which also indicates that the existence of isolation piles
makes the segment more evenly stressed during the excavation process of the foundation
pit.
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(a) Grouting reinforcement plan at the bottom of the pit (b)Isolation pile reinforcement plan

Fig. 6. Vertical displacement of shield segment

4.3 Displacement of the Main Structure of Open Excavation

The horizontal displacement of the reinforced open cut main structure is shown in Fig. 7.
After using bottom grouting reinforcement, the maximum horizontal displacement of
the main structure of the open excavation occurs at the bottom plate near the shield shaft,
and the minimum horizontal displacement occurs at the arch far from the shield shaft
end, similar to the pattern in the unreinforced situation. After using isolation piles for
reinforcement, the displacement variation pattern of the open excavation section is con-
sistent with that of the shield tunnel section using the same reinforcement method. The
displacement near the shield shaft is the largest, and there is a clear uniform decreasing
trend along the longitudinal direction of the structure.

a Grouting reinforcement plan at the bottom of the pit b Isolation pile reinforcement plan

Fig. 7. Horizontal displacement of open-cut main structure

The vertical displacement of the reinforced open cut main structure is shown in
Fig. 8. After adopting Scheme 1 for reinforcement, the maximum and minimum vertical
displacement of the main structure of the open excavation is similar to that of the shield
tunnel segment. After adopting Scheme 2 reinforcement, the displacement of the main
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structure of the open excavation is similar to that of the shield tunnel segment, with the
maximum vertical displacement occurring near the shield shaft.

           
a Grouting reinforcement plan at the bottom of the pit b Isolation pile reinforcement plan 

Fig. 8. Vertical displacement of open-cut main structure

5 Conclusion

(1) Both pre-treatment schemes have played an effective role in controlling the defor-
mation of the diameter line, and the overall inclination of the diameter line structure
is reduced.

(2) The control effect of isolation pile reinforcement on deformation is better than that
of grouting reinforcement at the bottom of the pit. After the reinforcement of the
isolation pile, the deformation of each structure shows a uniform trend, and the stress
situation becomes reasonable compared to the unreinforced one; The decrease in
absolute and relative displacement of the structure after adopting the isolation pile
reinforcement scheme is greater than that of the pit bottom grouting reinforcement
scheme.

(3) When selecting the pre-treatment method, priority can be given to the reinforcement
method of isolation piles.
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Abstract. Performance testswere conducted on high abrasion resistance concrete
with different coarse aggregate contents and sand replacement rates. The influence
of aggregate content on the slump, compressive strength, and impact and wear
resistance of concrete was analyzed. The results show that when the ratio of slurry
to aggregate is 5:5, the slump and abrasion resistance strength of high abrasion
resistance concrete decrease with the increase of sand replacement rate, while the
compressive strength increases with the increase of sand replacement rate. At a
ratio of 5:5–5, the abrasion resistance of hydraulic concrete reaches its optimal
performance.

Keywords: Aggregate Content · Abrasion Resistance · Hydraulic Concrete

1 Introduction

In hydraulic and hydroelectric projects, high speed mud, sand and stone flows wash
hydraulic structures for a long time. This leads to the aggravation of abrasion and cavita-
tion on the overflow surface of concrete buildings, resulting in large-area denudation of
surface concrete, which greatly shortens the service life of buildings. The research and
application of using high performance concrete (HPC) instead of traditional concrete to
improve the impact and wear resistance of hydraulic structures has gradually become a
hot spot. The studies show that [1–3], when adding coarse aggregate into HPC, it can
reduce the amount of cementitious materials and cut the cost. This can not only reduce
the plastic shrinkage of HPC, but also improve the overall stability and strength of con-
crete because of the bite action between aggregates. The study [4] pointed out that the
low water binder ratio of HPCmakes the internal structure of concrete more compact. In
particular, the interfacial bonding ability between coarse aggregate and matrix is much
higher than that of ordinary concrete [5]. This conclusion provides a theoretical basis
for adding coarse aggregate to HPC. At present, the research on HPC containing coarse
aggregate mostly focuses on its mechanical properties and durability, but the research
on abrasion resistance is rarely reported.
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Based on the above analysis, high performance grouting material is used as the
base material, and different proportions of coarse aggregates are added. Some of the
coarse aggregates are then replaced with sand to prepare hydraulic high performance
abrasion resistant concrete, and performance tests are conducted. Analyze the influence
of aggregate content on the abrasion resistance strength of concrete, and obtain the
optimal aggregate content. This can provide a basis for the application of hydraulic
abrasion resistant concrete engineering, thereby improving the economic efficiency of
abrasion resistant concrete.

2 Test Overview

2.1 Raw Materials

2.1.1 Grouting Material

A high performance grouting material is used as the base material, including cement,
sand, admixture and other materials. The design strength of high performance grouting
material is C80. Table 1 shows the test results of physical and mechanical properties of
grouting materials.

Table 1. Physical and mechanical property index of grouting material

Fluidity (mm) Bleeding rate
(%)

Compressive strength
(MPa)

Vertical expansion
rate (%)*

Initial
fluidity

Fluidity at 30
min

1 d 3 d 28 d 3 h 24 h–3 h

300 278 0 25 61 82 0.14 0.07

*3 h express the vertical expansion rate of grouting material in 3h;
24 h–3 h express the difference between 24 h and 3 h expansion rates.

2.1.2 Aggregate

The test aggregates are all artificial aggregates, in which the fineness modulus of sand
is 2.6, the particle size of small stone is 5 mm–20 mm, and the particle size of medium
stone is 20 mm–40 mm. The physical performance test results of aggregates are shown
in Table 2.
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Table 2. Physical performance indicators of aggregates

Project Sand Small stone Medium stone

Saturated surface dry density (kg/m3) 2600 2620 2630

Saturated surface dry water absorption (%) 1.38 0.90 0.62

Needle and flake content (%) — 6.8 2.0

Crushing index (%) — 8.9 —

Robustness 2.5 3.9 0.1

2.2 Experimental Design

High abrasion resistance concrete is prepared by adding different proportions of fine
aggregate and coarse aggregate into high performance grouting material. The ratio of
grouting material to coarse aggregate is 5:5 and 4:6. The ratio of small stone to medium
stone is 5:5. The replacement rate of fine aggregate (sand) is 0%, 5%, 10% and 15%.
The water consumption is 10% of the quality of grouting material. The workability of
concrete can be improved by adding a certain amount of fine aggregate. Each concrete
is calculated as 100 kg and its mix proportion is shown in Table 3.

Table 3. Test mix proportion

test number sand
substitution
rate

sand/kg medium
stone/kg

small
stone/kg

grouting
material/kg

water/kg

5:5–0 0% 0.0 25.00 25.00 50 5

5:5–5 5% 2.5 23.75 23.75 50 5

5:5–10 10% 5.0 22.50 22.50 50 5

5:5–15 15% 7.5 21.25 21.25 50 5

4:6–0 0% 0.0 30.00 30.00 40 4

4:6–5 5% 3.0 28.50 28.50 40 4

4:6–10 10% 6.0 27.00 27.00 40 4

4:6–15 15% 9.0 25.50 25.50 40 4

3 Test Method and Analysis of Test Results

3.1 Slump Test and Result Analysis

The slump test of concretemixture shall be carried out according toChinese specification
DL/T 5150-2017. And the workability of themixture is analyzed. The slump test process
of high abrasion resistance concrete mixture at a ratio of 5:5 is shown in Fig. 1. The
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mixture state and slump test process of high abrasion resistance concrete with a ratio of
4:6 are shown in Fig. 2 and Fig. 3, respectively.

Fig. 1. Slump test process of concrete (5:5)

Fig. 2. State of concrete mixture (4:6) Fig. 3. Slump test process of concrete (4:6)

It can be seen from Fig. 1 that when the ratio of slurry to stone is 5:5, the cohesion of
the mixture is good. The aggregate shall be evenly wrapped and there shall be no water
precipitation on the surface. From Figs. 2 and 3, it can be seen that when the ratio of
slurry to stone is 4:6, the concrete mixture basically has no slump. Due to the lack of
sufficient water for mixing, the proportion of cement slurry and inclusion in aggregate
can not be completely reduced.

It can be seen from Fig. 1 that the slump of concrete mixture is 80 mm–154 mm,
and the slump decreases with the increase of sand substitution rate. When the sand
substitution rate is 5% and 10%, the concrete slump is 32% and 48% lower than that of
5:5–0% group respectively. This is because the sand has a large specific surface area and
needs more cement paste to wrap, which reduces the free water in the concrete mixture
and reduces the fluidity of the concrete. With the increase of sand replacement rate, the
wrapping of cement mortar to aggregate and the workability of mixture are improved.
However, when the sand replacement rate exceeds 15%, the specific surface area of
aggregate increases, resulting in the relative decrease of water binder ratio of concrete
mixture. The workability is reduced to a certain extent.
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3.2 Compressive Strength

The compressive strength test of concrete shall be carried out according to the testmethod
in standard DL/T 5150-2017. The compressive test piece is a standard cube with a side
length of 150 mm. The 28 d compressive strength comparison of high-performance
impact resistant and wear-resistant concrete is shown in Fig. 4 and Fig. 5.

84.8
90.7 91.6 92.1

5:5-0 5:5-5 5:5-10 5:5-15
0

20

40

60

80

100

28
d 

Co
m

pr
es

siv
e 

St
re

ng
th

/M
Pa

Fig. 4. Compressive strength of concrete
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Fig. 5. Compressive strength of concrete (4:6)

As shown in the Fig., when the ratio of slurry to stone is 5:5, the 28 d compressive
strength of high abrasion resistance concrete is between (84–92) MPa. And the com-
pressive strength slightly increases with the increase of sand replacement rate. This is
because a certain proportion of sand can fill the gaps in the coarse aggregate, making
the aggregate grading more uniform. While improving the workability of concrete mix-
tures, it alsomakes the interior of the concrete denser, thereby improving the compressive
strength of the concrete.

When the ratio of slurry to stone is 4:6, the 28 d compressive strength of high abrasion
resistance concrete is between (75–80) MPa. The sand replacement rate has little effect
on the compressive strength of concrete. On the one hand, due to the inherent high
proportion of coarse aggregate, the workability of concrete decreases sharply after sand
replaces a portion of coarse aggregate, leading to an increase in internal defects in the
concrete. On the other hand, when the amount of aggregate added increases too much,
the cement slurry cannot fully wrap around the aggregate interface or the wrapping layer
is relatively thin, which will cause insufficient adhesion between the aggregate and the
matrix, resulting in a decrease in the compressive strength of the concrete.

3.3 Abrasion Resistance

The high abrasion resistance concrete containing coarse aggregate shall be tested for
abrasion resistance according to the underwater steel ball method in chinese specifica-
tion DL/T 5150-2017. This method can be used to measure the relative resistance of
concrete to underwater flow medium wear and evaluate the relative wear resistance of
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concrete surface.The abrasion index of concrete is expressed by the abrasion strength.
The abrasion strength according to Eq. (1). Figure 6 shows the abrasion strength of high
abrasion resistant concrete at 28 days under two kinds of coarse aggregate content.

fa = tA

�m
(1)

where fa represents the impact wear strength, which is the time required per unit area
to be worn per unit mass, in h/(kg/m2);t represents the cumulative test time, in h; A
represents the area of the specimen subjected to impact and wear, in m2; � represents
the cumulative mass loss of the specimen after grinding during the t period, in kg.
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Fig. 6. Abrasion strength of concrete

It can be seen from Fig. 4 that after adding 50% and 60% coarse aggregate into the
grouting material, the abrasion strength of high abrasion resistant concrete at 28 days
reaches 23.66 h/(kg/m2), 20.76 h/(kg/m2) respectively. With the increase of aggregate
proportion, the slump of concrete mixture decreases obviously, and the workability
becomesworse,which increases the internal defects of concrete and leads to the reduction
of impact and wear strength. After sand replaces part of coarse aggregate, the impact and
abrasion strength of concrete in 28 days is reduced to (13–18) h/(kg/m2). The abrasion
strength of concrete decreases slightly with the increase of sand replacement rate. This
is because the impact of fine aggregate on the impact and abrasion resistance of concrete
is more significant than that of coarse aggregate. The artificial aggregate used in the
study has high crushing index and relatively low aggregate strength, which will change
the first failure trend of the interface transition zone. Therefore, the abrasion strength of
concrete will be greatly reduced after adding fine aggregate.

Figure 7 shows the impact abrasion test failure diagram of high abrasion resistance
concrete when the coarse aggregate content is 50%. It can be seen from the Fig. 7 that the
form of abrasion resistance is surface aggregate exposure, indicating that the interfacial
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bonding strength between aggregate and rubbermaterial is high.And the exposure degree
of aggregate increases with the increase of sand substitution rate.

 
   

(a) 5:5-0 (b) 5:5-5 (c) 5:5-10 (d) 5:5-15 

Fig. 7. Damage diagram of abrasion sample

Based on the analysis of the above test results, when the content of coarse aggregate
is 50% and the sand replacement rate is 5%, the workability and abrasion resistance of
concrete are better. Under this mix proportion, the slump of concrete mixture is 105 mm.
The compressive strength is 90.7 MPa. And the abrasion strength is 17.39 h/(kg/m2).

4 Conclusion

(1) The ratio of slurry to aggregate has a certain impact on the workability, compressive
strength, and impact andwear resistance of high impact andwear resistance concrete.

(2) When the ratio of slurry to aggregate is 5:5, the slump and impact wear strength
of high abrasion resistance concrete decrease with the increase of sand replacement
rate, while the compressive strength increases with the increase of sand replacement
rate.

(3) When the ratio of slurry to aggregate is 5:5 and the sand replacement rate is 5% (5:5–
5), the workability of concrete is good, with a compressive strength of 90.7 MPa
and an abrasion resistance of 17.39 (h/(kg/m2). This ratio not only ensures certain
mechanical properties and impact wear resistance, but also reduces engineering
costs.
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Abstract. The design optimization of the jacket substructure could reduce the
cost of energy and the correlated carbon cost. The mass of jacket is optimized
with respect to maximum stress and displacement responses.Wind and dead loads
were applied at the top of the jacket referenced point. Wave load and foundation
boundary were applied using Dload and UEL function in the Abaqus subroutine.
Six different parameters were evaluated, including the pile height above mudline,
the base width, brace thickness and diameter, and the main leg thickness and
diameter. The parametrically optimized model has mass minimized by 16%. The
maximum stress at the top of the optimal jacket reduced to 274.91 MPa from
288.70 MPa. The maximum displacement at the top increased to 87.37 mm from
83.88 mm, albeit, lower than the code limit of 175 mm. The absolute value of the
maximum rotation at the top reduced from 0.309° to 0.304°, which is lower than
the code limit of 0.382°. The pile rotation at the mudline increased by 14%, from
0.120° to 0.137°, nonetheless, lower than the DNV code limit of 0.250°. Initial
numerical basis has been developed for the parametric design optimization of the
jacket substructure. From the parameter studies conducted mathematical models
could be developed for efficient numerical optimization.

Keywords: Offshore Wind Turbine · Jacket Substructure · Abaqus-Python
Scripting · Fortran Subroutine · Geometric Design Optimization

1 Introduction

Research and investment in offshore wind turbines have been in progress since the last
40 years. Wind energy life cycle production process has low carbon effect and is sus-
tainable [1]. For water depth of above 25 m the jacket substruction configuration comes
as the best option [2]. The X-brace jacket configuration was chosen because previous
studies confirmed it has good performance compared with other bracings configuration
[3, 4].

The wind, wave and dead loads were the main ultimate limit state loads for the
offshore wind turbine jacket substructure. The wind loads are the design driving force
whiles the wave loads have secondary effect on the response of the structure under
ultimate load condition [5]. The key variables for the design are the wind speed, wind
intensity, wave height and wave period. These data are normally taking from actual site
records for a period.
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Engineering optimization is generally classified into topology, shape, and size opti-
mization [6]. Element types are specific to the different types of the optimization. Siz-
ing optimization is a common process used to improve the performance of engineer-
ing designs [7]. The common geometry variables in sizing optimizations are diameter,
thickness, length, width, and height. Motlagh optimized the jacket structure by using
the diameter and the thickness of the jacket pipes as the design variables. The mass
was minimized by 15% under ultimate loading [8]. In a similar research, Sandal et al.,
optimized the jacket using the thickness and diameter as optimization variables. The
mass reduced by 40% and with reduced performance of the maximum horizontal dis-
placement, increasing by 80 mm. In general, for the jacket substructure, the variables
influencing the optimization process are the base width, the jacket height, the member
diameter and thickness [9]. Therefore, for this research the base width, the diameter
and thickness were the main variables. After the optimization process the responses
were checked against code limitations and were within code limits whiles minimiz-
ing the mass. Therefore, the performance of the jacket with respect strength have been
maintained, whiles reducing the mass.

2 The Jacket Boundary Conditions and Finite Element Modeling

2.1 The Boundary Conditions

Tomodel the support as realistic as possible, the soil structure interactionwas considered
in the foundation behaviour, therefore spring support was used. The ultimate load on
top of the jacket structure applied at the reference point (RP) is made of estimated wind
load, rotor nacelle assembly (RNA), and the tower. The unfactored loads from wind are
Fx = Fy = 5071 kN, Mx = My = 423875 kNm, Mz = −33324 kNm, and RNA, and
tower load Fz = −14972 kNm. The wave load calculation was base on the Morisons
equations. The velocities and acceleration of the wave were estimated by Stokes 5th
order calculation model. The wave loads were based on the significant wave height (Hs)
of 13.98 m, peak period (Tp) of 18.06 s, and wave length (L) of 308.07. The ultimate
load used for the design was based on load combination in Table 1, which is based on
Chinese code GB 50009-2012 [10]. The jacket configuration is shown in Fig. 1.

2.2 Finite Element Model

From Fig. 1, a total of 196 components were modeled and members having similar
geometric properties classified into 26 groups. In the absence of the tranistion piece, the
top was model with 50 mm thick 2-dimensional plate element and 4-top pipe elements
of 1550 mm diameter and 220 mm thickness to give enougth stiffness for transmission
of applied load. The high water level of (HWL) 66.39 m was used in the model. The
coordinates of the jacket substruture were modeled with python-Abaqus-scripting. The
yield strength of the steel is 355MPa, and the tensile strength used is 560MPa. The B31
CPS3 linear pipe element type was used.
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Fig. 1. The jacket model with spring support (MSL- mean water level)

Table 1. Load combination for design

Load case wind Wave Deadload

LC 1.5*(wind1) 1.35*0.7*(wave1) 1.0*DL

3 Parameter Studies and Optimization

3.1 Parameter Studies

Six parameters were studied for the optimization; 1) pile length (PL) above the mud-
line, 2) the base width (BW), 3) brace diameter (BD), 4) brace thickness (BT), 5) leg
diameter (LD), and 6) Leg thickness (LT). The responses with respect to maximum dis-
placement,maximumstress,maximum rotation,mudline displacement,mudline rotation
and mudline stress were analysed.

Increasing the PL (1400 mm to 5900 mm), has little effect on the maximum stress
(+0.8 MPa), the maximum displacement increased by 9.4% (+7.69 mm), the mudline
displacement increased by 10.3% (+1.74 mm), the maximum top rotation increased by
2.3% (+0.007°), themaximumpile rotation at themudline increased by 34.3% (+0.037°).

Increasing the BW (22500mm to 40000mm), has significant effect on the maximum
stress (−42.98 MPa), the maximum displacement reduced by 49.3% (−70.29 mm),
the mudline displacement decreased by 5.7% (−1.06 mm), the maximum top rotation
decreased by 8.4% (−0.028°), the maximum pile rotation at the mudline increased by
36.2% (+0.034°).

Increasing the BD (by + 100 mm @ + 20 mm for each model), has little effect
on the maximum stress (−1.68 MPa), the maximum displacement reduced by 2.7%
(−2.28 mm), the mudline displacement decreased by 4.4% (−0.81 mm), the maximum
top rotation decreased by 4.7% (−0.015°), the maximum pile rotation at the mudline
decreased by 17.1% (−0.024°).

Increasing the BT (by + 25 mm @ + 5 mm for each model), has significant effect
on the maximum stress (−85 MPa), the maximum displacement reduced by 10.4%
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(−9.61 mm), the mudline displacement decreased by 2.3% (−0.41 mm), the maximum
top rotation decreased by 22.2% (−0.086°), the maximum pile rotation at the mudline
decreased by 24.7% (−0.038°).

Increasing the LD (by+ 100 mm@+ 20 mm for each model), has moderate effect
on the maximum stress (−6.84 MPa), the maximum displacement reduced by 5.4%
(−4.7 mm), the mudline displacement decreased by 3.4% (−0.62 mm), the maximum
top rotation decreased by 2.8% (−0.009°), the maximum pile rotation at the mudline
decreased by 0.8% (−0.001°).

Increasing the LT (by + 25 mm @ + 5 mm for each model), has significant effect
on the maximum stress (−86.69 MPa), the maximum displacement reduced by 24.1%
(−25.52 mm), the mudline displacement decreased by 4.8% (−0.87 mm), the maximum
top rotation decreased by 4.1% (−0.013°), the maximum pile rotation at the mudline
increased by 3.4% (+0.004°).

Based on the trends of the results achieved, the jacket was parametrically optimized.
The PL and BW of the original model were maintained, so the response of the jacket
with respect to the BW and PL has been retain to the original model. Increasing the BD
has little effect on the maximum stress, and displacement, the some of the BD features
were increased. to compensate for the increment in BD, BT parameters were decreased.
Decreasing the BT, is expected to have significant effect on the maximum stress incre-
ment, moderate effect on the increment of the maximum displacement, significant effect
on both themaximum top rotation and the rotation at themudline level. To counteract the
effect of the BT decrement, the LD parameter was moderately increased level 2 to level
4 members (original features maintained for level 1). Increment of LD, has moderate to
little impact on all the responses studied. Finally, the LT was decreased to balance the
reduction in stress by the increment of the LD.

3.2 Parametric Optimization

Based on the optimization philosophy developed from the above, the jacket model was
parametrically optimized. The detail responses of the optimized solution are shown in
Table 2, Figs. 2, 3, 4 and 5. Compared to the original design the optimized option (OPT1)
mass reduced by 16%. The maximum stress reduced from 288.7 MPa to 274.91 MPa
(Fig. 2). The Maximum displacement increased from 83.88 mm to 87.37 mm (Fig. 3),
the maximum rotation reduced from 0.309° to 0.304° (Fig. 4) and rotation at the mud-
line increased from 0.1203° to 0.1384° (Fig. 5). From Fig. 2, the stress contour of the
optimized model is well distributed compare to the stress contour of the original model.

3.3 Comparing Results with Design Code Limits

The maximum stress response of the optimized structure is below the elastic limit of
355MPa. The jacket has been parametrically optimized. The limiting value of the current
design horizontal displacement based on the ASCE-7-16 is 175 mm. The maximum
displacement from the parameter optimization is 87.37 mm. From Eurocode 7 [11], the
relative maximum rotation acceptable for ultimate limit state is 1/150 rad (0.38°), the
optimized solution satisfied the rotation condition under ultimate state. The optimized
model has maximum top rotations of 0.3044°, and being lower than the original jacket
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Table 2. Results of optimized solution

Model Mass
(ton)

Maximum
top stress
(MPa)

Base
width
(mm)

Maximum
displacement
at top (mm)

Maximum
rotation at
top (deg)

Maximum
displacement
at mudline
(mm)

Maximum
rotation at
mudline
(deg)

OPT1 1490 274.91 35000 87.37 0.3044 18.96 0.1384

ORIGH 1781 288.7 35000 83.88 0.3088 17.56 0.1203

(a) Optimized model (b) Original model

Fig. 2. Stress contours of optimized and original model

(a) Optimized model (b) Original model

Fig. 3. Displacement contours of optimized and original model

maximum rotation of 0.3088°. TheDNVcode J101, limit themudline rotation to 0.2500°
under serviceability loading. The mudline rotations for the optimized solution under
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(a) Optimized model (b) Original model 

Fig. 4. Rotation contours of optimized and original model

 
 

(a) Optimized model (b) Original model 

Fig. 5. Mudline rotation contours of optimized and original models

ultimate loading is 0.1384°, which is lower than the DNV codes limits but greater than
the original model mudline rotation of 0.1203°.

4 Conclusions

The FEA models of the jacket substructure were built using GMSH module in python-
scripting environment. The models were then converted to Abaqus-readable inp files.
The foundation boundary conditions and the wave load were applied through Fortran
subroutine using the UEL and Dload functions respectively. Parameter studies was con-
ducted on the models of jacket substructure under extreme ultimate loading. Base on the
parameter studies the jacket substructure was quickly optimized. The following are the
summaries of the investigation:

Six different parameters of the jacket were studied for the parametric optimization.
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From the results of the parameter studies, the maximum stress was mainly affected
by the variation of BW, BT, and LT. The maximum displacement was mainly affected
by the variation of BW and LT. The maximum rotation at the top was affected by the
movement in BT only. The pile mudline rotation was affected by the movement in BW,
PL, BD, and BT.

The parametrically optimizedmass reduced 16%. Themaximum stress reduced from
288.7MPa to 274.9MPa. The absolute value of themaximum rotation at top reduce from
0.309° to 0.304°. The maximum displacement increased to 87.37 mm from 83.88 mm.
The mudline rotation increased by 14.2% (from 0.120° to 0.137°).

A quick optimized solution has been developed through the trend developed from
the parameter studies. The works shows an efficient modelling of the jacket substructure
for optimization. The work can be enhanced by developing mathematical models from
the parameter studies for an efficient numerical optimization using a good optimization
algorithm.
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Abstract. The integratedmonitoring technology and linkage analysis of the struc-
ture and enclosure system (large span curtain wall structure) are studied by study-
ing the impact of deformation of the main structure on the stress and deformation
performance of the curtain wall structure, as well as considering the impact of the
load transmitted by the curtain wall structure to the main structure on the main
structure. Conduct research on three scenarios: pure large-span curtain wall struc-
tural model, pure main body structural model, and collaborative work between
large-span curtain wall structural model and main body structural model. Com-
pare and study indicators such as period, deformation, and interlayer displacement
angle. The analysis shows that the load transmitted by the large-span curtain wall
structure to themain structure has very little impact on the deformation of themain
structure; The deformation of the main structure has little impact on the relative
deformation of the large-span curtain wall structure.

Keywords: Main Structure · Large Span Curtain Wall Structure ·Monitoring ·
Overall Analysis

1 Project Overview

Due to the difficulty of monitoring the main structure, such as high-altitude operations,
structural components being covered by decorative layers, etc. In order to achieve the
monitoring task of the enclosure structure and the main structure, data collection is
carried out by arranging monitoring points on the inner side of the building enclosure
structure room or the outer surface of the enclosure structure; Using mature calcula-
tion software, establish a calculation model for the enclosure structure and the main
structure. By comparing and analyzing their respective periods, displacements, stresses,
etc., determine the mutual influence and loading form of the enclosure structure and the
main structure; Calculate the enclosure structure and main structure by applying loads
obtained frommonitoring data; And compare with the corresponding monitoring results
to identify the reasons for the differences in results, and modify the calculation model
and assumptions to achieve the goal of matching the final calculation results with the
monitoring results [1–3].
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As a part of the building, the large-span curtain wall structure needs to be considered
in collaboration with the main structure (overall analysis or simplified analysis). The
load, deformation, and stress of the curtain wall structure are linearly distributed. It is
necessary to study the impact of the deformation of the main structure on the stress
and deformation performance of the curtain wall structure, and also consider the impact
of the load transmitted by the curtain wall structure to the main structure on the main
structure.

This article conducts research on three scenarios: pure main structure model, pure
large span curtain wall structure model, and collaborative work between large span
curtain wall structure model and main structure model. It mainly compares and studies
indicators such as period, deformation, and interlayer displacement angle, analyzes the
mutual influence between the main structure and large span curtain wall, determines
the loading method between them, and explores the feasibility of separate calculation
between large span curtain wall structure and main structure, By simplifying the model
for analysis, the purpose of monitoring is achieved.

Project situation: A rectangular building with a podium length of 92 m and a width
of 42 m; The tower is 63 m long and 23 m wide; The span of the large-span curtain wall
structure is 10.4 m, with one frame every 2 floors (i.e. 7.8 m); The large-span curtain
wall structure is a steel structure, with the main structure being a steel frame structure.
The analysis software is Midas Gen.

In order to simplify the calculation, the long-span curtain wall structure only consid-
ers dead load and wind load, DL (dead load): 7.8 KN/M, W+ (wind load): 13.3 KN/M,
W - (wind load): 13.3 KN/M [4–6].

2 Comparative Analysis of Models

2.1 Analysis Model

Fig. 1. A Structural Model of Pure Long Span Curtain Wall

2.2 Analysis Ideas

Step 1: The initial model support of the pure large-span curtain wall structure is a rigid
joint support, and the support reaction forces F1i andM1i (i taken as x, y, z) are calculated
and analyzed in Fig. 1, Fig. 2 and Fig. 3;
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Fig. 2. Pure subject structure model Fig. 3. Final assembly model

Step 2: Apply the calculated support reaction force of the large-span curtain wall
structure to the pure main structure, obtain the displacement values Di and Ri (i takes x,
y, z) of each support, and calculate the stiffness of each support through Ki= F1i/Di and
Ki =M1i/Ri (i takes x, y, z). This stiffness value is the stiffness value after considering
the deformation of the main structure;

Step 3: Add the stiffness value Ki after considering the deformation of the main
body to the pure main body structural model for calculation and analysis, and obtain the
support reaction forces F2i and M2i. This analysis result is the result after considering
the influence of the main body;

Step 4: Re add the support reaction forces F2i and M2i from the previous step to the
pure main body model for calculation and analysis;

Step 5: Collaborate between the large-span curtain wall structuremodel and themain
structure model, and compare the calculation and analysis results with the pure main
structure model and the pure large-span curtain wall structure model analysis results;

2.3 Cycle Comparison

Through modal comparison analysis, the pure main structure model T1= 4.7805 corre-
sponds to the final assembly model T1= 4.766, with a very similar period. The periods
of other corresponding modes are also very similar, and the modal trend is consistent.
The pure curtain wall structure has minimal impact on the main structure (Table 1).

2.4 Comparison of Deflection Between Pure Main Structure and Final Assembly
Model

When the stiffness of the main structure is considered in the large-span curtain wall
structure, the generated reaction force is applied to the pure main structure. At this
time, the pure main structure model (considering the influence of the load transmitted
by the curtain wall) is analyzed, and compared with the final assembly model analysis.
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Table 1. Period comparison

Model Vibration mode Cycle

Pure main structure model (considering the
influence of curtain wall structure)

1 4.7805

2 3.5343

3 3.3238

Mold assembly model 1 4.766

2 3.5418

3 3.336

Fig. 4. Pure main body (considering the influence of curtain wall) Y-direction deflection

Fig. 5. Y-axis deflection of the final assembly model

Under 1.0 constant + 1.0 wind conditions, the deflections of the pure main structure
model (considering the influence of the load transmitted by the curtain wall) are DY =
160.66 mm and DX = 119.24 mm, respectively; The deflections of the final assembly
model are DY= 161.37 mm and DX= 118.14 mm, as shown in Table 2 for comparative
analysis. From this, it canbe seen that the deflectiondifference in theYdirection is 0.44%,
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Fig. 6. Pure main body (considering the
influence of curtain wall) X-direction

Fig. 7. Final assembly model X-direction
deflection

the deflection difference in the Y direction is 0.93%, and the deflection differences in the
X and Y directions are very small. According to this simplified method, the deflection
of the pure main structure analysis and the deflection of the final assembly mold are
basically consistent in Fig. 5, Fig. 6 and Fig. 7 (Fig. 4).

Table 2. Comparison of Deflection Between Pure Main Structure and Final Assembly Model

Model Maximum deflection in Y
direction (mm)

Maximum deflection in X
direction (mm)

Pure main body (considering the
influence of curtain walls)

160.66 119.24

Final assembly model 161.37 118.14

2.5 Comparison of Deflection Between Pure Large-Span Curtain Wall Structure
and Final Assembly Model

When analyzing the pure large-span curtain wall structure, the influence of the main
stiffness was considered, and compared with the final assembly model analysis, only
the Y-direction deflection was studied, as shown in Table 3. According to the analysis
in the previous section, the deformation of the pure main structure in the Y-direction
is 160.66 mm. When considering the stiffness of the main structure, the Y-direction
deformation of the large-span curtain wall structure is 0.16 mm, and the relative defor-
mation of the pure main structure in the Y-direction is 161.37–0.16= 161.21 mm, which
is 0.34% different from the deformation of 160.66 mm when analyzing the pure main
structure alone, and the difference is very small. According to the analysis, the main
structure has a linear relationship with the deformation of the large-span curtain wall
structure, and the deformation is coordinated from top to bottom. Therefore, the main
structure has little impact on the large-span curtain wall structure, and this simplified
model method is feasible.
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Table 3. Comparison of Deflection Between Pure Large-Span Curtain Wall Structure and Final
Assembly Model

Model Maximum deflection in Y direction (mm)

Pure large span curtain wall (without considering
the deformation of the main body)

0.16

Final assembly model 161.37

relative deformation 161.21

2.6 Comparison of Interlayer Displacement Angles Between Pure Main
Structure and Final Assembly Mode

Taking 16F as an example, when considering the influence of curtain wall load transfer,
the interlayer displacement angle of the pure main structure is 1/3075 < 1/550; The inter
story displacement angle of the main structure of the final assembly model is 1/3153 <
1/550, with a difference of 2.5%, which is relatively small. Analogy analysis of other
layers shows that the differences are relatively small. From the analysis results, it can
be seen that the main structure considers the influence of load transfer from the large-
span curtain wall structure, and the interlayer displacement angle is very close to the
calculation results of the final assembly model, indicating that this simplified model
method is feasible.

3 Conclusion

By comparing the pure large-span curtain wall model (considering the main stiffness),
pure main structure model (considering the influence of large-span curtain wall), and
final assembly model on the period, interlayer displacement angle, and deflection of
large-span curtain wall structure and main structure, it can be seen from the period that
the modal trends of the sub model and final assembly model are consistent, and the
interlayer displacement angle and deflection are also very close. The main conclusions
are as follows:

1) The most accurate way to monitor various indicator data of the main structure is to
use the final assembly model of the main body and large-span curtain wall structure
for analysis and monitoring. However, in actual projects, many models are relatively
large in size, and if we want to use the final assembly model for calculation and
analysis, both configuration and efficiency requirements are relatively high. So it is
necessary to simplify the model for analysis and processing to achieve the goal of
improving efficiency.

2) The pure large-span curtain wall structural model is a simplified method of applying
a large-span curtain wall structural reaction force to the main model, calculating and
analyzing the lateral stiffness of the main structure, and then adding it back to the
large-span curtain wall structural model for analysis and calculation. This simplified
method greatly improves the efficiency of calculation and analysis. By comparing and
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analyzing the results of the combined model calculation, it is found that the cycle and
modal trends are consistent, and the differences in interlayer displacement angles and
deflections are also very small. Therefore, the pure large-span curtain wall structure
model can be analyzed separately in this simplifiedmodelmethod. However, in actual
projects, comprehensive consideration needs to be given to the actual situation and
engineering requirements.

3) The pure subject model is a simplified method of directly applying the reaction force
obtained from the separate analysis of the pure large-span curtain wall structure to the
subject, which takes into account the stiffness of the main structure. This simplified
method also greatly improves the efficiency of calculation and analysis. By comparing
and analyzing the results of the combined model calculation, it is found that the cycle
and modal trends are consistent, and the deformation difference is also very small.
Therefore, the puremain structuremodel can be analyzed separately in this simplified
model method. However, in actual projects, comprehensive consideration needs to
be given based on the actual situation and engineering requirements.
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Abstract. Due to the use of corrugated steel plate in the web, the torsional per-
formance of the beam body will be weakened to a certain extent. In this paper,
the Hamiltonian-Jacobian equation is used to analyze the torsion of the corrugated
steel web composite box girder. The Lagrangian function of the system is obtained
by taking the warping function and the relative torsion angle of the cross-section
as the two generalized coordinates, and the Hamiltonian-Jacobian equation for the
torsion problem is established by using the regular transformation. The accuracy
of the proposed method is verified by comparing the obtained results with the lit-
erature values, and the fact that the torsional performance of the beam is weakened
by using corrugated steel plate is verified by using the results of this paper.

Keywords: Corrugated Steel Web · Torsional Properties ·Warpage Function;
Relative Torsion Angle · Hamiltonian-Jacobian Equations

1 The Hamiltonian-Jacobian Equation for the Torsion Problem

The warping function of the cross-section and the relative torsion angle are selected as
the two generalized coordinates of the torsion problem [5], they are both functions of the
coordinates z, β = β(z) and ϕ = ϕ(z), and the time variable t in Hamiltonian mechanics
is replaced by the coordinate z, and the Lagrangian function of the torsion problem is
[3, 4]:

L = 1

2

(
4∑

i=1

EiIωi

)
β̇2 + 1

2

(
4∑

i=1

GiJi

)
ϕ̇2 + 1

2

(
4∑

i=1

Gi(IPi − JBi)

)
(ϕ̇ − β)2 − mϕ

(1)

where Iωi is the main sector moment of inertia of the cross-section, Ji is the torsional
moment of inertia of the cross-section, IPi is the polar moment of inertia of the cross-
section, and JBi is the Brett torsional moment of inertia of the cross-section [6], which are
all cross-section constants that can be found and calculated by the engineering manual.
m is the moment of the external force acting on the beam per unit length. Let A =
1
2

(
4∑

i=1
EiIωi

)
B = 1

2

(
4∑

i=1
GiJi

)
, C = 1

2

(
4∑

i=1
Gi(IPi − JBi)

)
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Then the generalized momentum corresponding to the generalized coordinates is
[1]:

Pβ = ∂L
∂β̇

= 2Aβ̇

Pϕ = ∂L
∂ϕ̇

= 2Bϕ̇ + 2C(ϕ̇ − β)
(2)

Substituting (2) into the Lagrangian function yields the Hamiltonian function of the
system:

H = 0.25A−1P2
β + 0.25(B+ C)−1P2

ϕ − BC(B+ C)−1β2 + C(B+ C)−1βPϕ + mϕ

(3)

The Hamiltonian function H does not contain coordinates z, so there is a generalized
energy integral h (h is a constant), and the parent function of the canonical transformation
can be selected as follows:

S(β, ϕ; z) = −hz +W (β, ϕ) + K (4)

where K is the integral constant of the addition, and the regular transformation relation
is as follows:

Pβ = ∂W

∂β

Pϕ = ∂W

∂ϕ

(5)

Substituting (2) and (5) into (3), we get the Hamiltonian-Jacobian equation for the
torsion problem as:

0.25A−1
(

∂W

∂β

)2
+ 0.25(B+ C)−1

(
∂W

∂ϕ

)2
− BC(B+ C)−1β2 + C(B+ C)−1β

∂W

∂ϕ
+ mϕ = h (6)

2 The Solution to the Torsion Problem

2.1 Simplification of Equations

(6) is a first-order nonlinear partial differential equation, which has been shown to be
an important factor affecting the torsional characteristics of the corrugated steel plate,
while the coefficient of the nonlinear term is a dimensionless coefficient, which no longer
includes the stiffness of the corrugated steel, so the influence of the nonlinear term is
negligible, and the equation can be simplified as:[

0.25A−1
(

∂W

∂β

)2

− BC(B+ C)−1β2

]
+

[
0.25(B+ C)−1

(
∂W

∂ϕ

)2

+ mϕ

]
= h

(7)
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2.2 Separation of Variables

(7) It can be solved by using the separation variable method [2], letW (β, ϕ) = W1(β)+
W2(ϕ) Substituting (7) gives us two ordinary differential equations:

0.25A−1
(
dW1

dβ

)2

− BC(B+ C)−1β2 = η

0.25(B+ C)−1
(
dW2

dϕ

)2

+ mϕ = h− η

(8)

In this case, the parent function of the regular transformation is:

S(β, ϕ; z) = −hz +W (β, ϕ) + K = η
(
AB+C

BC

) 1
2
ln

[(
ABC
B+C

) 1
2
β +

(
Aη + ABC

B+C β2
) 1

2
]

+β
(
Aη + ABC

B+C β2
) 1

2 − 4(B+C)
1
2 (h−η−mϕ)

3
2

3m − hz + K

(9)

where η, h,K are the three integration constants, which are determined by the boundary
conditions.

2.3 Analytic Expressions for ϕ(z) and β(z)

The regular transformation relation expressed in termsof the parent function is as follows:

∂S

∂η
= γ1

∂S

∂h
= γ2

(10)

Substituting the expression (10) of S into (11) gives the expression of ϕ(z) as follows:

ϕ(z) = h− η

m
− m

4(B+ C)
(z+ γ2)

2 (11)

The expression for β(z) is as follows:

(
A

B+C

) 1
2 ln

[
(BC)

1
2 β +

(
Bη + Cη + BCβ2

) 1
2

]
+ β

2

(
Bη + Cη + BCβ2

)− 1
2

+η(B+ C)
(

A
BC

) 1
2

[
(BC)

1
2 β +

(
Bη + Cη + BCβ2

) 1
2

]−1(
Bη + Cη + BCβ2

)− 1
2 = γ1 − z+γ2

(B+C)
1
2

(12)

where h, η, γ1, γ2 are the 4 integration constants, which are determined by the boundary
conditions.
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3 Analysis and Discussion

3.1 Case Analysis

In order to verify the effectiveness of the proposed algorithm, a specific example Ref.
[9] is selected for calculation.

The beam bears the mid-span torque, which is solved by the algorithm in this paper.
The results of the warpage function are shown in Fig. 1.

Fig. 1. Calculation of the warpage function

Then, according to the warping function [7], the values of the normal stresses at each
point on the cross-section can be calculated, and the expression of the normal stresses
is as follows:

σz = −Eiβ̇ω (13)

where ω is called the main sector coordinate of the box section, and the specific calcula-
tion method can be referred to Ref. [10], which will not be repeated in this article. The
following Table 1 shows the normal stress values of some measurement points at a span
of 0.975 m, where point A is the edge point of the roof flange, point B is the intersection
point of the roof and the web, and point C is the edge of the bottom plate. It can be seen
that the error between the normal stress value of the obtained measurement point and the
literature value is not more than 3%, and the correctness and accuracy of the proposed
algorithm are verified by the comparison of stress values.



718 X. Shu et al.

Table 1. Comparison of normal stress values of cross-sections(MPa)

Measuring points Measuring points A Measuring points B Measuring points C

Calculated values in this
article

0.973 −0.206 −10.39

Calculated values from Ref.
[9]

0.950 −0.200 −10.13

3.2 Torsional Performance Analysis

The torsional performance of a beam can be measured using the torsional angle per unit
length. Deriving the expression (11) yields the absolute value of the torsion angle per
unit length as follows:

|ϕ̇(z)| = (B+ C)−1
∣∣∣0.25(z + γ2)

2ṁ(z) + 0.5(z + γ2)m(z)
∣∣∣ (14)

When the boundary conditions and the external force couple moment are constant,
the magnitude of the torsion angle per unit length is only related to the magnitude of (B
+ C). It can be seen from the above that when the corrugated steel plate is used instead
of the concrete slab, the shear stiffness of the cross-section will decrease [8], and the
value of (B + C)will increase, so the torsional angle per unit length will also be larger,
so the torsional performance of the beam will be weakened, which is consistent with the
existing research conclusions.

4 Conclusion

In this paper, theHamiltonian-Jacobian equation for the torsionproblemof the corrugated
steel web is given, and an approximate solution to the torsion problem is obtained. The
accuracy of the proposed algorithm is verified by comparing with the calculated results
of the existing literature. The results of this paper can well meet the needs of the project,
and its engineering significance is as follows:

Although the use of corrugated steel plate has the advantages of light weight and
good crack resistance, the torsional performance of the beam will be weakened to a
certain extent, so special attention should be paid to the torsion-related strength and
stiffness calculation in the engineering design to ensure the safe operation of the beam.
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Abstract. A kind of Ecotype Ultra High Performance Concrete (E-UHPC) with
silicate high strength cement and a variety of industrial tailings as cementing sys-
tem, green sand as aggregate and ecotype organic fiber as reinforcing material
is proposed. The fluidity, flexural strength and compressive strength of E-UHPC
under different factors were studied by different superplasticizer content and sand
particle size. The results show that the variation trend of fluidity with particle
size can be expressed as an exponential function. The peaceability of E-UHPC
with Superplasticizer content of 8% is better, and the flexural strength and com-
pressive strength are better than that of E-UHPC with superplasticizer content of
15%. The research results can provide reasonable suggestions for the content of
superplasticizer and the optimization of sand particle size of E-UHPC.

Keywords: E-UHPC · Superplasticizer · Fluidity · Flexural Strength ·
Compressive Strength

1 Introduction

With the rapid development of domestic infrastructure construction, and the demand for
concrete materials is becoming more urgent. Ultra High Performance Concrete (UHPC)
is a kind of concrete with large amount of cementing material, low water-binder ratio
and large shrinkage characteristics, which usually requires the use of high-quality raw
materials and the incorporation of appropriate admixtures to ensure its workability and
mechanical properties [1].

There are many researches on UHPC at present, such as Men et al. conducted an
experiment based on the effects of slag powder, silica fume and steel fiber on themechan-
ical properties of UHPC,which results showed that the steel fiber content had the greatest
impact on the mechanical properties of UHPC [2]. Wang et al. studied the content of
superplasticizer in UHPC based on the closest packing theory, his research showed
that when the content of superplasticizer was 3%, the obtained UHPC had the highest
strength, and the UHPC prepared with the content of superplasticizer was 4% had the
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best working performance [3]. Although UHPC has excellent mechanical properties, but
its low water-binder ratio, large amount of cementing material and lack of coarse aggre-
gate increase the viscosity and decrease the fluidity of UHPC [4], resulting in increased
difficulty in the pumping and construction process of ultra-high performance concrete
mixes [5].

Traditional UHPC preparation processes often require particularly high-quality raw
materials such as high-quality aggregate, special cement, copper-plated fine steel fibers,
etc. [6]. To achieve high strength, special curing and protection measures such as high-
temperature steam curing are often required [7].

This topic aims to prepare low-energy-consuming ecological E-UHPCby optimizing
the proportion and gradation of aggregate, cementing material, and admixture, using
ordinary sand as aggregate, industrial tailings as admixture, and organic dispersible
fiber instead of steel fiber, under conventional technology (i.e., without special mixing
equipment, steam curing, etc.). A set of basic mix design methods for ecological ultra-
high performance concrete (E-UHPC) and the proposed E-UHPC basic material ratio
are proposed.

2 Methods and Material

2.1 Test Material and Scheme Design

The test materials were made up by P.O 52.5 cement, river sand, and A and B polycar-
boxylic acid superplasticizers with content of 15% and 8%, respectively, and the water-
binder ratio is 0.19. The particle size of river sand is 2.5–4.75 mm, 0.45–0.9 mm, 0.22–
0.45 mm, 0.125–0.22 mm, respectively. The test scheme of different superplasticizer
content and sand particle size is shown in Table 1.

Table 1. Test scheme

Test number Dosage of superplasticizer/% cement/g Water/g Sand/g Sand size/mm

1-A 15 1100 209 900 2.5–4.75

2-A 0.45–0.9

3-A 0.22–0.45

4-A 0.125–0.22

1-B 8 2.5–4.75

2-B 0.45–0.9

3-B 0.22–0.45

4-B 0.125–0.22
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2.2 Test Methods

Fluidity Test. The fluidity test was carried out in accordance with GB/T 50448-2015
“Technical code for application of cementitious grout”. The tests is shown in Fig. 1 and
Fig. 2.

Fig. 1. Variation of fluidity with sand particle size

Fig. 2. Flow state diagram raw materials and fluidity for water reducer test

Flexural Strength Test. The test of mechanical properties of E-UHPC mainly includes
flexural strength and compressive strength, which is in accordance with GB/T 17671-
2021 “Test method of cement mortar strength (ISO method)”. The flexural strength
places one side of the specimen on the support column of the testing machine, and the
axis of the specimen is perpendicular to the supporting cylinder, and the load is uniformly
applied vertically on the opposite side of the prism until it is broken through the loading
rate of 50 N/s. The flexural strength is calculated according to Eq. (1)

Rf = 1.5Ff L

b3
(1)

In the Eq. (1), Rf represents the flexural strength, MPa; and Ff represents the load
applied to the middle of the prism when its broken, N; and L represents the distance
between the supporting columns, mm; and b is the side length of a prismatic square
section, mm.
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Compressive Strength Test. After the flexural strength test, the two halves were taken
out and the compressive strength test was carried out. In the whole loading process, the
rate of 2400 N/s is uniformly loaded until it is destroyed. The compressive strength is
calculated according to Eq. (2)

Rc = Fc

A
(2)

In the Eq. (2), Rc represents the compressive strength, MPa; and Fc represents the
maximum load when the material is failure, N; and A is compression area, mm2.

3 Results

3.1 Analysis on the Fluidity of E-UHPC

The fluidity of E-UHPC under different particle sizes is shown in Fig. 3. Figure 3(a)
shows the fluidity of E-UHPC with 15% of superplasticizer. It can be seen from the
Fig. 3a that the fluidity value shows an exponential growth trend with the particle size.
When the particle size is less than 1 mm, the fluidity increases linearly with the increase
of the particle size. And when the particle size is larger than 1mm, the increasing trend of
fluidity is slow. Figure 3(b) shows the fluidity of E-UHPC with 8% of superplasticizer.
The development trend of the fluidity value of E-UHPC with 8% of superplasticizer is
consistent with that of with 15%. Which can be expressed by Eq. (3).

f = aek/b + c (3)

In the Eq. (3), f represents the fluidity value, mm, k represents the sand particle size,
and a, b, and c are the fitting parameters, as shown in Table 2.

a 15% superplasticizer b 8% superplasticizer
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Fig. 3. Variation of fluidity with sand particle size
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Table 2. Parameter of the exponential function

superplasticizer dosage/% a b c R2

15 −406.13 −0.110 −9.0 0.983

8 −509.50 −0.102 −9.8 0.985

Thefluidity ofE-UHPCwith two types of superplasticizer content at different grading
is shown in Fig. 4. As can be seen from the Fig. that the greater dosage of superplasticizer,
the smaller the fluidity. The fluidity of cement mortar with different grading is the same,
which will decreases with the decrease of sand particle size. The main reason is that
the smaller the particle size of sand particles, the larger the specific surface area, and
the amount of cement paste required to wrap the surface of sand particles increases.
Therefore, under the same content of water and superplasticizer, the fluidity of cement
mortar decreases significantly. The fluidity of cement mortar with 8% superplasticizer
is 17%–21% higher than that with 15%, hence the effect of 8% superplasticizer content
on the flow performance of cement mortar is more significant.
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Fig. 4. Comparison of fluidity of E-UHPC with 15% and 8% superplasticizer

3.2 Analysis on the Flexural Strength of E-UHPC

The 28-day flexural strength E-UHPC under different particle sizes is shown in Fig. 5.
The flexural strength of E-UHPC corresponding to 8% and 15% water-reducing agent
is basically the same, which is increased first and then decreased with the increase of
particle size. When the particle size is at range of 0.125–0.9 mm, the flexural strength
increases linearly with the change of particle size.

When the sand particle size is at range of 0.125–0.22 mm, the flexural strength of
E-UHPC corresponding to two types of superplasticizers is at a small value. The main
reason is that the smaller the sand particle size is, the larger the surface area is, and
the bonding property between sand particles is weakened, which affects the mechanical



Experimental Study on the Influence of Superplasticizer 725

properties of E-UHPC to a certain extent.When the sand particle size is at range of 0.45–
0.9 mm, the flexural strength corresponding to the two types of superplasticizers reaches
the maximum, and the flexural strength corresponding to the 8% superplasticizers is
about 22% of the 15% superplasticizers Dosage. With the particle size increasing to
2.5mm–4.75mm, theflexural strength corresponding to the twocontent superplasticizers
showed a linear decrease trend, mainly because the sand surface area decreased due to
the doubling of the sand particle size.
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Fig. 5. Variation of flexural strength with sand particle size

Comparison of 28-day flexural strength of E-UHPC with 15% and 8% superplasti-
cizer is shown inFig. 6.As can be seen from theFig. That the flexural strength ofE-UHPC
corresponding to the 8% superplasticizers is larger than that to 15% superplasticizers at
every partical size, which is about 14–22%.
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Fig. 6. Comparison of 28-day flexural
strength of E-UHPC with 15% and 8%
superplasticizer
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3.3 Analysis on the Compressive Strength of E-UHPC

After theflexural strength test, the twohalveswere takenout and the compressive strength
testwas carried out. The 28-day compressive strength of E-UHPCunder different particle



726 G. Xu et al.

sizes is shown in Fig. 7. The results in the Fig. show that the compressive strength of E-
UHPC corresponding to 15% superplasticizer increases rapidly at first and then steadily
with the increase of particle size, and reaches the maximum when the particle size is
at range of 2.5 mm–4.75 mm. The compressive strength of E-UHPC corresponding to
8% superplasticizer increases rapidly with the increase of particle size at first and then
remains basically unchanged, and reaches the maximum when the particle size is at
range of 0.22–0.45 mm.

By comparing the 28-day compressive strength of E-UHPC with two types of super-
plasticizer content, it can be found that the 28-day compressive strength of E-UHPCwith
8% superplasticizer content under the same particle size is about 14% to 28% larger than
that with 15%.

4 Conclusions

By comparing the fluidity, flexural strength and compressive strength of E-UHPC with
two different contents of water reducing agent and four kinds of sand particle sizes, The
fluidity of E-UHPC with the superplasticizer content of 8% is 17%–21% higher than
that with the superplasticizer content of 15%, which shows a better peaceability. The
28-day flexural strength of E-UHPCwith two types of superplasticizer content increases
first and then decreases with the increase of particle size, while the 28-day compressive
strength increases rapidly first and then steadily. The 28-day flexural strength and 28-
day compressive strength of flexural strength with superplasticizer content of 8% are
obviously higher than that of 15%. Therefore, E-UHPC with superplasticizer content of
8% has better working and mechanical properties.
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Abstract. Taking the Baozhuping gully landslide-debris flow disaster chain in
Ya’an City as an example, through field investigation and on-site measurement,
this study analyzed the characteristics of the collapse and breakthrough during the
“7.16” debris flow outbreak, and provided the types of dam break and its hydraulic
characteristics after the landslide slide. The results show that the instability of the
dambodyof the pond ismainly due to the damage causedby the overflowof the top,
and the maximum flow rate of the dam break reaches 30.12 m3/s, which triggers
the initiation of debris flow downstream, providing reference for the prevention
and control of similar debris flows.

Keyword: Debris Flow · Disaster Chain · Dam Break · Baozhuping Gully

1 Introduction

On July 16, 2022, heavy rainfall occurred in Yucheng District, Ya’an City. A landslide
occurred on the upstream slope of Baozhuping gully, a right-bank tributary of Zhougong
River, on the right bank of Qingyi River. The slope soil rapidly slid to the foot of the
slope, and the water in the pond quickly rushed into Baozhuping gully, triggering a
debris flow that lasted for about 15 min. It burst out of the channel at Nanba East Street,
damaging three vehicles. The debris flow accumulated on the surface of Nanwai Ring
Road and Nanba East Street, blocking the roads and causing damage to houses on both
sides of Baozhuping gully. This resulted in road interruption, vehicle destruction, injuries
to people, and property losses. People’s Daily, China News Network, and other media
outlets reported on this incident promptly, generating strong social response [1]. The
dam break played an important role in triggering the debris flow in Baozhuping gully.

Currently, extensive research has been conducted both domestically and interna-
tionally on the formation of blockage and failure points in channel sedimentary dams.
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Takahashi [2] identified three main causes of debris flow: 1) Infiltration of water into
the deposited material in the channel bed, which forms surface flow and destabilizes the
material, leading to debris flow. 2) Soil blocks that collapse from the slope break apart
and mix with water during movement, transforming into debris flow. 3) Slope collapse
material blocking the channel bed, which becomes unstable due to the accumulation of
upstream water and subsequently forms debris flow as a large amount of water flows
out. Wu [3] discussed the generation of flow from blockage and failure of landslides,
debris flows, and glacial deposits in channels. David and Froehlich [4] analyzed a large
amount of data on failed sedimentary dams and used multiple regression to derive a
new empirical formula for predicting peak outflow during dam failure. Xiang [5] ana-
lyzed the hydraulic characteristics and initiation conditions of debris flows within the
Qipanguo dam failure in Wenchuan County. Yucheng District in Ya’an City is known
for its frequent occurrence of geological hazards due to rainfall [6]. This article takes
the “7·16” debris flow in Baozhuping gully, Yucheng District, Ya’an City as an example
to analyze the characteristics of hydraulic conditions and initiation conditions after the
landslide sliding and pond failure. The results have certain representativeness and can
serve as a reference for the prevention and control of similar geological hazard chains.

2 Basic Situation of Baozhuping Gully

Baizhuping Gully is located in Chengqing Village, Dongcheng Street, Yucheng District,
Ya’an City. Its geographical coordinates are 103°01′28.13” E and 29°59′12.13” N. It is
approximately 4 km away from the Yucheng District People’s Government. There is a
rural cement road leading to the exploration point, and the gully mouth is connected to
the South Outer Ring Road, providing good transportation conditions.

Baizhuping Gully is a right-bank tributary of Zhougong River, a tributary of Qingyi
River. It has a drainage area of 0.26 km2 and flows from southeast to northwest. The
upstream area has a funnel-shaped topography, while the middle and downstream areas
have a strip-shaped topography. The main gully is 1.4 km long with a gradient of 313‰
and a relative elevation difference of 430 m.

2.1 Geological Conditions

The main geological structure in the area of Baizhuping Gully is folding structure,
with no regional faults observed. The internal structure of the area exhibits a north-
south orientation, forming part of the north-south tectonic belt of Sichuan and Yunnan.
The basin’s geological formations mainly consist of sandstone and mudstone of the
Cretaceous Guankou Formation, with additional exposures of loose deposits from the
Quaternary period. These loose deposits are primarily found in the sedimentary areas of
the middle and lower reaches of the gully and on the surface of the gully slopes.

The main gully has a narrow valley, typically with a width of 10–20 m, and often
exhibits a “U” shape. According to the Comprehensive Vulnerability Score based on the
“Technical Code for Investigation of Debris FlowDisaster Prevention and Control Engi-
neering (Trial)” (TCAGHP 006–2018), Baizhuping Gully has a score of 74, indicating
a mild susceptibility to debris flows. The completeness coefficient of the Baizhuping
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Gully basin is relatively small (0.133), indicating poor convergence conditions and a
relatively gentle flood process. Therefore, the likelihood of debris flows occurring is low
in the absence of rapid changes in hydraulic conditions [7–9].

Considering the surrounding environment, there are several tributaries with similar
geological conditions to Baizhuping Gully (see Figs. 1 and 2). These tributaries share
similarities in terms of basin area, main gully length, terrain slope, and lithology. No
debris flows were reported in any of these tributaries on July 16, 2022. From the video
footage taken by Chuan Guan News after the debris flow event in Baizhuping Gully,
it can be seen that there was still a large amount of floodwater in the gully, while the
left tributary remained clear (see Figs. 3 and 4). This indicates that the debris flow
in Baizhuping Gully was likely caused by rapid sliding of slope soil and rock from
the upstream slope into the foot pond, resulting in a significant change in hydraulic
conditions due to the rapid influx of water [10–12].

Fig.1. Distribution map of Baozhuping gully and surrounding branch gully

Fig. 2. Image of Baozhuping gully and surrounding branch gully
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2.2 Hydrometeorological Conditions

The average annual rainfall in Yucheng District, Ya’an City is 1614 mm. The largest
annual rainfall in 50 years was 2367.2 mm in 1966, and the largest daily rainfall in
50 years was 339.7 mm in 1959. The maximum hourly rainfall was 86 mm, and the
maximum 10-min rainfall was 30.1 mm.

According to the measured data from Zhougongshan Meteorological Station (the
nearest meteorological station to Baizhuping Gully), which is located upstream of the
gully, there were a total of 18 times with daily maximum rainfall greater than 100 mm in
the past five years, ranging from 103.1—179.2mm. Themaximumhourly rainfall during
these 18 heavy rainfalls ranged from 15.7—85.6 mm. The debris flow in Baizhuping
Gully occurred on July 16, 2022, with a rainfall of 159.1 mm and a maximum hourly
rainfall of 48 mm. In mountainous areas of Sichuan Province, the rainfall that usually
triggers debris flows is around 48—50 mm for a single rainfall or 8.0—12.2 mm for a
10-min rainfall, with a rainfall intensity of about 0.8—1.2 mm per minute (Wu et al.,
1993). Before July 16, 2022, there were 13 heavy rainfalls, and after that, there were four
heavy rainfalls, but none of them triggered debris flows. Therefore, it is unlikely that
Baizhuping Gully was directly triggered by rainfall to cause large-scale debris flows.
The main cause is the fast sliding of slope soil and rocks from the upstream slope into the
foot pond, causing a significant change in hydraulic conditions due to the rapid influx
of water into Baizhuping Gully in Table 1.

Table 1. Statistical table of heavy rainfall in the past 5 years at Zhougongshan Meteorological
Station in Yucheng District, Ya’an City

Number Data Maximum
daily
rainfall
(mm)

Maximum
hourly
rainfall
(mm)

Note Number Data Maximum
daily
rainfall
(mm)

Maximum
hourly
rainfall
(mm)

Note

1 2019.8.6 141 20.1 10 2021.8.22 150.1 80.4

2 2019.8.22 112.1 22.9 11 2022.5.9 162.2 26.9

3 2019.9.13 134.5 20.6 12 2022.5.13 121.2 27.5

4 2020.8.11 179.2 85.6 13 2022.7.12 194 74.2

5 2020.8.16 147.8 15.7 14 2022.7.16 159.1 48 Debris flow
occurred in
Baozhuping
Gully

6 2020.8.18 155 47.2 15 2023.7.11 103.1 41.1

7 2020.8.30 185 50.8 16 2023.7.16 137.5 24.2

8 2021.8.18 139.8 24.1 17 2023.8.10 108.3 21.1

9 2021.8.20 123.1 43.5 18 2023.8.12 106.0 46.2
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3 Hydrodynamic Characteristics After Dam Failure

3.1 Basic Characteristics of Ponds

Themain cause of themudslide inBaizhupingGully on “7·16”was the significant change
in hydraulic conditions due to the failure of the upstream reservoir. The reservoir is
located on the right bank tributary of Baizhuping Gully, about 300m from the watershed,
with a drainage area of approximately 0.05 km2.

According to the investigation and analysis of pre-and post-failure images (Fig. 3),
the reservoir was excavated by local residents as a slope foot, with a front section built
as a dam primarily for aquaculture. It has an elongated rectangular shape, with a length
of about 85m and a width of 50—20 m. The depth of the reservoir is approximately 4m,
with a storage capacity of about 11,900 m3.

Based on the data from Zhougongshan Meteorological Station on the Rain City
Natural Resources and Planning Bureau’s meteorological information service platform,
there was continuous rainfall from July 12th to July 16th, 2022, with a total accumulated
rainfall of 402.3 mm. The reservoir was already at full capacity before the occurrence
of the mudslide.

Due to the heavy rainfall over several days, the slope formed by excavating and
constructing the fish pond at the front edge became saturated. The strength and stability
of the soil and rock decreased continuously, eventually resulting in a rapid sliding along
the mudstone layer towards the reservoir. The sliding distance was approximately 30 m,
with a volume of 9,600 m3. The soil and rock mass squeezed the water in the reservoir,
causing it to rapidly overflow into Baizhuping Gully.

Fig. 3. Aerial images on August 11, 2022

3.2 Types of Reservoir Dam Breach

By using the slope stability calculation formula, the stability safety factor of the reservoir
dam at half and full capacity was calculated. The overall stability factor of the most
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dangerous surface under both conditions was greater than 1, indicating that the reservoir
dam would not experience overall movement instability. The damage to the dam was
due to the erosion caused by a large amount of water overflowing to the outside of the
dam after the reservoir was full. The failure mode was an overflow erosion and collapse
type (Kuang, 1993). This calculation result is consistent with the on-site investigation.

3.3 Hydrodynamic Characteristics After Dam Failure

Regarding the overflow erosion and collapse type dam, according to the peak flow
formula proposed by David C. Froehlich (1996), the peak flow during the collapse was
calculated to be 30.12 m3/s (Table 2), causing significant damage downstream.

Qp = 0.607V0.295
w H1.24

w (1)

Here, VW represents the capacity of the reservoir at the time of the incident (m3), and
HWrepresents the depth from the bottomof the final breach to the surface of the reservoir
when the dam fails (m).

Table 2. Calculation table for peak flow when the reservoir bursts

Dam location The capacity of the
pond at the time of
the accident
(m3)

The depth of the
pond from the
bottom of the final
breach to the surface
of the reservoir when
the dam failed
(m)

Peak discharge flow
(m3/s)

Note

Baozhuping gully
upper reaches
reservoir dam

11900 2.5 30.12

4 Conditions for Triggering Debris Flow After Reservoir Dam
Failure

Based on the morphology of the on-site investigation, the Baizhuping Gully debris
flow is a dilute debris flow (water and sediment flow) containing certain fine particles.
According to the research results of Fei (2004), it is assumed that the fine particles are
uniformly distributed along the vertical line.

In the Fig., θ is start critical inclination angle for channel, h is the deep flow; h′
is the thickness of the channel coarse-grained layer, driving shear stress in fixed loose
materials (τ ) and starting resistance (τL) are:

τ = [
S ′
vm

(
γs − γf

)
h′ + γf h

]
sin θ (2)
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τL = [
S ′
vm

(
γs − γf

)
h′] cos θ tan α′ + τf (3)

In the equation γf is the bulk density of a suspension composed of fine particles and
water, tan α′ is the friction coefficient in the presence of fine particles, γs is the solid bulk
density, svm′ is the channel activation layer concentration, the suspension shear stress τf
is very small, can be ignored, In this way, the starting condition is

τ = τL (4)

or

tan θ = S ′
vm

(
γs − γf

)
tan α′

S ′
vm

(
γs − γf

) + γf
(
h
/
h′) (5)

When the channel slope is greater than or equal to θ , debris flow starts. Select the
location of the pond and dam for starting condition analysis, and calculate the peak flow
rate at this location in 50 years to be 1.99m3/s based on the inference formula. The peak
flow rate after the collapse is 30.12 m3/s (Table 3), Compared with normal conditions,
the flow rate is enlarged by 15.1 times (table). Based on experience, it is judged that the
possibility of debris flow under this flow rate is greater.

Table 3. Calculation table of cross-section flood peak flow at the location of the dam

Calculate
position

catchment
area
km2

Main
groove
length
km

Main ditch
longitudinal
slope‰

peak flow
(m3/s)(p
= 1%)

peak flow
(m3/s)(p
= 2%)

peak flow
(m3/s)(p
= 5%)

peak flow
(m3/s)(p
= 10%)

Section at
the
location of
the dam

0.05 0.4 249 2.20 1.99 1.69 1.46

Using Formula (5), the determination of whether a debris flow will be triggered after
the Baizhuping Gully reservoir dam failure is conducted. The calculation parameters are
based on field measurements and empirical data, and the calculation results are shown in
Table 4. From Table 4, it can be observed that the slope of the channel is greater than the
initiation slope of the debris flow. Therefore, when the reservoir overflows and erodes,
it will trigger the scouring of sediment at the bottom of the channel, initiating a debris
flow (Zhao et al., 2021).
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Table 4. Summary of calculation parameters and results

svm′ γs γf h h′ tan α′ θ Channel slope

0.9 2.4 1.1 3 1 0.75 11.1 12.0

5 Conclusion

The fact that multiple tributaries with similar engineering geological conditions on both
sides of Baizhuping Gully have never experienced debris flow indicates a lower integrity
coefficient and poor convergence conditions in the Baizhuping Gully watershed. The
likelihood of debris flow occurrence is lower in the absence of rapid changes in hydraulic
conditions.

In the past five years, the region has experienced 18 heavy rainfall events (daily
rainfall ranging from 103.1 to 179.2 mm, maximum hourly rainfall ranging from 15.7
to 85.6 mm). Except for the event on “7·16”, no debris flow occurred, suggesting that
rainfall is not the main triggering factor for debris flow in Baizhuping Gully.

Through stability calculations and on-site investigations, the failure mode of the
upstream reservoir in Baizhuping Gully is identified as overflow erosion and collapse
type.

The peak flow rate during the failure of the upstream reservoir in Baizhuping Gully is
30.12 m3/s, with an initiation slope of 11.1°. The downstream channel slope of the dam
is 12.0°. The failure flood triggers scouring of sediment at the bottom of the downstream
channel, initiating a debris flow and causing significant damage downstream.
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Abstract. In recent years, with the continuous development of China’s construc-
tion industry, the site selection of construction projects has become more and
more complex, and more and more construction projects have encountered deep
and complex filling problems. This paper is based on a project in the north of
China, which is a deep and complex filling slope and the support form is pile-
anchor support. Considering the risk of deep and complex soil filling on slope
stability, in order to ensure the construction quality and safety, the double-pipe
split anchor test is studied and analyzed. Through the comparison of engineering
test, numerical simulation and actual monitoring data, it is shown that the scheme
has a good effect on improving the quality of anchor, and has certain guiding
significance for similar projects.

Keywords: Complex Fill · Anchorage · Double-Pipe Spilt-Grouting · Numerical
Simulation

1 Introduction

In recent years, with the continuous development of China’s construction industry, more
and more construction project site selection involves deep and complex fill areas. Due to
the uneven nature of deep and complex fill, loose structure, large thickness difference,
low bearing capacity, high porosity, strong permeability and other factors, there are
great risks in slope support. At present, the most widely used slope support method is
pile-anchor support, which has good effect, simple construction, strong adaptability and
strong economy [1–4].

This paper takes a project in northernChina as an example. The project has a deep and
complicated filling up to 20 m, which has great risks. In order to ensure the construction
quality and safety of the project, the construction of ordinary anchor and double-pipe
splitter were carried out respectively, and the multi-stage overtension test was carried
out respectively, and the effect of improving the quality of anchor was comprehensively
analyzed through the test data and quantitative indicators. Subsequently, numerical sim-
ulation combined with actual monitoring data was used for comparative analysis, the
overall effect is good.
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2 Engineering Project

2.1 Project Overview

The project is located in a city in northern China, the above-ground use function is
a residence, the above-ground 4 floors, the underground 1–3 floors. The project is a
permanent slope support project, including supporting piles, permanent anchor rods and
a variety of retaining wall forms.

The proposed site is originally a mountain trench, the terrain is complex, the height
difference is large, the site has been filled with soil treatment, the thickness of the site
is about 20 m, the backfill time is about one year from the project construction, the site
has been DDC construction treatment, after backfilling to form a permanent slope of
9−12 m.

In this project, the slope support system is adopted, and 3–5 anchors are set according
to the slope height, the anchor aperture is 200 mm, the anchor length is 20–38 m, the
steel strands are 4–5 1 * 7–17.8 (1860 MPa), the construction Angle is 35–40°, and the
standard tension value is 290–570 kN. The locking value is 390–770 kN, the bolt adopts
P.O 42.5 cement, the water-cement ratio is 0.5–0.55, and the construction technology
adopts the casing follow-up bolt drill to make holes and the secondary split grouting.

2.2 Engineering Geological Condition

The special soil of this project is artificial fill and weathered bedrock.
The artificial fill is mainly mixed fill and gravel fill. The thickness of the layer is

0.5–20.0 m. According to the investigation, the artificial soil filling was formed when the
site was leveled. The soil layer mainly includesmixed fill soil, gravel mixed fill soil, fully
weathered sandstone, strongly weathered sandstone. The artificial filling time is short,
about one year, the artificial filling composition is complex, the distribution is uneven,
and the mechanical properties are poor. No groundwater was found within 20.0 m of the
site.

2.3 Anchor Design Scheme

The design cement is P.O 42.5, and the water-cement ratio is 0.5–0.55. The first grouting
pressure is 0.5 MPa, and the second high pressure grouting pressure is 2.0–2.5 MPa.
When grouting, the grouting pipe should be inserted 250–500mm away from the bottom
of the hole, and the mixed cement slurry should be injected into the bottom of the hole
and pumped outward from the bottom of the hole. Due to the shrinkage of the cement
slurry, the grouting treatment should be done in time after grouting to make the hole
section full of slurry.

In this test, the fifth anchor rod in the double-row pile area was selected. The anchor
rod was composed of 4–17.8 (1860 MPa) steel strands. The anchoring section length
was 15 m, the free section length was 5 m, the standard pulling force value was 290 kN,
and the locking value was 390 kN.

According to the drawings, the maximum load of acceptance test is 1.5 Nak, and the
maximum load of acceptance test of anchor rod on this road is 435 kN. In the process
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of tensioning lock acceptance, the multistage overtension verification test effect will be
carried out according to the actual tensioning situation.

According to CECS 22 Technical Specification for Ground Anchors, the formula for
calculating bolt displacement is shown as follows:

�s = P ∗ (Lf + La
2 )

E ∗ A
= 435 ∗ (0.8 ∗ 5)

1.95 ∗ 4 ∗ 193
∼ 435 ∗ (5 + 15/2)

1.95 ∗ 4 ∗ 193
= 1.16∼3.61 cm (1)

According to Article 9.4.6, “The total displacement measured by tension type anchor
rod under the maximum test load shall exceed 80% of the theoretical elastic elongation
value of the length of the free section of the rod body under the load, and be less than
the theoretical elastic elongation value of the sum of the length of the free section of the
rod body and the length of the 1/2 anchoring section”, In this project, the displacement
of the bolt at the maximum load value of 435 kN is between 1.16 and 3.61 cm.

3 Double Tube Splitting Test

In view of the situation that the backfill soil in the field area is thick and the soil is loose
and easy to collapse the hole, two ways of ordinary anchor rod and double pipe splitting
are carried out respectively in this project. The double-pipe splitting technology is to
add a second splitting pipe on the basis of the original one-time grouting and secondary
splitting. Through the effect of double splitting, it can make up for the shortcomings that
cement slurry is easy to lose in loose soil, so as to increase the solid holding force of
anchor bolt and improve the overall anchoring strength.

In order to verify the test results, the maximum load value was increased to 1.95Nak
during the tensioning process. The test records and curves are as follows Fig. 1 and
Fig. 2.
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Fig. 1. Q-s curve of ordinary anchor

0.0

87.0

174.0

261.0

348.0

435.0

522.0

609.0

696.0

783.0

870.0

0 102030405060708090100

s(mm)

Q(kN)

Fig. 2. Q-s curve of double pipe split bolt

Through the comparative analysis of the above two sets of curves and corresponding
load-displacement data, the results show that the displacement of the double-pipe split
grouting test bolt is significantly higher than that of the ordinary anchor, which indicates
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that the construction quality of the anchor can be improved by the double-pipe split
grouting method for the loose soil and other easily collapsing holes.

In this project, the construction technology of double-pipe split-grouting is adopted
in the deep and complicated fill areas. At present, all the anchor rods in the site have
been constructed, and the construction quality is good. The basic test and acceptance
test meet the requirements.

4 Numerical Simulation

Taking a section of pile and anchor area as an example, the numerical simulation of pile
and anchor support is carried out, and the numerical simulation results are compared
with the measured results.

In the numerical simulation area, the pile diameter is 1.2 m, the pile length is 19 m,
and the pile spacing is 2 m. The top of the pile has a bolt, the bolt bore is 200 mm,
composed of 4 steel strands, the anchoring section length is 25 m, the free section length
is 7 m, the standard pulling force value is 400 kN, the locking value is 540 kN. The
soil layer in the pile and anchor supporting area consists of fill soil layer, gravel layer
and strong weathered sand rock layer from top to bottom. The thickness from the top
elevation of the pile to the bottom is 15,5 and 20 m, and there is no groundwater in the
depth range.

After the establishment of the slope support model, the software including grav-
ity self-stability, pile construction, anchor cable construction and slope excavation will
carry out corresponding calculations to solve the internal force and deformation incre-
ment of the support system, and realize the controllability of simulated excavation. The
simulation and analysis results are as follows Fig. 3, 4, 5, 6 and 7.

Fig. 3. Pile-anchor support model

The maximum horizontal displacement generated by the set monitoring record is
shown in the Fig. above. It can be seen from the simulation results that the maximum
horizontal displacement of the pit wall occurs in the middle and lower part of the foun-
dation pit slope, and the horizontal displacement of the soil behind the slope gradually
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Fig. 4. Displacement cloud map of advance support of slope protection pile

Fig. 5. Cloud map of advance support of anchor cable

Fig. 6. Horizontal displacement contour map
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Fig. 7. Maximum horizontal displacement curve

decreases in the direction away from the supporting structure. The simulated horizontal
displacement of the slope top is 8.7 mm and the maximum horizontal displacement is
10.1 mm.

5 Monitoring Data Analysis

Up to now, the maximum value of horizontal displacement monitoring of the actual
supporting section slope top in the test area of this project has reached about 8 mm
and gradually tends to be stable, which is similar to the calculated results of numerical
simulation andmore conservative than the results of numerical simulation, and generally
meets the requirements of monitoring and alarm value. According to its changing trend,
the horizontal displacement gradually increases with the construction of pile protection,
anchor cable and slope excavation. With the completion of soil consolidation on the pile
side, the curve gradually becomes stable.

6 Conclusion

In this paper, combined with a deep and complex soil filled slope project in north China,
the double-pipe splitting scheme was first used to study the improvement of the con-
struction quality of anchor rod, and then numerical simulation combined with actual
monitoring was used for comparative analysis, with good results. The main conclusions
are as follows.

(1) Deep and complicated fill is harmful to building slope, so it should be paid attention
to and measures should be taken.

(2) For the pile and anchor support system of slope in deep and complex soil filling
area, the displacement and deformation of double pipe split grouting are reduced
compared with that of ordinary bolt. For loose soil and other strata prone to collapse
holes, the construction quality of bolt can be improved by double pipe split grouting.
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(3) FLAC3D software was used to numerically simulate the support situation of pile and
anchor slope. After the advance support of slope protection pile and anchor cable,
soil was excavated, and the excavation and displacement conditions were studied.
Through the comparison between the simulated situation and the actual monitoring
situation, it was found that the numerical simulation was basically consistent with
the actual situation.
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Abstract. The research involved the use of commonly utilized concrete mate-
rials as the target plate, with a specially designed 76 mm projectile intended to
impact the concrete structure at a specific angle. The goal was to conduct numer-
ical simulation research on the deflection of the projectile under oblique impact
conditions and analyze the concrete structure’s ability to resist penetration under
such conditions. Through numerical simulation calculations, various aspects of the
oblique impact were studied, including ricochet patterns under different projectile
velocities and angles of incidence, as well as the resulting damage to both the pro-
jectile and the target plate, penetration depth, and deflection angle of the projectile.
The findings showed that, compared to vertical penetration, the concrete structure
exhibited superior deflection and cover-plate effectiveness under oblique impact
conditions. The ricochet patterns observed could potentially inform the design of
concrete anti-ballistic structures.

Keywords: Concrete Structure · Projectile Ricochet · Oblique Impact

1 Introduction

With the continuous development of precise guidance technology, the threat of penetrat-
ing weapons is increasing. Therefore, the research and development of new camouflage
technology is crucial to improve the protection capabilities of important engineering
facilities on the battlefield, and the study of yaw structures has attracted widespread
attention. For example, Reference [1, 2] developed a yaw layer composed of electrical
ceramics and PRC spherical columns, and conducted a shooting test with a 57 mm semi-
armor-piercing bullet. The results showed that the yaw layer had a significant effect on
the deflection of the projectile, with a maximum deflection angle of 64°. References
[3, 4] analyzed the impact resistance characteristics of ruby ball concrete. The study of
oblique impact of bullet-target is the key to the study of yaw structure. Reference [5]
conducted tests on the oblique penetration of C30 and C60 reinforced concrete by pro-
jectiles at speeds of 250–430 m/s. The results showed that the critical ricochet angle of
C30 reinforced concrete was between 38°–44°, and that of C60 reinforced concrete was
between 34°–42°. Reference [6] conducted oblique penetration tests on C40 concrete
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target plates using a 10 mm diameter projectile, and the results showed that when the
inclination angle of the projectile increased to a certain degree, ricochet occurred. Ref-
erences [7–10] used cavity expansion theory and numerical simulation methods to study
the ricochet problem when projectiles obliquely collided with concrete target plates.
Currently, the yaw theory analysis of concrete spallation layer is difficult to achieve with
high precision. Most research is based on projectile impact tests and numerical simula-
tion results. Therefore, using simulation to analyze the ricochet situation of the projectile
after oblique impact on the target, as well as the penetration depth and deflection angle
of the projectile, is of great significance for studying the deflection effect of special
structure concrete. It can also provide a reference for the design and optimization of
spallation layer structures in protective engineering. Therefore, this paper carries out a
numerical simulation study on the deflection of concrete structures under oblique impact
conditions.

2 Simulation Conditions and Model Selection

2.1 Simulated Operating Conditions

The simulated projectile has a diameter of 76 mm, a length-to-diameter ratio of approx-
imately 9, and a caliber radius head (CRH) of 7. The specific dimensions and weight
parameters are shown in Table 1 below.

Table 1. Dimensions of the cartridges

Diameter /mm L/D CRH Mass/Kg

76 9 7 15.24

The projectile velocity conditions range from 400 to 800 m/s, encompassing three
different velocity conditions. The projectile impacts the C60 concrete target at two
different angles. Using the dynamic finite element simulation software LS-DYNA, a
numerical simulation of the oblique penetration of a 76 mm projectile into the concrete
target is conducted. The pre-processing software HyperMesh is utilized to establish
the finite element model of the oblique penetration of the 76 mm projectile into the
concrete target. Through simulation calculations, the ricochet situation of the 76 mm
projectile obliquely penetrating the C60 concrete target, as well as the damage situation
of the projectile and the target plate, are obtained under different projectile velocities and
different projectile incidence angle conditions. The deflection angle, penetration depth,
projectile damage, and the diameter of the concrete target pit are statistically analyzed
for each condition. The schematic diagram of the statistical results is shown in Fig. 1,
where the projectile incidence angle is denoted as β, the projectile deflection angle as γ,
the penetration depth as H, and the diameter of the concrete target pit as D.

A finite element model of the 76 mm projectile oblique impact on a C60 concrete
target was established, with a total of 4 working conditions selected. Projectile velocities
included 400 m/s, 500 m/s, and 600 m/s, while the incident angles were 45° and 60°,
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Fig. 1. Schematic diagram of intrusion results

as shown in Table 2. By calculation, the ricochet situation of the 76 mm projectile
obliquely penetrating the C60 concrete target under different projectile velocities and
incident angles, as well as the damage situation of the projectile and the target plate, was
obtained.

Table 2. Numerical simulation calculation table

Operating Condition projectile velocity/m/s Angle of incidence/° Analysis of results

1 500 45 Bouncing condition
Deflection angle
Crater depth
Crater Diameter

2 400 60

3 500 60

4 600 60

2.2 Concrete Target Board Instructions

Based on the numerical simulation scheme for the oblique penetration of a 76 mm
projectile into a C60 concrete target, a 3D model was created using the SolidWorks
software platform. The concrete target has a diameter of 2000 mm and a height of
1200 mm, surrounded by 5 mm steel plates on all sides. Finite element mesh division
was conducted using HyperMesh to construct the corresponding finite element mesh
model. The finite element mesh model of the concrete target is shown in Fig. 2, with
mesh refinement in the projectile-target contact area. The finite element model of the
projectile is shown in Fig. 3.

2.3 Unit and Algorithm Selection

The simulation software selected for this simulation calculation is ANSYS/LS-DYNA
program, due to the need to establish a three-dimensional finite element model of the
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Fig. 2. Finite element model of concrete target Fig. 3. Finite element model of the
projectile

76 mm bullet oblique impact C60 concrete target, so the choice of three-dimensional
8-node solid cell SOLID164 solid mesh division, the unit has eight nodes, each node has
six degrees of freedom. The following Fig. 4 describes the geometric properties, node
positions and coordinate system of SOLID164 cell.

Fig. 4. SOLID164 solid cell geometry characteristics

2.4 Load and Constraint Setting

According to the actual working conditions of the simulation calculation of the 76 mm
projectile hitting theC60 concrete target obliquely, a series of specific solution conditions
are set up in the simulation calculation process, specifically in the following aspects:

(1) Because of the huge number of units and nodes in the calculation model, the solver
selects LS-DYNA software and sets up multi-node parallel calculation;

(2) In order to ensure the energy conservation of the system as a whole, the hourglass
control of the calculation system is carried out, and viscous damping is added to
reduce the energy loss;

(3) The contact between the concrete target and the elastomer is set as erosion contact.

2.5 Selection of Material Constitutive Model

In the calculation process, the elastic body of the principalmodel selection of viscoplastic
damage principal model (*MAT_JOHNSON_COOK), the elastic body in the process of
invasion are embodied in the strain rate effect, the commonly used viscoplastic damage
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model that can take into account both the strain rate effect and the temperature effect is
the JOHNSON COOK model, the model consists of two main parts. The first part only
involves stress:

σ =
[
A + B

(
εP

)n][
1 + Clnε̇∗][1 − (

T ∗)m]
(1)

where: σ is the VON MISES flow stress, A, B, C, n, and m are the input constants
associated with the material, εP is the equivalent plastic strain, and ε̇∗ is the relative
equivalent plastic strain rate. T*= (T−Tr)/(Tm−Tr) is the dimensionless temperature,
and Tm and Tr are the melting point and room temperature of the material.

The first factor n of the above equation represents the flow stress as a function of
equivalent plastic strain (ε̇∗ = 1.0, T*= 0); the second factor C represents the strain rate
effect; and the third factor m represents the temperature effect.

The second part deals with strain:

εf = [
D1 + D2expD3σ

∗][1 + D4lnε
∗][1 + D5T

∗] (2)

where εf is the fracture strain, σ∗ is the ratio of the pressure to the equivalent force
of VON MISES; D1, D2, D3, D4, and D5 are the damage coefficients. Fracture occurs
whenD = ∑

�ε
εf

= 1 (�ε is the equivalent plastic strain increment during the integration
cycle).

The JOHNSON COOK model is generally used in conjunction with the
GRUNEISEN equation of state, which is expressed as follows:

p = ρ0C2μ[1 + (1 − γ0
2 )μ − a

2μ
2]

[1 − (S1 − 1)μ − S2
μ2

μ+1 − S3
μ3

(μ+1)2
]2

+ (γ0 + aμ)E (3)

where C is the intercept of the vs-vp curve; S1, S2, and S3 are the slope coefficients
of the vs-vp curve; γ0 is the GRUNEISEN constant; and a is the first-order volumetric
correction for γ0 and μ = ρ

ρ0
− 1.

Concrete materials, available material models are more abundant. At present, the
concrete material models applicable to impact conditions include HJC model, RHT
model, TCK model, etc. From the numerical simulation of a large number of projectile
penetration conditions and the comparison of test results, the HJC model (Holmquist-
Johnson-CookConcretemode) ismore advantageous in describing the dynamicmechan-
ical behavior of concrete under high strain rate and high pressure conditions. The HJC
model has been clearly defined in the LS-DYNA program and is divided into three
aspects: equation of state, strength model, and damage model.

The equation of state is as follows:
Resilience phase:

p = keμ (4)

Plastic loading stage:

p = p1 + (p1 − pc)(μ1 − μc)

μ − μ1
pc ≤ p ≤ p1 (5)
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Plastic unloading stage:

p − pmax =
[(

1 − μmax − μc

μ1 − μc

)
Ke + μmax − μc

μ1 − μc
K1

]
(μ1 − μmax)pc ≤ p ≤ p1 (6)

Fully compacted loaded section:

p = k1
μ − μ1

1 + μ1
+ k2

(
μ − μ1

1 + μ1

)2

+ k3

(
μ − μ1

1 + μ1

)3

p > p1 (7)

Fully compacted unloading section.

p − pmax = k1

(
μ − μ1

1 + μ1
−

(
μ − μ1

1 + μ1

)

max

)
p > p1 (8)

At this stage the concrete is non-porous and dense and the material is completely
destroyed.

Yield equation:

σ ∗ =
[
A(1 − D) + BP∗N ](

1 − C ln ε∗) (9)

where: σ∗ is the normative equivalent stress, σ∗ = σ/fc, σ is really the equivalent stress, fc
is the quasi-static uniaxial compressive strength; P∗ is the normative pressure, P∗ = P/fc;
D is the damage parameter; ε∗ is the dimensionless strain rate.

Injury Equation:

D =
∑ �εP + �μP

D1(P∗ + T ∗)D2
(10)

where: �εP is the equivalent plastic strain; �μP is the equivalent plastic bulk strain;
D1 and D2 are material constants; T∗ is the standardized maximum tensile hydrostatic
pressure, T∗ = T/fc.

Destructive strength:

DS = f ′
cmin

[
SFMAX ,A(1 − D) + BP∗N ][

1 + C ln ε∗]P∗ > 0 (11)

DS = f ′
cmax

[
0,A(1 − D) + A

(
P∗

T

)][
1 + C ln ε∗]P∗ < 0 (12)

3 Simulation Results

The simulation results for four different working conditions corresponding to the oblique
impact on the C60 concrete target plate at projectile speeds of 400, 500, and 600 m/s
and angles of 45° and 60° are shown in Fig. 5. The stress distribution of the projectile at
different times is shown in Fig. 6.

The results show that in Case 1, the slanting impact of the projectile on the concrete
target produces a ricochet, the deflection angle of the projectile is 123°; the depth of
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OP1 OP2 OP3 OP4

Fig. 5. Results of oblique penetration of projectile into concrete target
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Fig. 6. Stress Distribution Cloud Map of Projectile Penetrating Concrete Target

penetration of the projectile is 198.8 mm; the diameter of the concrete target pit is
1098.2mm; the head of the projectile has been eroded and the projectile body is deformed
obviously. Case 2: oblique penetration of the projectile into the concrete target, resulting
in ricochet, the deflection angle of the projectile is 71°; the depth of penetration of the
projectile is 71.4 mm; the diameter of the concrete target pit is 928 mm; the head of the
projectile has been eroded, and the body of the projectile has obvious deformation. Case
3: oblique penetration of the projectile into the concrete target, resulting in ricochet,
the deflection angle of the projectile is 89°; the depth of penetration of the projectile is
98.6 mm; the diameter of the concrete target pit is 941.5 mm; the head of the projectile
has been eroded, and the body of the projectile has been deformed significantly. In Case
4, the slanting penetration of the projectile into the concrete target produces ricochet,
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the deflection angle of the projectile is 117°; the penetration depth of the projectile is
139.2 mm; the diameter of the concrete target pit is 942.3 mm; the head of the projectile
has been eroded, and the body of the projectile has obvious deformation.

4 Analysis of Simulation Results

4.1 Analysis of Projectile Deflection and Target Damage

According to the requirements of the working conditions, the finite element model of the
76 mm projectile impacting obliquely on the C60 concrete target was established, and
a total of four working conditions were calculated, as shown in Table 3 below. Through
the calculation of different projectile velocity and different projectile incidence angle
conditions, the 76 mm projectile oblique impact C60 concrete target ricochet, as well as
the damage of the projectile and the target plate.

Based on the simulation results, the following conclusions can be obtained:

(1) From the calculation results, it can be concluded that for the same projectile and
under the same velocity conditions, a larger angle of incidence leads to a smaller
projectile deflection angle, shallower penetration depth, and smaller crater diameter.

(2) From the calculation results, it can be concluded that for the same projectile and
under the same angle of incidence, a higher velocity leads to a larger projectile
deflection angle and greater penetration depth.

(3) Compared with the vertical penetration of concrete armor-piercing structures under
the same conditions, the advantage of concrete structures against penetration is more
pronounced under oblique impact conditions. The design of new concrete armor-
piercing structures should fully utilize the advantage of concrete structures in causing
projectile deviation under oblique impact conditions.

Table 3. Summary of numerical simulation results

Operating
Condition

projectile
velocity/m/s

angle of
incidence/°

Angle of
deflection/°

penetration
depth /mm

Diameter
of crater
/mm

Condition of
the projectile

1 500 45 123 198.8 1098.2 Warhead
abrasion,
body
deformation

2 400 60 71 71.4 928

3 500 60 89 98.6 941.5

4 600 60 117 139.2 942.3

4.2 Comparison Results with Vertical Penetration of Concrete Structures

Using the same numerical model to calculate the 76 mm projectile with 400 m/s vertical
penetration of C60 concrete structure, the results are shown in Fig. 7, penetration depth
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of 0.68 m. Penetration according to the penetration formula proposed by Forrestal [11]
can be calculated 76 mm projectile penetration of C60 concrete depth of about 0.7 m,
and the numerical simulation results coincide with the 76 mm projectile in large angle
In the four working conditions under the condition of oblique impact on C60 concrete
structure, the effective depth of penetration is about 0.07 m, which is much smaller than
the vertical penetration depth of the projectile, compared with the anti-invasion effect is
very obvious, which proves that the large-angle oblique impact of the projectile target
can be effective in deflecting the projectile to achieve the purpose of protection at the
same time.

Fig. 7. Schematic diagram of vertical penetration results

5 Conclusion

This article focuses on the numerical simulation of the oblique impact of a 76 mm
projectile on a C60 concrete target, and a total of 4 working conditions were selected
for calculation. The simulation results were used to obtain the skipping behavior of the
76 mm projectile and the damage to the projectile and the target plate under different
projectile velocities and oblique impact angles.

(1) The calculation results show that the oblique penetration of the projectile into the
concrete target can be divided into the formation of a projectile pit, sliding zone,
and tunnel. This is due to the loosening and shedding of the surface concrete when
the projectile impacts the concrete target, resulting in minimal resistance to the
projectile’s movement. As the penetration continues, an asymmetrical resistance
force causes the projectile to deviate laterally. With increasing penetration depth,
the resistance force becomes approximately uniform, resulting in the formation of
a tunnel. When the tunnel length reduces to zero, skipping of the projectile occurs.

(2) From the calculation results, it can be observed that for the same type of projectile
and the same velocity, a larger oblique impact angle leads to a smaller deviation
angle, shallower penetration, and smaller pit diameter.

(3) Similarly, for the same type of projectile and oblique impact angle, a higher velocity
results in a larger deviation angle and deeper penetration.

(4) Compared to the vertical penetration of the projectile into the concrete, the concrete
structure exhibits a more significant advantage in resisting penetration under oblique
impact conditions. The design of new concrete shielding structures should fully
exploit the advantage of deflecting projectiles under oblique impact conditions.
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Abstract. To solve the problem of concrete quality caused by non-standard mix-
ing time of high-strength concrete and improve the durability life of concrete
structures, based on the working performance and mechanical properties of con-
crete, effect of mixing time on the workability and strength was studied. In this
paper, for high-strength concrete with water-binder ratios of 0.31 and 0.38, the
mixing time was 120 s, 160 s, 180 s and 240 s. The effects of different mixing
times on the fluidity, cohesion and water retention of high-strength concrete and
the compressive strength of 28 days were studied. The test results show that the
appropriate mixing time benefits the working performance of concrete and the
development of concrete strength. Based on the workability and mechanical prop-
erties of concrete, the mixing time of concrete with a water-binder ratio of 0.38 is
160 s, and themixing time of concrete with a water-binder ratio of 0.31 is 180 s. To
ensure the excellent uniformity, compactness, workability and mechanical prop-
erties of concrete, the mixing time should consider the slump and the water-binder
ratio of concrete. For concrete with a water-binder ratio of 0.31 to 0.38, the mixing
time can change from 180 to 160 s.

Keywords: Mixing Time · Water-Binder Ratio · Workability · Admixture

1 Introduction

Concrete mixing quality is mainly controlled by mixing method, feeding sequence and
mixing time. To make the concrete mixture uniform and the mixing time appropriate,
Germany first issued the national industry standard DIN1045. However, the concrete
homogeneity and mixing time have not been precisely defined. At present, forced mix-
ing is often used in on-site construction. 45–120 s is selected as the mixing time of
concrete. The main reason is that too long a mixing time will lead to the bleeding of
concrete, affecting its workability, strength, and durability. If the mixing time is longer,
the composition of the mixture will be uneven, the homogeneity will be good, the hon-
eycomb will appear inside the structure, and the phenomenon of pockmark will appear
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on the surface [1, 2]. Therefore, a specific internal relationship exists between the uni-
formity of concrete mixing and bleeding. As shown in Fig. 1, the uniformity of concrete
and the development process of segregation exceed the optimal mixing time, and the
concrete will begin to segregate. After the concrete reaches a specific mixing time, there
will always be a time point for the best mixing quality. On the graph, the position of
this point is determined by the sum of mixing and segregation [3]. Zheng Donghao et al.
[4] believed that the uniformity of the concrete mixture was the best when the mixing
time was 90 s. Ren Changxi [5] believes that the mixing time has little effect on the air
content of the concrete mixture. When the mixing time is between 90 s and 120 s, the
slump and workability of the concrete are the best. Yang et al. [6] used a double spiral
concrete mixer to test the influence of mixing time and mixing rate on the strength and
uniformity of concrete. Through comparative analysis, it was found that better quality
concrete could be obtained when the mixing speed of concrete was between 1.6~ and
1.8 s and the mixing time was between 85~ and 95 s. He et al. [7] used the discrete
element analysis software EDEM to simulate the material mixing process. Rong Xin of
Chang’an University established a mathematical model to characterize the workability,
and the optimal mixing time of concrete was between 90 s and 110 s by comparing
the established mathematical model with the traditional slump test [8]. Fang [9] modi-
fied the VC value and strength performance of concrete with different consistency, and
determined that the concrete performance was the best when the mixing time was 120 s.

Mixing stage Dispersion

The best mixing time
Dispersion curve

Mixing curve

Mixing time

Fig. 1. Curve of mixing process

Ngo [10] designed a method to calculate concrete’s shortest mixing time (stabiliza-
tion time) based on the mixer’s power and reduced the energy consumption by 17%.
The ‘Technical Specification for Concrete Durability Quality Control of Hong Kong-
Zhuhai-Macao Bridge’ stipulates the shortest continuous mixing time according to the
mixer model and capacity, as shown on Table 1.
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Table 1. The shortest continuous mixing time of concrete

Mixing machine type Mixer capacity (L) The shortest continuous mixing time (min)

Forced (non-vertical) ≤1500 2.5

>1500 3.0

The mixing time of ordinary concrete is in the range of 90 s–120 s, and the per-
formance of concrete is the best. However, for concrete with high strength and a small
water-binder ratio, it is easy to cause insufficient mixing, leading to uncompacted con-
crete pouring and insufficient strength. To solve the problem of concrete quality caused
by the non-standard mixing time, based on the working performance of concrete such
as slump and workability, the influence of mixing time on the working performance,
mechanical properties and crack resistance of concrete was studied.

2 Test Scheme

2.1 Raw Materials

Rawmaterials used in the test process: Gravel, limestone, particle size 5–25mm, cement
grade PII42.5, the manufacturer is Yingde Conch Cement Co., LTD., water reducing
agent 3301C-HM03, Sika (Jiangsu) Building Materials Co., LTD., first-class fly ash,
provided by Zhuhai Yuezhu Environmental Protection Technology Development Co.,
LTD., slag powder for S95 type, Provided by Zhuhai Yueyufeng Steel Co., LTD.

2.2 Test Methods

The mixing equipment and methods used are different in the concrete mixing process,
and the mixing time may also be different when the concrete has the best working
performance. The optimum concrete mixing time with different mix ratio designs is also
different. For concrete designed with different water-binder ratios, the same HJS-60
horizontal double-axis forced mixer was used to carry out the mixing test, as shown
in Fig. 2, and the mixing time required to achieve the best working performance was
studied.
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Fig. 2. HJS-60 horizontal double-axis forced mixer.

Two mix ratios of w/b = 0.31 and 0.38 were selected, and the mix ratio is shown
in Table 2. When the mixing time was 120 s, 160 s, 180 s and 240 s, the working
performance, fluidity, cohesiveness and water retention of concrete were observed. At
the same time, specimens with the size of 100 × 100 × 100 mm were poured and
maintained for 28 days to test the strength of concrete.

Table 2. Mix proportion ratio of concrete

Number Water-binder Cement ground
slag

Fly
ash

Sand Stone Water Superplasticizer

1 0.31 350 130 0 702 1098 150 4.8

2 0.38 155 90 120 769 1106 140 3.65

3 Test Results

3.1 Influence of Mixing Time on Working Performance

According to the test data analysis in Figs. 3, 4 and Table 3, the concrete with a water-
binder ratio of 0.31 and 0.38 has a segregation phenomenon and poor cohesion without
water retention when mixing for 120 s. With the increasing mixing time, the cohesion
in the range of 120 s–180 s gradually increases, and the cohesion of concrete worsens
after mixing for 240 s. The cohesiveness and liquidity achieves the best when the mixing
time is 180 s.
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a 120s b 160s

c 180s d 240s

Fig. 3. Slump of concrete at different mixing time (Water-binder ratio 0.31)

a 120s b 160s

c 180s d 240s

Fig. 4. Slump of concrete at different mixing time (Water-binder ratio 0.38)
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Fig. 5. The relationship between the slump and the mixing time

Table 3. Workability of concrete with different water-binder ratio at different mixing time

Water-binder ratio Mixing time/s Slump/mm Stickiness Water-retaining
property

Cohesiveness

0.31 120 160 mid no poor

0.31 160 210 superior no range

0.31 180 220 superior mickle good

0.31 240 240 superior no fair

0.38 120 210 mid no poor

0.38 160 220 superior no fair

0.38 180 195 superior no good

0.38 240 190 superior no fair

As shown in Fig. 5, according to different mixing time (120 s, 160 s, 180 s, 240 s),
the concrete resistance to segregation, bleeding performance and cohesion. Analysis of
the influence of concrete quality, such as concrete strength and dispersion, shows that
concrete with the water-binder ratio of 0.31 and 0.38 has better concrete workability in
the range of 120 s to 180 s, and the concrete workability become worse after mixing
240 s. The cohesiveness of the two kinds of water-binder ratio concrete reaches its best
when the mixing time is 180 s. The results show that the concrete with the water-binder
ratio of 0.31 and 0.38 has the best workability, water retention and cohesiveness at 180 s.

3.2 Effect of Mixing Time on Mechanical Properties

The relationship between the compressive strength of concrete and the mixing time in
Fig. 6 shows that the compressive strength increases with the incremental mixing time.
In addition to the influence of mixing time, the changing trend of compressive strength
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of concrete relates to the mix ratio of concrete materials. The compressive strength
increases from 54 MPa to 59 MPa (an increase of 9.3%) when the mixing time changes
from 120 s to 180 s. The change in compressive strength of concrete with a water-binder
ratio of 0.38 is not apparent, and the compressive strength increases from 46 MPa at
120 s mixing to 48 MPa at 160 s mixing (an increase of 4.3%).
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Fig. 6. The relationship between the compressive strength and the mixing time

3.3 Analysis

Because the performance of concrete is not only related to the material itself but also to
the mixing time of the material, and the hydration reaction will occur during the mixing
process, the change of mechanical properties of concrete will affect the workability of
fresh concrete. Therefore, using the samemixer, the mixing time is an essential indicator
of workability. The mixing process includes four stages: Stage 1 (about 0–20 s): Due
to the lack of water, the particles between the aggregates are seriously staggered due to
lack of lubrication. The second stage (about 20 s–70 s): After the contact of water with
cement and mineral admixtures, the aggregate particles begin to form agglomerates, and
the uniformity of the concrete mixture reaches its best. The water and cement have not
fully reacted at this time, so the workability cannot reach the best. In the third stage
(about 70–120 s): the lubrication effect of water weakens, and the fluidity and cohesion
of concrete begin to increase. The fourth stage (after 120 s): As the hydration continues,
the colloid formed by cement, mineral admixtures, and water gradually encapsulates the
aggregate, and the workability gradually increases.When the workability of the concrete
mixture reaches the optimal value, the colloid and aggregate form a whole of fluidity;
if the stirring continues, some particles begin to peel off the concrete mixture, and the
colloid will also flow out of the mixture in a liquid state.

Comparing the different mixing time on the working performance of different water-
binder ratio concrete. The concrete mixing time of the water-binder ratio of 0.38 is
160 s, and the concrete mixing time of the water-binder ratio of 0.31 is 180 s. The
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working performance of concrete is the best. With the decrease in the water-binder ratio,
the water content in the mixture decreases, and the stirring time should be extended
appropriately. From the test process, it is found that not only the mixing time should
be controlled according to the slump of concrete, but also the mixing time should be
controlled according to the water-binder ratio of concrete. For concrete with a water-
binder ratio of 0.31 to 0.38, the mixing time can be controlled between 160 s and 180 s.
For concrete with a smaller water-binder ratio, the mixing time should be appropriately
increased and verified by experiments.

4 Conclusions

In this paper, concrete with water-binder ratio w/b = 0.31 and 0.38 and mixing time of
120 s, 160 s, 180 s and 240 s were used to observe the working performance, fluidity,
cohesiveness, and water retention of concrete. Effect of mixing time on the working
performance and strength of concrete with a small water-binder ratio was analyzed.
Specific conclusions are as follows:

(1) When mixing concrete with a small water-binder ratio and high strength, the mixing
time is between 160 s and 180 s, and the concrete has good workability, water
retention and cohesiveness.

(2) To obtain good uniformity, compactness, and good workability of concrete, not
only the slump should be considered but also the water-binder ratio of concrete, the
water-binder ratio of 0.38 concrete mixing time 160 s, the water-binder ratio of 0.31
concrete mixing time 180 s is more appropriate.

(3) If the mixing time exceeds 240 s, the concrete fluidity is good, but the phenomenon
of bleeding begins, which will also affect the compressive strength of the concrete.

(4) The compressive strength of concrete is related to workability, and the con-
crete strength with better workability, water retention and cohesiveness are more
significant.
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Abstract. In order to study permanent deformation of Expressway Asphalt Pay-
ment and the corresponding maintenance counter measures which have run away.
In this paper, full thickness loading test of asphalt surface is used to analyze the
cumulative run deformation capacity and residual bearing capacity of the existing
pavement with different run depths and analyze the deformation layer of the core
sample after loading and the test results after painting and curing. It is included that
the peak rutting depth of existing pavement line to structural damage is 17.6 mm
and the permanent rutting deformation depth is 27.3 mm. At the same time, the
pavement maintenance counter measures and evaluation standard for permanent
deformation of existing asphalt pavement are observed for the three rutting depth
ranges.

Keywords: Existing Aspect Payment · Rutting Deformation · Residual Carrying
Capacity · Maintenance Countermeasure

1 Introduction

Transportation is the foundation of national economic development and an important
criterion for measuring a country’s level of modernization [1, 2]. But with the increasing
vehicle load, overloading, and complex and ever-changing environmental effects, dis-
eases such as ruts on asphalt pavement on highways are also increasing. The appearance
of rutting diseases will to some extent shorten the service life of the road surface, cause
economic losses, and even cause local structural damage in a short period of time. This
not only affects the service performance of the road surface, but also affects the comfort
of road driving. In serious cases, it can pose a threat to safe driving and affect per-
sonal safety [3–5]. Based on this background, this article focuses on the rutting disease
of existing highways. Through indoor asphalt surface layer full thickness accelerated
loading tests, a set of evaluation methods for permanent deformation of existing asphalt
pavement is studied. At the same time, reasonable maintenance strategies are specified
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according to different rutting depths. The research results of this article are helpful for
maintaining the good service function of existing pavement. The preservation, preser-
vation, and even extension of the service life of existing pavement assets are of great
significance.

2 Research Sample

This article focuses on on-site sampling of a highway in Jiangsu Province, and the
pavement structure types are shown in Table 1.

Table 1. Types of Study Road Section Structures

Horizon Thickness/cm Material type

Upper layer 4 Modified asphalt AK-13

Middle surface layer 6 Modified asphalt AC-20

Lower layer 8 Ordinary asphalt AC-25

basic level 40 Cement stabilized crushed stone

Soil foundation 20 Lime stabilized soil

The highway is currently in the middle and later stages of its design life. With the
increasing traffic volume and the increasing proportion of trucks, overloading and over
limit phenomena are severe. The road surface has been operating under overload for
a long time, and some sections have already experienced serious rutting diseases. The
various performance of the road surface is still declining, and the depth of rutting on the
road surface is increasing year by year. The material performance of the road surface is
declining, and the overall performance of the structural layer is declining.

In order to study the development trend of rutting diseases on the expressway and
formulate different maintenance plans to prevent further development of pavement dis-
eases. On the basis of highway road condition detection data, this study first selected
suitable sections for research, and then used a three meter straightedge (0.1 mm level) to
measure on-site. Samples were taken in a gradient of 1 mm. Take 2 different rut depths
at the same position on the right wheel track of the driving laneФ 300 mm core samples
were used for parallel testing. In order to facilitate subsequent research, core samples
with the same rut depth were assigned the same number. The core sample numbers are
shown in Table 2.
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Table 2. Core sample number

Disease type rut depth

Rutting 8 mm 9 mm 10 mm 11 mm 12 mm 13 mm 14 mm

Sample number X8 X9 X10 X11 X12 X13 X14

Disease type rut depth

Rutting 15 mm 16 mm 17 mm 18 mm 19 mm 20 mm 21 mm

Sample number X15 X16 X17 X18 X19 X20 X21

Note: The rut depthmeasured on site is rounded off using the roundingmethod for the convenience
of this study

3 Research on the Development Trend of Existing Road Rutting
Diseases

3.1 Experimental Design

The rutting disease is one of the main forms of asphalt pavement diseases in China. The
factors affecting pavement rutting are complex, and many influencing factors overlap
with each other [6–9]. It is difficult to simulate the actual environment and stress situation
of the pavement using simple indoor tests. Therefore, combined with relevant research
results [10–12], this paper develops the full thickness accelerated loading test of asphalt
pavement layer, which can effectively simulate the environment and stress situation of
the pavement, It is also possible to obtain data on changes in road performance in a
relatively short period of time.

The full thickness accelerated loading test of asphalt surface layer adopts specimens
asФ 300 mm core sample, core sample and test mold are shown in Fig. 1, and the equip-
ment used for the test is the standard rut testing machine (RP-0719A). This experiment
applies a load of 0.7 MPa to the core sample under 70 °C conditions and repeatedly
applies it, while automatically recording the rutting depth value under loading. The
experiment is conducted until the core sample structure is completely damaged, and the
general loading can reach more than 200000 times.

The full thickness accelerated loading test of the asphalt surface layer adopts an iron
mold with a length of 30 cm * width of 30 cm * height of 18 cm. The mold is detachable
around it, and to prevent the deviation of the rut trajectory during the test, cement mortar
[13] (by weight, cement: sand: water = 1:3:0.5) is used to fill the gaps around the core
sample and the mold. The middle and lower layers are wrapped in tin paper to prevent
mortar from infiltrating the gaps of the core sample opening. The test starts after 24 h of
room temperature curing.
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Fig. 1. Accelerated loading test with full thickness of asphalt surface

3.2 Analysis of Accumulated Rutting Deformation

The standard rut testing machine (RP-0719A) [14] was used for the test. Based on past
experience, after 72 h of loading (180000 times), the core sample basically exhibits
collapse type failure or stable rut depth. The unified plan for continuous loading of
the pavement core sample in this design is 72 h. Under the premise of controlling the
loading time to be consistent, the variation trend of the rut depth of the pavement core
sample after continuous loading is analyzed. The typical curve of the comprehensive
layer thickness asphalt mixture rutting test is shown in Fig. 2.

Fig. 2. Typical curve of full layer thickness aspect mixture rutting test

The full thickness accelerated loading test of asphalt surface layer can be idealized
into two stages, as shown in Fig. 3. In the first stage (rapid development zone), with
the increase of loading times, the cumulative rutting deformation increases rapidly, and
develops to the second stage (stable/collapse period). The cumulative rutting deformation
tends to stabilize, and the slope of the curve is significantly smaller than that of the
first stage. The transition node from the first stage to the second stage is called the
stable/collapse node.
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Fig. 3. The relationship between cumulative rutting deformation and loading time

After the on-site core sample underwent the full thickness accelerated loading test
of the asphalt surface layer, the loading rut depth and stable collapse/collapse nodes are
shown in Table 3. The relationship between the on-site rut depth and the loading rut depth
is shown in Fig. 4, and the relationship between the on-site rut depth and stable/collapse
nodes is shown in Fig. 5.

Table 3. Cumulative total rutting depth and stability/collapse node

number Load rut depth
(mm)

Stable/Collapse
Nodes

number Load rut depth
(mm)

Stable/Collapse
Nodes

X8 five point two 64 h X15 fifteen point two 44 h

X9 seven point nine 60 h X16 fifteen point
three

32 h

X10 nine point four 56 h X17 sixteen point
two

36 h

X11 eleven point
eight

48 h X18 thirteen point
eight

28 h

X12 twelve point
five

52 h X19 fourteen point
one

24-h

X13 fourteen point
four

48 h X20 sixteen point
eight

28 h

X14 fourteen point
nine

40 h X21 fifteen point two 20 h

The depth of on-site rutting and the depth of on-site core asphalt surface layer under
full thickness accelerated loading test are regressed using polynomial regression, and
the regression equation is shown in formula (1):

y = −0.1087x2 + 3.8248x − 17.784
(
R2 = 0.9231

)
(1)
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Fig. 4. Relationship between total rutting
depth and total rutting depth

Fig. 5. Relationship between running depth
and stability/collapse node

Linear regression is used to determine the stability/collapse node between the on-site
rutting depth and the full thickness accelerated loading test of the asphalt surface layer
of the on-site core sample. The regression equation is shown in formula (2):

Y = −3.244x + 88.466(
R2 = 0.9517

)
(2)

Regression formulas (1) and (2) both show high correlation.
From Fig. 6, it can be seen that the larger the on-site rut depth, the greater the loaded

rut depth. From regression formula (1), it can be calculated that the on-site rut depth
corresponding to the curve turning point is 17.6 mm. It can be inferred that when the
on-site rut depth reaches 17.6 mm, the maximum vertical deformation borne by the road
surface gradually stabilizes and obvious lateral deformation begins to appear. When
loaded, the observation of the core sample change state indicates that bulges begin to
appear on both sides of the rut.

From Fig. 4, it can be seen that as the depth of on-site ruts increases, the sta-
ble/collapsed nodes show a gradually decreasing trend. From regression formula (2),
it can be calculated that the on-site rut depth corresponding to the stable/collapsed node
of 0 h is 27.3 mm, which corresponds to the permanent deformation of road structure
ruts [15–17] studied in this paper being 27.3 mm. Therefore, when the rut depth reaches
27.3 mm, with the increase of vehicle load, the road surface no longer compresses and
deforms, and structural damage begins to occur, which poses great risks to driving safety.

3.3 Research on Rut Deformation Rate

The full thickness accelerated loading test of asphalt surface layer was used to analyze
the rutting deformation rate of existing asphalt pavement [18–20]. This article uses the
rutting deformation rate, which is the amount of deformation caused by each loading,
as the evaluation index for permanent deformation of asphalt pavement. Due to the fact
that the rutting depth in the second stage (stable/collapse period) no longer increases
with the increase of loading times, the permanent deformation of asphalt pavement is
not closely related to it. Therefore, this section only studies the rutting deformation rate
in the first stage (rapidly developing zone). Assuming that after the first stage (rapid
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development zone) of loading, the permanent deformation of the pavement core sample
has been achieved, the experimental loading variation is shown in Table 4. The relation-
ship between the rutting deformation rate of the loading test and the number of loading
cycles is shown in Fig. 6.

Table 4. Rutting deformation rate of road core specifications after loading

number Load rut depth/mm Stable/Collapse
Nodes

Loading times
(10000 times)

Rut deformation
rate (µM/time)

X8 five point two sixty-four sixteen point one zero point zero
three

X9 seven point nine sixty fifteen point one zero point zero five

X10 nine point four fifty-six fourteen point
one

zero point zero
seven

X11 eleven point eight forty-eight twelve point one zero point one zero

X12 twelve point five fifty-two thirteen point
one

zero point one zero

X13 fourteen point four forty-eight twelve point one zero point one two

X14 fourteen point nine forty ten point one zero point one five

X15 fifteen point two forty-four eleven point one zero point one four

X16 fifteen point three thirty-two eight point one zero point one nine

X17 sixteen point two thirty-six nine point one zero point one
eight

X18 thirteen point eight twenty-eight seven point one zero point two zero

X19 fourteen point one twenty-four six zero point two
three

X20 sixteen point eight twenty-eight seven point one zero point two four

X21 fifteen point two twenty five zero point three
zero

According to the linear regression equation between the change in each loading
test and the number of loading tests, the R2 reaches 9.65, indicating a high correlation
between the two. From Fig. 6, it can be seen that as the depth of on-site ruts increases, the
rut deformation rate gradually increases, indicating that the larger the depth of on-site
ruts, the greater the rut deformation rate.

In order to propose the evaluation criteria for permanent deformation of asphalt
pavement with different rutting depths in the full thickness accelerated loading test of
asphalt surface layer, the difference between the rutting deformation rate of each core
sample and the average rutting deformation rate of all core samples is used as the interval
node. The difference between the two is shown in Table 5.
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Fig. 6. Relationship between running deformation rate and loading times

Table 5. Difference between average rutting deformation rate and rutting deformation rate

number Difference number Difference number Difference number Difference number Difference

X8 -0.1 X11 -0.1 X14 zero X17 zero X20
zero point

one

X9 -0.1 X12 -0.1 X15 zero X18 zero X21
zero point

two

X10 -0.1 X13 zero X16 zero X19
zero point

one

According to the difference in the table above, it can be roughly divided into three
intervals, which are less than or equal to 12 mm, less than or equal to 18 mm if it is
greater than 12 mm, and greater than 18 mm. The corresponding rutting rate is less than
or equal to 0.1, respectivelyµM/time, greater than 0.1µM/time less than or equal to 0.2
µ M/time, greater than 0.2 µ. Based on the previous conclusion, the evaluation criteria
for permanent deformation of the pavement are proposed as follows:

(1) When the rut deformation rate is ≤0.1 µ At m/time, the old road surface has good
resistance to rutting deformation;

(2) When the rut deformation rate is greater than 0.1 µM/time, ≤0.2 µ At m/time, the
resistance of the old road surface to rutting deformation weakens, posing a risk of
accelerated damage;

(3) When the rut deformation rate RD is greater than 0.2 µ At m/time, the old road
surface has poor resistance to rutting deformation, and timely measures should be
taken to treat the existing road surface.
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4 Research on Maintenance Strategies

The use of a new asphalt surface layer as an overlay on an existing road surface is a
very typical reinforcement method, which has been widely used both domestically and
internationally. However, before adding pavement, it is necessary to treat the existing
pavement diseases reasonably to prevent unnecessary economic losses caused by the
insufficient anti rutting deformation ability of the lower bearing layer in the short term.
Therefore, this article focuses on all core samples after the full thickness accelerated
loading test of the asphalt surface layer, and uses a concrete drilling and coring machine
(HZ-20 type) along the center position of the rut for coring (Ф 100 mm), the loaded
specimen and drilled core sample are shown in Fig. 7. After drilling the core sample, the
deformation layer after loading can be determined to guide the treatment layer of road
surfaces with different rut depths before paving. In order to study the pavement overlay
schemes under different rutting deformation rates, this paper also conducted secondary
on-site core sampling work.

Fig. 7. Loaded specifications and drilled core sample

By manually observing the rutting deformation of the drilled core sample, combined
with the evaluation criteria of the road surface’s resistance to rutting deformation in
Sect. 2.3, the results are as follows:

(1) When the rut deformation rate is ≤0.1 µ At m/time, the rutting deformation layer
occurs in the middle and upper layers, without involving the lower layer;

(2) When the rut deformation rate is greater than 0.1 µ M/time, ≤0.2 µ At m/time,
66.7% of the rutting deformation layer occurs in the middle and upper layers, and
33.3% involves the lower layer;

(3) When the rut deformation rate is greater than 0.2µAtm/time, the rutting deformation
layer occurs in the upper, middle, and lower layers.

In order to determine the layers that need to be treated before adding pavement for
different rut deformation rates, this article adopts Ф The 300 mm core sample cutting
method is used to simulate milling at different layers on site, and the full thickness
accelerated loading test of the asphalt surface layer is also used (the test conditions are
consistent with the previous text), combined with the rut rate to determine the overlay
scheme for different rut depth ranges on the road surface.
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For different rutting deformation rates, this article proposes the following three
overlay schemes:

• Option 1: Directly lay 4 cm modified SMA-13 mixture;
• Option 2: Milling and planning the 4 cm original upper layer, backfilling with 4 cm

modified SMA-13 mixture, and then adding 4 cm modified SMA-13 mixture;
• Option 3: Milling and planning 10 cm of the original upper and middle surface layer,

backfilling 6 cm of modified AC-20 mixture, and then adding 4 cm of modified
SMA-13 mixture.

Three schemes involve fully coating modified emulsified asphalt with a solid content
of 0.2 kg/m2 between layers. The deformation rate of ruts in the indoor loading test of
the core sample after laying is shown in Table 6.

Table 6. Rutting deformation rate after additional payment

Plan

number

Range of rutting

deformation rate

Load rut depth

(mm)

Stable/Collapse

Nodes

Rut deformation rate（ μ

M/time)

Plan One

≤ 0.1
thirteen point

three
sixty-eight zero point zero seven eight

(0.1, 0.2)
eighteen point

five
sixty zero point one two two

＞ 0.2 twenty point five fifty-six zero point one four five

Option 2

≤ 0.1 ten point four sixty zero point zero six nine

(0.1, 0.2)
twelve point

eight
sixty-four zero point zero seven nine

＞ 0.2
sixteen point

eight
fifty-two zero point one two eight

Plan

Three

≤ 0.1 nine point eight sixty-eight zero point zero five seven

(0.1, 0.2)
twelve point

seven
seventy-two zero point zero seven zero

＞ 0.2
fourteen point

five
sixty-eight zero point zero eight five

From Table 6, it can be seen that after adding the overlay, the core sample undergoes
the full thickness accelerated loading test of the asphalt surface layer, and the rutting
deformation rate decreases. This indicates that adding the overlay causes the existing
layer to move downwards, increasing the overall deformation resistance of the pavement
structure. According to the research conclusion in Sect. 2.3, it is believed that the rutting
deformation rate is ≤0.1 µAt m/time (blue background in Table 6), the old road surface
has good resistance to rutting deformation. According to the rutting deformation rate,
it can be seen that the more layers of treatment before paving, the greater the tolerance
for existing road ruts. Scheme 3 is applicable to all road rut sections studied in this arti-
cle. Based on economic considerations, this article proposes the following maintenance
strategies for different road rut sections:
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(1) When the rut deformation rate is ≤0.1 µ. When m/time, adopt scheme one;
(2) When the rut deformation rate is greater than 0.1 µM/time, ≤0.2 µ. When m/time,

scheme 2 is adopted;
(3) When the rut deformation rate is greater than 0.2 µ. When m/time, scheme three is

adopted.

5 Conclusion

The main conclusions drawn from this article are as follows:

(1) This article studies the full thickness accelerated loading test of asphalt pave-
ment, which can be effectively used for permanent deformation of existing asphalt
pavement.

(2) Through the analysis of permanent deformation of asphalt pavement, this article
proposes the rutting deformation rate index, and proposes evaluation standards for
permanent deformation of asphalt pavement for different rutting deformation rate
ranges.

(3) Throughmaintenance strategy research, three different types of overlaymaintenance
strategies are proposed for the pavement structure studied in this article:
a) When the rut deformation rate is ≤0.1 µ. When m/time, adopt scheme one;
b) When the rut deformation rate is greater than 0.1 µ M/time, ≤0.2 µ. When

m/time, scheme 2 is adopted;
c) When the rut deformation rate is greater than 0.2 µ. When m/time, scheme three

is adopted.
d) The experiment studied in this article is time-consuming and the sample size is

limited. Readers can further expand their research.

Funding. NingXia Construction Investment Group Co., Ltd. Research Project JTKY 2023-14.
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Abstract. This study explores the influence ofLeanConstruction (LC) techniques
on environmental sustainability in theMoroccan construction industry. Known for
minimizing waste andmaximizing value in production systems, LC not only holds
promise for improving efficiency and competitiveness but also has the potential
to address environmental concerns. This study aims to fill this gap by assessing
how LC can contribute to the environmental performance in Morocco based on
a survey by structured questionnaire involving 330 Moroccan construction pro-
fessionals. The methodology includes a comprehensive survey and analysis using
SPSS V26.0. Key findings indicate a significant positive impact of LC on environ-
mental performance, particularly in reducing material use, energy consumption,
pollutant release, and non-product output. Notably, non-product output emerged
as the most significantly influenced factor by LC practices. The study also reveals
a differential impact of LC based on organizational characteristics, with distinct
influences observed between contractors and consultants, especially in pollutant
releases. These insights underscore the potential of LC in fostering environmental
sustainability within the Moroccan construction sector. This survey is crucial for
a more holistic understanding of LC’s impact, aligning with global environmental
goals and the specific needs of the Moroccan construction industry.

Keywords: Lean Construction · Survey study · Environmental Performance ·
Construction Industry

1 Introduction

The construction industry is a major contributor to economic growth. In Morocco, it
employs almost one million people, or 9.3% of the active population, and contributes
6.6% of total value added. [1, 2]. The construction sector is important for reducing unem-
ployment and strengthening the national economy. However, it faces several challenges,
including project delays, cost overruns, and compromised quality. Additionally, it is a
significant contributor to environmental pollution [3, 4].
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In Morocco, construction projects often struggle with inefficiency, largely attributed
to significant delays and cost overruns [5]. This challenge is compounded by the envi-
ronmental concerns arising from substantial waste generation byMoroccan construction
firms. This scenario underscores the urgent need for innovative management systems
that not only enhance project efficiency but also prioritize environmental sustainability
by minimizing waste impact.

To address these dual objectives of performance improvement and environmental
responsibility, the Moroccan construction sector is gradually adopting the LC philoso-
phy.Originating fromLeanManufacturing principles, particularly theToyota Production
System, LC is still emerging in this context [6]. Its core goal is to execute construc-
tion projects that align with customer demands while emphasizing waste reduction and
value maximization, thereby reducing environmental footprint. Additionally, LC fosters
a culture of continuous improvement, actively involving individuals at all levels, from
frontline employees to top management, in sustainable practices and decision-making.

In total, 330 experts in the construction field from various regions of Morocco par-
ticipated in this survey. The study’s focused goal is to examine how the application of
LC can improve the environmental efficiency of construction projects within theMoroc-
can context. These insights underscore the potential of LC in fostering environmental
sustainability within the Moroccan construction sector.

2 Literature Review

LC is a project delivery process that aims to maximize stakeholder value while mini-
mizing waste and improving efficiency [7]. It emphasizes collaboration between various
stakeholders in the construction process. The goal is to ensure a continuous, reliable
workflow, leading to increased productivity, profitability, and innovation in the industry
[8]. LC is a methodology based on the principles of lean manufacturing, which was
popularized by the Toyota Production System [9]. It involves the application of various
tools, methods, and systems to translate lean thinking into the construction industry.
The benefits of LC include improved process efficiency, quality, timely project delivery,
and cost savings. By adopting a mindset of continuous improvement, companies can
achieve cumulative benefits over time. LC allows collective knowledge to solve industry
problems and prepare for future challenges [10, 11].

LC, as a methodology, offers numerous benefits to the construction industry. It
enhances collaboration, innovation, delivery, control, and quality [12]. By eliminating
waste and improving process cycles, it reduces costs, improves quality, and increases
efficiency [13]. This approach is particularly beneficial in the South African construction
industry, where it has been found to reduce waste, improve material administration, and
enhance the overall cost of construction projects [14]. Despite its potential, the practi-
cal application of LC in the industry is still limited, with its principles often implicitly
embedded in other practices such as building information modelling, low or zero-carbon
building, prefabrication, andmodular construction [15–18].A range of studies have high-
lighted the potential environmental benefits of LC practices. Babalola et al. [19] found
that these practices can significantly reduce construction waste, while Yao et al. [20]
identified prefabricated construction as particularly effective in this regard. Solaimani
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and Sedighi [21] emphasized the need for a more comprehensive understanding of how
LC contributes to sustainability, particularly in terms of social and environmental val-
ues. Bajjou et al. [22] further underscored the importance of integrating sustainability
dynamics into the LC system. These findings collectively suggest that LC practices have
the potential to significantly reduce the environmental impact of construction activities.

The growing awareness of environmental issues has prompted construction organi-
zations to concentrate not only on operational excellence but also on reassessing their
operations and processes for greater environmental sustainability. This shift reflects
an increasing recognition of the significance of ecological concerns in manufacturing,
although research in this area remains relatively limited.

This survey evaluates four key environmental performance indicators: material
usage, energy consumption, non-product output, and pollutant emissions. These indica-
tors align with those employed in [23]’s research assessing lean management’s environ-
mental impact, which includes mitigating air emissions, managing wastewater, reducing
solid waste, and curtailing the use of toxic, hazardous, or harmful materials.

3 Research Methodology

The research methodology involved conducting a survey to gather insights from pro-
fessionals in Morocco’s construction industry. The survey was distributed in two pri-
mary formats. Firstly, an online version was created using Google Forms and shared
via LinkedIn with individuals working in both private and public sectors of the con-
struction industry. Secondly, printed versions of the questionnaire were distributed to
a range of contractors and consulting firms to ensure an acceptable response rate. The
questionnaire consisted of two main sections. The initial section aimed to collect basic
information about the respondents. Section 2 assessed the level of implementation of
LC methods such as Just in time, Poka Yoke and Visual management in Moroccan con-
structions firms. While, Sect. 3 of the questionnaire examined respondents’ perceptions
to determine whether their have achieved any progress in terms of environmental per-
formance measures studied (i.e., material use, non-product output, pollutant releases,
energy consumption). In order to evaluate the content quality, to verify the suitability
with the Moroccan context, to adjust the order of the questions and their comprehension
by the respondents, semi-structured interviews with six construction professionals, with
no less than ten years, were performed. Hence, the preliminary variables have been val-
idated. Furthermore, additional items were recommended to be included, especially in
the Sect. 2, to deeply explore the LC techniques such as: Prfebarication and The Failure
Mode and Effect Criticality Analysis (FMECA).

In an extensive survey targeting the Moroccan construction sector, we reached out
to 440 organizations involved in various construction projects, including building, road,
and bridge construction. This survey was initiated in June 2023 in Morocco. Out of the
contacted organizations,we received 330 responses, indicating a substantial participation
rate of approximately 75%. The data from this survey was thoroughly analyzed using
SPSS, specifically version 26.0 for Windows, to ensure accurate and reliable results.
The research encompassed a broad spectrum of participants, reflecting various segments
of the Moroccan construction sector. The diversity in the survey pool was intentional,
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aiming to capture a holistic view of the industry. Participants were segmented based on
their affiliated organization’s size. The distribution of respondents across these categories
was telling; a significant 48.8% hailed from smaller firms, whereas 27.2% and 24.0%
belonged to larger and medium-sized companies, respectively. This pattern indicates a
prevalence of small-scale enterprises in Morocco’s construction landscape. In terms of
participant background, the study did not limit itself to a single sector or specialization.
It drew from a pool that included various domains within both the private and public
segments of the construction industry, aiming for a comprehensive understanding of
stakeholder perspectives. A notable aspect of the participant demographic was the high
level of education and experience. A majority, 66.1%, possessed a master’s degree or
higher. In terms of industry experience, 61.1% had been in the construction field for
over five years. These facets of the participant demographic - the mix of company sizes,
varied specializations, and high educational and experience levels - collectively enhance
the credibility and depth of the study’s findings.

4 Results

4.1 The Current Level of Awareness Oflean Construction Practices

The analysis of the study on the adoption of lean methods in Morocco revealed the
use of 17 distinct lean techniques, at varying levels and forms. According to the data
presented in Fig. 1, 39% of the respondents are not familiar with any LC methods,
indicating that they have neither heard of nor implemented them. Conversely, 35% of
respondents have knowledge of LCpractices but have not yet incorporated them into their
projects. Meanwhile, 26% of respondents are both familiar with and actively utilizing
LC techniques. Interestingly, Fig. 1 also highlights that certain lean techniques are more
widely adopted, with over half of the survey participants employing methods such as
prefabrication and continuous improvement, noted at 63% and 54%, respectively. In
contrast, many lean techniques are not widely used in the Moroccan construction sector.
For example, a majority of professionals are unfamiliar with techniques such as the
kanban system, Value StreamMapping (VSM), and Poka-Yoke, with unfamiliarity rates
at 63%, 58%, and 68%, respectively. This trend can be attributed to the relatively recent
introduction of these methods in the Moroccan context and a lack of extensive technical
training available for these specific techniques.
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Fig. 1. The current level of awareness of lean construction practices among Moroccan construc-
tion professionals

4.2 Benefits of LC Implementation on the Environmental Performance Projects

Table 1 illustrates the prioritization of the environmental advantages associated with
LC application, as deduced from the survey’s average scores. The reliability of the
survey’s five-point scale is substantiated by a Cronbach’s alpha coefficient of 0.872,
which exceeds the 0.8 threshold, confirming the robustness of themeasurement approach
in this context.

Table 1. Ranked environmental benefits of LC implementation (Overall Cronbach’s Alpha =
0.872)

Mean Standard deviation Rank Cronbach’s Alpha if Item
Deleted

Energy consumption 4.244 1.051 2 0.843

Pollutant releases 4.019 1.016 3 0.864

The use of material 3.787 1.036 4 0.829

Non-product output 4.417 0.931 1 0.808
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The ranking of the means of various environmental factors impacted by LC practices
reveals insightful trends. Non-product output, with the highest mean (4.417), is ranked
as the most significant factor, highlighting its substantial influence in LC environments.
This is followed by energy consumption and pollutant releases, with means of 4.244
and 4.019 respectively, indicating their considerable but slightly lesser impact compared
to non-product output. The use of material, although critical, ranks lowest among the
four factors with a mean of 3.7860, suggesting that while it is affected by LC practices,
its impact is relatively less pronounced than the other factors. This ranking underscores
the differential impact of LC on various environmental aspects, with non-product output
being the most influenced, followed by energy and pollutants, and finally material usage.

The Cronbach’s Alpha values associated with each environmental factor provide
insights into the internal consistency and reliability of the dataset when considering
the removal of each factor. Non-product output, with a Cronbach’s Alpha of 0.8808,
indicates the highest reliability, suggesting that its exclusion would most significantly
affect the consistency of the environmental impact assessment. These values collectively
suggest a robust and consistent dataset but also highlight the varying degrees of impact
that the exclusion of each environmental factor would have on the reliability of the
environmental assessment in the context of LC.

Given that the overall Cronbach’s Alpha for the study is 0.872 is higher than the
individual Alpha values for each item (environmental factor), we can infer that the
dataset as a whole exhibits high internal consistency and reliability in assessing the
environmental impacts of LC. This overall Alpha value is a measure of how well the set
of items (in this case, environmental factors) are interrelated, indicating a strong degree
of coherence and reliability in the measurement of the study’s constructs.

4.3 Spearman Rank Correlation

To evaluate the relationship and its strength and direction between two groups of clusters,
the non-parametric Spearman rank correlation was employed. This method calculates
the Spearman rank correlation coefficient (rs) to quantify the correlation. The coefficient
can be computed as follows:

rs = 1 − 6
∑

d2

N
(
N 2 − 1

) (1)

where:
The Spearman’s rank correlation coefficient, denoted as rs, is a statistical measure.

It is calculated based on the differences in rankings (d) assigned by two respondents for
a specific item, and N represents the total number of rank pairs. The value of rs can vary
from+1 to−1, where+1 signifies a perfect positive relationship,−1 indicates a perfect
negative relationship, and a value of 0 implies no correlation between the rankings.
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Table 2. Spearman’s rank inter-correlation test

Energy 

consumption

Pollutant 

releases

The use 

of

material

Non-

product 

output

Spearman's 

coefficient

Energy 

consumption 

Correlation 

coefficient
1.000 0.504** 0.547** 0.433**

Sig. (bilateral)
. 0.000 0.000 0.000

N 330 330 330 330

Pollutant 

releases

Correlation 

coefficient
0.504** 1.000 0.736** 0.455**

Sig. (bilateral)
0.000 . 0.000 0.000

N 330 330 330 330

The use of 

material

Correlation 

coefficient
0.547** 0.736** 1.000 0.403**

Sig. (bilateral)
0.000 0.000 . 0.000

N 330 330 330 330

Non-product 

output 

Correlation 

coefficient
0.433** 0.455** 0.403** 1,000 

Sig. (bilateral)
0.000 0.000 0.000 .

N 330 330 330 330

** Correlation is significant at the 0.01 level (two-tailed). 

To study the level of inter-correlation between the different items, a Spearman rho
correlation matrix was drawn up. In Table 2, cells highlighted in black in the matrix
indicate a high correlation (Spearman correlation coefficient > 0.5); between Energy
consumption and (Pollutant releases and The use ofmaterial); between Pollutant releases
and The use of material. Cells highlighted in grey indicate moderate correlation (0.3
< pearman correlation coefficient ≤ 0.5), between Non-product output and (Energy
consumption, Pollutant releases, and The use of material). Most correlations were found
to be significant at a two-sided confidence level of 99% (**). Consequently, the data set
could be analyzed as a whole for one way test Anova.

4.4 One Way Anova Analysis

The sample was divided into four distinct subgroups, each based on specific organiza-
tional characteristics, allowing for a comprehensive analysis of the diverse aspects of the
construction industry, as illustrated in Table 3. Subgroup 1 was categorized according to
the type of organization, distinguishing between contractors and consultants. Subgroup
2 was classified based on specialization fields, including bridge and road projects, and
building projects. Subgroup 3 was delineated based on the activity area, distinguishing
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between public and private sectors. Finally, subgroup 4 was delineated by the size of the
organization, with distinctions made for small, medium, or large organizations.

Table 3. One way Anova test (items: environmental benefits)

Identifier According to the
type of
organization

According to the
field of
specialization

According to the
area of activity

According to the
size of the
organization

P-value P-value P-value P-value

energy
consumption

0.069 0.944 0.798 0.693

pollutant
releases

0.012* 0.272 0.869 0.591

The use of
material

0.129 0.578 0.996 0.602

non-product
output

0.160 0.236 0.982 0.673

Based on an Anova test, all p-values are above 0.05 for sub-groups 2, 3, and 4
indicating that field of specialization, activity area and type of organization do not sig-
nificantly impact the scores given to the four items listed in the current survey, as shown
in Table 3. However, it’s essential to highlight that the only statistically significant result
in our analysis is for pollutant releases (p = 0.012), a level which is lower than the
typical alpha threshold of 0.05. This strongly suggests that the type of organization
indeed has a significant impact on pollutant releases. To further elaborate on this find-
ing, we can examine the mean scores for pollutant releases among different types of
organizations. On average, contractors have a mean score of 4.250, whereas consultants
have a lower mean score of 3.914. The reason for this observed difference in pollutant
releases between contractors and consultants could be attributed to several factors. One
possible explanation might be that contractors, due to their direct involvement in various
construction and industrial activities, could be subject to more stringent environmental
regulations and monitoring, which motivates them to better manage and mitigate pollu-
tant releases. Consultants, on the other hand, may have less direct control over on-site
operations and, therefore, may not be as focused on pollution reduction measures.

Additionally, contractors may have more resources and expertise dedicated to envi-
ronmental management, given their hands-on role in projects, whereas consultants might
prioritize other aspects of their work. It is also possible that contractors have adopted
more advanced pollution control technologies and practices due to their greater exposure
to environmental compliance requirements.
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Further research and a detailed analysis of specific operational practices and policies
within these types of organizations could provide deeper insights into the reasons behind
this significant difference in pollutant releases. The other factors (energy consumption,
use of material, and non-product output) are not significantly affected by the type of
organization.

5 Conclusion

The survey aimed to understand how LC can contribute to improving environmental
performance in Morocco, specifically by reducing negative impacts such as material
use, energy consumption, pollutant release, and non-product output. The study’s results
demonstrate that LC philosophy has significant potential to enhance environmental sus-
tainability in the Moroccan construction industry. The mean values for all evaluated
environmental factors indicate that LC practices can have a significant positive impact.
The findings show that LC has a differential impact on various environmental aspects.
Non-product output had the highest mean value and was identified as the most sig-
nificantly influenced factor, followed by energy consumption and pollutant releases.
Material use, while important, had a relatively less pronounced impact compared to the
other factors. The study also analyzed the role of organizational characteristics in LC
implementation and their impact on environmental performance. The analysis showed
that the type of organization, such as contractors versus consultants, could significantly
influence certain environmental factors, particularly pollutant releases. This indicates
that different types of organizations may adopt and benefit from LC practices in distinct
ways. In conclusion, the paper argues that LCmethodologies can substantially contribute
to environmental sustainability in theMoroccan construction industry. The study’s com-
prehensive statistical analysis supports the conclusion that LC can significantly reduce
the environmental impact of construction activities. The findings can inform policymak-
ers and industry leaders in Morocco and other developing countries about the potential
environmental benefits of LC. This could lead to the development of targeted strategies
and policies to promote LC methodologies in the construction sector. In addition, the
study provides a benchmark for environmental performance in the Moroccan construc-
tion industry. Organizations can use these findings to monitor their performance and
strive for continuous improvement in environmental sustainability.
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Abstract. With the development of urban construction, slope engineering has
become more and more important and difficult projects, and the hidden dangers of
slope can not be ignored, which requires judgment and protection of the stability
and safety of slope, so as to promote the economic development and construc-
tion of the city under the premise of ensuring the safety of people and property.
Based on the analysis and study of engineering geological conditions and factors
affecting slope stability of K49 + 800 section of S207 road in Shizong County,
this paper analyzes and evaluates its stability and puts forward corresponding
treatment measures.

Keywords: Highway Slope · Stability Evaluation · Treatment Measures

1 Overview of the Study Area

1.1 Project Overview

The research area is located at the south end of Gaolang Township government residence
in Shizong County, on the left side of milepost No. K49+ 800 section of S207 Highway,
which generally runs north-south. The inner part of the highway is an artificial steep
ridge caused by the construction of the highway, with a height of about 25 m and good
vegetation development on the upper part of the steep ridge. The slope of the road to
be studied is located on the outside of the road. The slope is a soil slope, distributed
under the road in an inverted U-shape, with a total length of about 38 m and a width of
about 35 m. It is a small slope. The overall slope of the mountain is 32–36°, the slope
direction is 67°, the foot of the slope is the Fengwei River, the rear wall of the slope is
about 4.5 m high steep ridge, the slope height difference is about 20 m. The highway
is sTable and open to traffic. The slope slope is about 34°, located on the bank of the
mountain river, and vegetation is relatively developed around the slope body and on the
slope body. When the sliding body slides, vegetation will slip synchronously with the
sliding body. Bedrock exposure can be seen on both upper slopes (See Fig. 1).
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Fig. 1. Slope body

1.2 Meteorology and Hydrology

Shizong County is located in the middle of Yunnan-Guizhou Plateau, affected by the
elevation of the terrain and the atmospheric circulation, belongs to the north subtropical
monsoon climate area, which is characterized by mild climate all year round, no cold
and dry winter, warm and dry spring, cool and humid autumn, dry and wet seasons,
small annual temperature difference, large daily temperature difference, concentrated
rainfall, sufficient light, there are four seasons like spring, rain into winter. The average
annual temperature is 14.7 °C, the average temperature in the coldest January is 7 °C
the average temperature in the hottest July is 20.1 °C and the annual frost-free period is
246 days. The average annual relative humidity is 74%, and the average annual rainfall
is 976.5 mm. The seasonal distribution of rainfall is extremely uneven.

2 Engineering Geological Condition

2.1 Topography and Landform

It is intended to study that the bedrock near the slope is well exposed, and the bedrock
occurrence is 146°� 31°. The slope is generally high in the west and low in the east,
descending from west to east. Above the slope is a rocky scarp of silty mudstone with
a height difference of about 25 m, a slope of about 75° and a scarp dip of 67°. There
are shrubs above the steep ridge, and the vegetation is well developed. At present, there
are no protective measures for the steep ridge, and the rubble falls under the action of
running water in the rainy season, posing a threat to vehicles and pedestrians. To the
west of the site is a river, named Fengwei River, Hanoi perennial flow, flowwith seasonal
changes, the bank is covered by the fourth system alluvial alluvial layer. On the other
side of the river is farmland and a large number of houses. Along the highway, there are
civil houses on both sides of the highway, and the civil houses are discontinuous and
dislocated (See Fig. 2, Fig. 3, Fig. 4 for details).
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Fig. 2. Topography Fig. 3. Inner rock slope of highway

Fig. 4. The status of both sides of the highway

2.2 Geological Structure

The study area is located in the Yangtze platform (I) and the eastern Yunnan platform
wrinkle belt (I). The regional geological structure is dominated by folds, and the faults are
not developed. The regional tectonic lines are distributed in the northeast direction, and
are composed of four major structural systems: the northeast tectonic system, the North-
South tectonic system, the northwest tectonic system and the joint peak arc tectonic
system. In terms of a large area, the study area is located in the north of Luoping Shizong
fold bundle in the southeast Yunnan fold belt of the South China fold system, and the
structure is dominated by compression-shear faults extending to the north east, followed
by near-east-west tensile faults and northeast-trending folds. The west of the study area
is the Xiaojiang strong seismic fault, which runs through the middle of Yunnan Province
from north to south along Huize, Dongchuan, Xundian and Tonghai. Xundian-xuanwei
fault crosses Yiliang and Xiaojiang fault (east branch) through Xuanwei and Xundian
fault; Qujing fault crosses Qujing, Luliang, Shilin andMaitrea-Shizong fault inMaitreya
on the east side of the study area; the study area is located inGaoliang Township, Shizong
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County, far away from each fault zone, and no fault passes through the field, so it is a
sTable block.

2.3 Formation Lithology

Through the investigation of the slope body [1], the borehole revealed that the formation
is composed of quaternary mixed fill (Q4

ml) and grey gravel silty clay (Q4
dl+el) and

the strong to medium weathering silty mudstone (T2bc) of the first member of Banna
Formation in theMiddleGeoldFormationof theTriassic.According to the characteristics
of geotechnical layer in the field, in-situ testing and laboratory rock and soil test data,
the geotechnical layer in the site is divided into four layers, which are as follows:

➀ Miscellaneous fill (Q4
ml):

Variegated, light grey, mainly composed of crushed stone, containing a small
amount of bricks and silt, smelly, surface containing a small amount of plant roots.
Slightly wet, loosely structured. This layer is formed by the accumulation of fill
for highway construction. The slope is a temporary dump, with a large amount of
domestic garbage piled up in the upper part. In the center of the site there are north-
south concrete and rubble retaining walls. The retaining wall slides down with the
slope, and the structural integrity is not damaged. The layer is thicker in the center of
the site. Due to the large changes in the layer, uneven distribution, containing concrete
and other domestic construction waste. The thickness of the layer is 0.90–4.00 m,
with an average thickness of 2.82 m.

➁ Pebbly silty clay (Q4
dl+el):

Light gray, light grayish yellow, slightlywet, hard plastic, slightly dense structure,
section is not smooth, rough fracture, high dry strength, medium toughness, local
mudstone gravel. It is distributed in the site, the buried depth of the top layer is 0.9–
4.0 m (816.50–831.77) meters, the thickness of the layer is 2.60–5.80 m, and the
average thickness is 4.78 m.

➂ Silty mudstone (Strong weatheringT2bc):
Gray, light gray, silty, argillaceous clastic structure, strongly weathered like earth,

containing about 25% gravel. It is distributed in the field, the layer thickness is
1.20–2.80 m, and the average thickness is 1.82 m.

➃ Silty mudstone (moderate weatheringT2bc):
Gray, dark gray, silty argillaceous structure, meso-like structure, is a soft rock,

moderately weathered, joint fissure development, the gaps aremostly filled withmud,
the core is broken, mostly fragmented, some short columnar, there are exposed silty
mudstone on the upper and both sides of the slope in the site, the occurrence of
exposed silty mudstone is 146°� 31°. The saturated uniaxial compressive strength of
the drilling rock is 17.65 MPa, the hardness grade of the rock is relatively soft rock,
the quality of the rock mass is poor, the integrity degree of the rock mass is broken,
the basic quality grade of the rock mass is IV, and the rock quality index RQD is
about 50%. The survey did not expose this layer, and no karst cave was found within
the range of drilling control depth. The maximum exposed thickness was 9.40 m, the
exposed layer thickness was 6.20–9.40 m, the average thickness was 7.75 m, and the
top buried depth of the exposed layer was 6.80–12.10 m.
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3 Slope Stability Analysis and Evaluation

3.1 Analysis of Influencing Factors of Slope Stability

Soil condition and influence of rainfall. According to the investigation, no tension crack
was found at the top of the slope, and the exploration drilling revealed the existence of
weak surface between the soils, and the soil of the slope was in an unsTable state. With
the coming of the rainy season, the surface water permeates, the shear strength of the
soil decreases, and the stability of the slope becomes worse [2].

The impact of human engineering activities. The human engineering activities in the
study area are mainly manifested as the building load on the top of the slope and cutting
the slope to build the road.

With the construction of Gaoliang Township, limited by geographical conditions,
houses had to be built on the top of steep slopes. The formerly fragile geological envi-
ronment is worsening. At the same time, in order to meet the traffic needs, the provincial
road is built on the top of the slope, which forms a lot of excavation and filling, and the
rock mass of the slope is broken, which affects the stability of the slope even more (See
Fig. 5).

Fig. 5. Slope body

3.2 Evaluation of Slope Stability

Qualitative Evaluation. The slope area is a steep terrain with an average topographic
slope of 34°. According to the survey data, the surface of the survey area is composed
of quaternary mixed fill and residual slope deposits, and the rock and soil properties are
mainly clay, gravel, broken strong to moderately weathered silty mudstone, with loose
structure and poor physical and mechanical properties. In the rainy season, groundwater
infiltration softenes the contact surface, which is easy to form a weak structural plane.
Field investigation shows that the slope is in an unsTable state.
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Quantitative Evaluation. The upper part of the slope is composed of quaternarymixed
fill (Q4

ml), grey gravel silty clay (Q4
dl+el) and strong to medium weathering silty mud-

stone (T2bc) of the first member of Banna Formation in the Middle Geold Formation of
the Triassic. The sliding surface of the slope is in the quaternary loose soil. The sliding
surface is regarded as a broken line, and the section parallel to the sliding direction is
used to calculate the stability and thrust of the slope.

Calculation formula of slope stability. According to the analysis of the soft structural
plane between rock and soil bodies of slope, the soft structural plane between rock and
soil bodies is regarded as the sliding surface, and the sliding surface is approximately
folded. According to the relevant requirements of the “Code for Exploration of Landslide
Prevention and Control Engineering” [3], the transfer coefficient method is adopted, the
sliding surface is regarded as the broken line, the unit width of landslide is taken as 1m,
and the stability and thrust of landslide are simplified into a two-dimensional problem.

(1) Landslide stability calculation formula:

Fs =

n−1∑

i=1
(Ri

n−1∏

j=1
ψj) + Rn

n−1∑

i=1
(Ti

n−1∏

j=1
ψj) + Tn

(1)

ψj = cos(θi − θi + 1) − sin(θi − θi + 1)tanϕi + 1 (2)

∏
ψj = ψi · ψi + 1 · ψi + 2 . . . . . . .ψn − 1 (3)

Tj = Wi sinθi + PWi cos(ai − θi) (4)

Ri = Ni tanϕi + cili (5)

Ni = Wi cos θi + PWi sin(αi − θi) (6)

Wi = Viuγ + Vidγ
′ + Fi (7)

Pwi = γwiVid (8)

i = sin|αi| (9)

γ ′ = γsat − γW (10)

Calculation formula of hydrodynamic pressure:

PWi = γWiVid i = sin|αi| (11)

Of the form:
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FS—Coefficient of landslide stability;
�j—i calculates the transfer coefficient when the remaining sliding force of the bar is
transferred to the i + 1 bar (j = i);
Ri—The anti-sliding force of the sliding body of the strip is calculated on the i(kN/m);
Ti—When the sliding component force (kN/m) on the sliding surface of the strip is
applied to the i, and the sliding component force is opposite to the sliding direction, Ti
should be negative;
Ni—i calculates the reaction force of the strip sliding body on the normal of the sliding
surface (kN/m);
Ci—The standard value of the bond strength of the rock and soil mass on the sliding
surface of the strip is calculated (kPa);
ϕi—i calculate the standard value of the internal friction Angle of strip sliding soil (°);
li—i Calculating strip sliding surface length (m);
αi—i calculate the average dip Angle of the strip groundwater flow line. In general, the
average value (°) of the dip Angle of the infiltration line and the dip Angle of the slip
surface is taken, and the negative value is taken when the dip is reversed;
Wi—i calculate the sum of strip weight and building and other ground loads (kN/m);
θi—i calculate the dip Angle (°) of the bottom surface of the strip, and take a negative
value when reversing;
PWi—The i section calculates the osmotic pressure per unit width of the strip, and the
inclination Angle of the action direction is αi (kN/m);
I—Seepage gradient of groundwater;
γW—The bulk density of water (kN/m3);
Viu—Section i calculates the volume above the infiltration line of the rock mass per unit
width of the strip (m3/m);
Vid—Section i calculates the volume below the infiltration line of the rock mass per unit
width of the strip (m3/m);
γ—Natural bulk density of rock and soil (kN/m3);
γ′—Floating bulk density of rock and soil mass (kN/m3);
γsat—Saturated bulk density of rock and soil mass (kN/m3);
Fi—Section i calculates the ground load on the strip (kN).

(2) Calculation formula of residual slide thrust of landslide

Pi = Pi−1 · ψ + Fst · Ti − Ri (12)

Of the form:

Pi, Pi-1—They are the residual sliding force of the sliding body of the i block and the
I-1 block respectively (kN/m);
Fst—The safety factor of landslide thrust is calculated according to the harm degree of
landslide;
Ti—Sliding component acting on the sliding surface of segment i (kN/m);
Ri—The skid resistance acting on the i of all segment (kN/m).

Notes:

(1) The groundwater is not revealed during the investigation of the slope area, and the
groundwater pressure is not taken into account in the calculation;
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(2) The seismic fortification intensity of the study area is 7°, the design earthquake is
divided into the third group, and the basic design earthquake acceleration is 0.10 g.
The comprehensive seismic influence coefficient is 0.20.

2. Calculate the load combination

There is no building load on the slope surface. The value of the trailing edge of the
landslide is 0 kN/m.

Condition I: Sliding body soil natural weight load + Groundwater;
Condition II: Sliding body soil natural weight load + Groundwater + Heavy rain;
Condition III: Sliding body soil natural weight load + Groundwater + Earthquake [4];

3. Calculate the value of the parameter

The values of soil mass weight and shear strength (cohesion C, internal friction angle
ϕ) of slope: according to the results of indoor geotechnical tests and combined with field
observations, the average value and experience value of indoor soil test results are used
for heavy soil mass, and the direct shear value and experience value are used for shear
strength of soil mass. See Table 1 and Table 2 below.

Table 1. Table of weights

Soil layer number Name of soil layer Heavy (γ)

KN/m3

➀ Fill 18.0*

➁ Gravelly silty clay 18.9

➂ Strongly weathered silty mudstone 21.3*

➃ Medium weathered silty mudstone 26.7

Note: The above values are the average of the geotechnical test, with * for the empirical value

Table 2. Shear strength of slope soil

Soil layer number Name of soil layer Straight cut (q)

Cohesion
(C)

Angle of internal friction (ϕ)

➁ Gravelly silty clay 30.25 9.25

➂ Strongly weathered silty
mudstone

11.3* 20.8*

➃ Medium weathered silty
mudstone

18.9* 26.6*

Note: The above values are all the minor values in the geotechnical test, and the values with * are
the empirical values
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Safety factor of control engineering design: the grade of S207 slope regulation project
inGaoliang Township of ShizongCounty is II. According to the Technical Specifications
for Design and Construction of Landslide Control Engineering (DZ/T0219-2006) [5],
the following data is the anti-sliding safety factor of the slope under various working
conditions:

ConditionsII: Ks = 1.02~1.15 Value 1.10;
ConditionsIII: Ks = 1.02~1.15 Value 1.05.

The infiltration depth of rainstorm is 3 m [6].
Evaluation of slope stability. According to the “Code for Exploration of Landslide

Prevention and Control Engineering” (DZ/T0218-2006), the sTable state of slope should
be determined according to the stability coefficient of slope according to Table 3. After
calculation, the stability evaluation of S207 highway slope in Gaoliang Township is
shown in Table 4.

Table 3. Slope stability Table

Stability FactorKf Kf<1.00 1.00 ≤ Kf<1.05 1.05 ≤ Kf<1.15 Kf ≥ 1.15

Stability UnsTable Less sTable Basically sTable STable

Table 4. Table of evaluation results of slope stability

Section Conditions

ConditionsI ConditionsII ConditionsIII

Stability
Factor

Stability Stability
Factor

Stability Stability
Factor

Stability

1–1’Section 0.751 UnsTable 0.349 UnsTable 0.546 UnsTable

2–2’Section 0.636 UnsTable 0.320 UnsTable 0.583 UnsTable

3–3’Section 0.435 UnsTable 0.154 UnsTable 0.433 UnsTable

The calculation results show that the slope stability coefficient k = 0.435–0.751
under condition I, that is, the slope is unsTable under natural condition, and K = 0.154–
0.349 under condition II, the stability coefficient k= 0.433–0.583 is less than the stability
coefficient 1.00, and the slope is in the unsTable state.

4 Slope Hazard and Treatment

4.1 Slope Hazards

The slope has a large height and is a soil slope with weak structural planes between
soils, low shear strength of soils, easy to form weak structural planes, and poor stability
of the slope body. In external forces or heavy rainfall seasons, the slope body may lose
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stability and continue to slide, causing the slide body to slide into the river, which may
cause a small range of river blockage.

4.2 Governance Suggestions

According to the geotechnical geological characteristics, distribution and regional expe-
rience in the site, the slope is high and the slope is large. After field investigation, the
houses outside the nearby highway were built with pile foundation leveling, and there
was no obvious strain deformation of the surrounding houses. The rock of the back
wall of the slope is exposed, the geological condition of the site foundation is good,
and the slope body has the risk of instability. In line with the economical and effective
management measures, combined with the local building construction experience, it is
recommended to adopt the following schemes for support [7]:

Gravity retaining wall. Gravity retaining wall is used for continuous support, and
corresponding supporting facilities such as drainage are built on the upper part. The
retaining wall has the advantages of simple structure, materials and convenient con-
struction, large section size and heavy wall body, and the lateral earth pressure on the
back of the wall is mainly balanced by the gravity of the wall body, so it occupies a lot
of land, can not give full play to the strength performance of building materials, and is
not easy to implement construction mechanization.

Cantilever retaining wall. The cantilever retaining wall is used for supporting, the
wall section is small, and the stability of the wall is not or not completely maintained
by its own gravity, so the structure is lighter, occupies less land, and increases the anti-
overturning stability. Conducive to mechanized construction. However, the retaining
wall is only suiTable for retaining walls less than 6 m high.

Buttress retaining wall. The use of arm-type retaining wall for supporting, the wall
body section is small, the stability of the wall is not or not completely dependent on its
own gravity to maintain, so the structure is lighter, occupies less land, and increases the
anti-overturning stability, is conducive to mechanized construction. The retaining wall
is suiTable for a wall height not higher than 15 m.

5 Conclusions and Recommendations

5.1 Conclusion

1. The seismic fortification intensity of Shizong County is the third group of 7°, and the
designed basic seismic acceleration value is 0.10 g. The type of site soil is medium
site soil, and the type of site is Class II building site, which is an unfavorable seismic
area.

2. There is Fengwei River under the slope with low terrain, which has a great influence
on the stability of the slope.

3. Unsaturated sand and silt within the proposed study site are not considered in the
liquefaction of seismic sand (silt).

4. The slope body is affected by its own geotechnical geological characteristics, rainfall
and human engineering activities, and there is a risk of sliding.
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5.2 Suggestions

1. Remove the floating soil on the side slope to reduce the upper load of landslide;
2. The base of the slope is supported by gravity rubble or cantilever or armrest reinforced

concrete retaining wall. The retaining layer of the retaining wall foundation can be the
third layer of strongly weathered silty mudstone and the fourth layer of moderately
weathered silty mudstone.

3. Make drainage measures such as truncation and drainage ditch for extension of the
hilltop highway, and do a good job of drainage system to avoid rainwater scouring
the slope and water softening the foundation; The foundation pit should be closed in
time after excavation.

4. Landslide damage will have an impact on highway construction and social develop-
ment, should be carried out in a timelymanner before the landslide slide, it is suggested
to improve the preliminary work in a timely manner, and pay close attention to the
implementation of prevention and control projects.

5. Corresponding engineering measures should be taken according to the deformation
mechanism of landslide and the special engineering geological conditions.

6. Before the landslide prevention and control project is completed, the monitoring,
early warning and forecasting measures and publicity work of all landslides should
be strengthened, and the disaster prevention awareness of site construction personnel
and surrounding residents should be strengthened, especially during the rainy season,
the relevant departments should do a good job of landslide emergency measures.

7. The proposed projects or engineering activities around the landslide should be
supervised to prevent them from aggravating the deformation of the slope.

Funding Resources. Scientific Research Fund Project of Yunnan Education Department.
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Abstract. Aiming at the problems of old brick-concrete structure houses built for
a long time, the safety cannot meet the requirements of normal use, and the overall
seismic performance of the house is poor, we use the comparison of the testing and
appraisal data before and after the reinforcement and transformation, to analyze
the feasibility and reasonableness of the reinforcement design scheme. Taking an
office building as an example, the theoretical and empirical results show that: by
choosing the appropriate ‘method, it can effectively improve the comprehensive
seismic capacity and use function of the house and guarantee the normal and safe
use of the house.

Keywords: Brick-Concrete Structure · Testing And Appraisal · Reinforcement
and Retrofitting · Seismic Capacity

1 Introduction

With the rapid development of China’s economy, social productivity and people’s living
standards have been greatly improved. Nowadays, many old buildings, due to the techni-
cal and economic of construction restrictions, there are already hidden safety hazards or
cannot continue to use the old building reinforcement design, functional transformation
and upgrading, to enhance the comprehensive seismic capacity of housing and buildings
is the current urgent need to solve the problem [1]. Old buildings in the use of function,
load, structural form and other changes, the original housing structure of the test and
identification is essential to the development of reinforcement design should be collected
before the design program, consult, analyze the relevant information on housing, through
the testing and identification to determine the weak points of the house and the bearing
capacity of the components, through the modeling and calculation of the selection of
safe and suitable, economically rational, technologically advanced reinforcement and
transformation of the design program. Reinforcement construction is completed again
after the completion of testing and identification of base modeling, according to the
actual test results of the reinforcement construction quality assessment, verification of
the rationality of the reinforcement design [2].
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2 Project Overview

An office building houses built in the 1990s, the original as equipment room and office
use, now the use of the building functions and room area has been unable to meet the
owner’s use of the needs of the owner, and thus the owner intends to remodel all the
office building and new housing one floor area to continue to use the house all the
original information is missing, the house basic information questionnaire see Table 1
the original house one floor plan and reinforced after the transformation The building
plan of the first floor of the original house and the reinforcement and remodeling after
the removal of the wall, new columns and beams and plate design drawings are shown
in Fig. 1.

Table 1. Basic Housing Questionnaire

Architectural
overview

Era of
construction

1990s Building area
(m2)

Original floor
area of
approximately
620.0

Building height
(m)

9.6 Number of
layers

3 floors

Usage Formerly
equipment room
and office building,
now all changed to
office building use

Plane shape L-shaped

Floor height (m) First floor: 3.6;
second and third
floors: 3.0

Intensity of
fortification

7º (0.10 g)

body structure brick hybrid
structure

(Math.) basic
form

burrstone
foundation
(geology)

Structural
overview

Ring girder
setting

Setting on each
floor

Structural
column setup

yet unsettled

Load-bearing
wall materials

240 mm mixed
mortar sintered
solid clay bricks

Floor and roof
panels

100 mm thick
cast-in-place
concrete slab

Operating
environment

vibratory not have corrosive
medium

not have

extend a building Proposed first floor
extension

lamination not have

Surroundings Perimeter is normal
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Fig. 1. Floor plan of the first floor of the original house and the design of wall removal and new
columns and beams after reinforcement and remodeling

3 Structural Inspection and Appraisal

In November 2021, an office building house was inspected and appraised [3].

3.1 Appearance Quality Inspection

Appearance quality inspection of the appraised house’s foundation foundation, super-
structure, enclosure system and other areas with inspection conditions: according to the
site field survey, the appraised house site has no bad geology and is suitable for construc-
tion. There is no corrosion, crispy alkali, loose and obvious subsidence defects in the
part of foundation foundation, the house is slightly disconnected around the connection
with the ground, the measured maximum tilt value of the house is 13 mm, the tilt rate
is 1.37‰, the lateral displacement in the plane of the structure has not exceeded the
requirements of the limits of the “Reliability Appraisal Standard for Civil Buildings”
[4](limit: ≤ H/300) and the “Code for the Design of Building Ground Foundations”
(limit: ≤ 4‰); the house is partially Water seepage occurs in the roof panel, the stucco
layer falls off, the wall surface of the balustrade is seriously skinned by moisture, and
the floor tiles are seriously hollowed out.
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3.2 Testing of Component Material Properties

With reference to the provisions of Technical Procedures for Testing Concrete Strength
by Rebound Method, 4 concrete members were sampled on the spot, and the presumed
value of concrete strength of 2 members did not meet the specification requirements
[5]; with reference to the provisions of Technical Standards for On-site Inspection of
Masonry Works, 8 members were sampled on the spot, and the strength of the sampled
masonry bricks were MU10 The strength grade of masonry bricks sampled is MU10,
which meets the specification requirements; with reference to the Technical Procedures
for Masonry Mortar Detection by Penetration Method, 8 members are sampled on site,
and the strength conversion values of masonry mortar of all the sampled members do
not meet the specification requirements. Specific test results are shown in Table 2.

Table 2. Material performance test results of components

serial
number

Component
Name
Location

Concrete
presumptive
value
(MPa)

Concrete
Specification
Limits

Component
Name
Location

Strength
class of
bricks at
current
age

Brick
Strength
Specification
Limits

Component
Name
Location

Conversion
value of
mortar
strength at
present age
(MPa)

Mortar
Strength
Specification
Limits

1 1F 1/B-D
Ring girder

15.8 C15 1F
1/B-D
Walls

MU10 MU7.5 1F
1/B-D
Walls

1.8 M2.5

2 1F 2/B-D
Ring girder

13.5 C15 1F
1–2/D
Walls

MU10 MU7.5 1F
1–2/D
Walls

1.5 M2.5

3 2F 1–2/D
Ring girder

18.3 C15 1F
1–3/B
Walls

MU10 MU7.5 1F
1–3/B
Walls

1.9 M2.5

4 2F
2/B-DRing
girder

13.6 C15 2F
1–2/D
Walls

MU10 MU7.5 2F
1–2/D
Walls

2.1 M2.5

5 2F
2/B-D
Walls

MU10 MU7.5 2F
2/B-D
Walls

1.8 M2.5

6 3F
3–4/B
Walls

MU10 MU7.5 3F
3–4/B
Walls

2.2 M2.5

7 3F
2/B-D
Walls

MU10 MU7.5 3F
2/B-D
Walls

2.0 M2.5

8 3F
2–3/D
Walls

MU10 MU7.5 3F
2–3/D
Walls

2.4 M2.5

3.3 Detection of Reinforcement in Members

Referring to the provisions of Code for Quality Acceptance of Construction of Concrete
Structural Engineering (GB 50204-2015), on-site sampling of 8 concrete members (4
ring beams + 4 floor slabs) of the reinforcement: member batch of reinforcement pro-
tective layer qualified point rate of 78.8%, does not meet the specification requirements
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of the batch of the qualified rate of 90%; member batch of reinforcement spacing to meet
the specification requirements. With the picking method to check the diameter of 3 bars,
the diameter of the measured bars meets the minimum requirements of the specification.

3.4 Appraisal Unit Safety Appraisal Ratings

Based on the actual inspection of the house, PKPM software JDJG module is used for
modeling and calculation. Referring to the “Reliability Appraisal Standard for Civil
Buildings”, the structural safety rating is made. Structural safety rating is divided into
components, sub-units (foundation, upper load-bearing structure, load-bearing part of
the enclosure system), and appraisal unit at three s layer by layer: (1) safety appraisal of
masonry structural components, according to the four inspection items of load-bearing
capacity, structure, displacement and cracks or other damages which are not suitable to
continue to carry: empirically calculated, the walls of the house are under the action of
normal load, and the ratio of resistance to effects of the limbs of the wall of the first floor
and second floor is less than 1, and the compressive load-bearing capacity is not suitable
to continue to carry. The ratio of resistance to effect is less than 1, and the compressive
bearing capacity does not meet the specification requirements. The statistical results
are shown in Table 3, and the results of the first-floor wall limb compressive bearing
capacity checking are shown in left of Fig. 2; the structural items of the structure’s
main load-bearing member construction are comprehensively evaluated as cu; the items
of the deformation that is not suitable for continued load-bearing are comprehensively
evaluated as bu; and the itemsof the cracks andother items are comprehensively evaluated
as bu; (2) The subunit safety rating of the foundation is comprehensively evaluated as
Bu, the safety appraisal rating of the upper load-bearing structure subunit is assessed as
Du according to its structural bearing function, structural integrity and structural lateral

Table 3. Statistical table for wall limbs with insufficient compressive bearing capacity

Resistance to load effect ratio( R
γ0S

) Story Percentage of wall limb with insufficient
compressive bearing capacity

1.0>( R
γ0S

) ≥ 0.95 Level: bu Sheet 2.8%

0.95>( R
γ0S

) ≥ 0.90 Level: cu 11.1%

0.90>( R
γ0S

) Level: du 27.8%

1.0>( R
γ0S

) ≥ 0.95 Level: bu Second floor 0%

0.95>( R
γ0S

) ≥ 0.90 Level: cu 2.9%

0.90>( R
γ0S

) Level: du 11.8%

1.0>( R
γ0S

) ≥ 0.95 Level: bu Triple 0%

0.95>( R
γ0S

) ≥ 0.90 Level: cu 0%

0.90>( R
γ0S

) Level: du 0%
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displacement, and the load-bearing part of the enclosure system is assessed as Du; (3)
In conclusion, the safety rating of the housing appraisal unit is assessed as Dsu, and the
safety of the housing seriously fails to comply with the standard regulations for Asu,
which severely affects the overall bearing, and the safety of the housing structure does
not meet the subsequent normal use under the action of static loading. Under static load,
the structural safety of the house does not meet the subsequent normal use requirements
[6].

Fig. 2. Results of inspection for compressive bearing capacity and Seismic Calculation of first
floor wall limb

3.5 Seismic Identification

With reference to the relevant provisions of the Building Seismic Identification Standard,
the house is located in Yunnan Province, built in the 1990s, the seismic intensity of 7º,
the design of the basic seismic acceleration value of 0.10 g, the design of the seismic
grouping of the third group, according to the seismic appraisal of class B masonry
houses: seismic measures identification of structural columns set up, the house’s local
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dimensions, the strength of the mortar, the wall tension reinforcement does not meet
the specification requirements. In the seismic load capacity calculation, the ratio of
the resistance of the wall limb on the first floor of the house under seismic load (the
percentage of the seismic load capacity of the wall is 8.4%) to the load effect is less than
1.0, and the seismic load capacity does not meet the requirements, and the results of the
seismic calculation of the wall limb on the first floor are shown in the right of Fig. 2.
In conclusion, the comprehensive seismic capacity of the house structure does not meet
the standard requirements.

4 Reinforcement and Renovation Program Design

4.1 Engineering Characteristics

This project has a large remodeling surface and complex remodeling content, which is
a typical comprehensive remodeling project. In addition to a variety of different rein-
forcing technology reinforcing trades, but also involves demolition, civil engineering,
decoration, water, electricity and other specialties. Various types of work procedures are
complex, more cross operations, how to coordinate between different floors, different
components, different technologies, different processes, is the project’s major difficul-
ties. Another tight schedule, spring and summer remodeling construction efficiency is
low, the construction area adjacent to the residential construction noise, to a certain
extent, increased the difficulties of strengthening and remodeling.

4.2 Reinforcement and Retrofit Program Design

Parameter value. The design adopts the standard value of uniform live load: 2.0 KN/m2

for functional rooms, 2.5 KN/m2 for corridors and stairwells, 2.5 KN/m2 for bathrooms,
0.5 KN/m2 for uninhabited roofs, and 0.3 KN/m2 for basic wind pressure. Floor constant
load = plate weight + 1.5 KN/m2 decoration load, roof constant load = plate weight
+ 3.0 KN/m2 decoration load. Strength of materials: strength of brick and mortar is
taken according to actual test value, strength of new concrete column is taken as design
value C40, strength of high ductility concrete surface is taken as design value C30.
Structural calculation parameters are taken as follows: seismic intensity 7º, design basic
seismic acceleration 0.10 g, design seismic grouping group III, characteristic period
0.45 s, building site soil category II, ground roughness class B, class B ground floor.
Frame structure building (subsequent service life 40 years), seismic defense category C,
structural safety class II, structural importance coefficient 1.0.

Reinforcement program design. According to the owner’s demand for use and the
results of the inspection and appraisal report, the structural form of the house is trans-
formed from a brick-concrete structure to a ground-floor frame brick house structure,
with the first floor using columns, beams, and walls for joint load-bearing. The original
structure of the beam bottom reinforcement insufficient position using increased cross-
section and sticky carbon fiber cloth way to reinforcement. The wall limbs with insuf-
ficient seismic load bearing capacity are reinforced by adding high ductility reinforced
concrete slab walls. The demolition position of the wall is reinforced with additional
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reinforced concrete columns and new conversion beams. The position of wall end with-
out structural column is reinforced by adding four sides of reinforced concrete surface
layer to form structural column [7]. This project is the existing building reinforcement
design, mainly based on the “Building Seismic Reinforcement Technical Regulations”,
according to the above design ideas modeling calculation analysis, the results meet the
expected assumptions. The sketch of the reinforcement design model is shown in Fig. 3.

Fig. 3. Sketch of house structural reinforcement design model

(3) Reinforcement and remodeling content and method.
Remove part of the wall of 1–5/A-F axis on the first floor of the house, remove the

wall and add new concrete columns with dimensions of 400 mm × 400 mm, 600 mm
× 600 mm and other four models, and add new conversion beams with dimensions of
400 mm × 500 mm, 400 mm × 550 mm and other three models. The new columns
and beams in the area of 1–5/A-F axes on the first floor, the location and reinforcement
diagram are shown in Fig. 1. The new columns are added by adding new independent
foundations, and the new columns are added by removing the walls and using themethod
of enlarging the original foundation cross section. The retained wall of the first floor is
reinforcedwith additional high ductility reinforced concrete slabwall, with the thickness
of 50 mm on one side; the wall of the second and third floors is reinforced with high
ductility concrete slab wall, with the thickness of 20 mm on one side; the bottom of the
beams and plates of the second and third floors, as well as all the staircases, are reinforced
with sticky carbon fiber cloth. The contents and methods of house reinforcement and
renovation are shown in Table 4, and the construction of the reinforcement site is shown
in Fig. 4.
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Table 4. House reinforcement and remodeling content and methods

Reinforcement of the main contents of the
renovation

Main Methods of Reinforcement and
Retrofitting

Tectonic plates Second floor and roof Carbon Fiber Cloth Reinforcement

No structural columns at the end of the wall Addition of a four-sided envelope of
reinforced concrete facing to form
structural columns

staircases Carbon Fiber Cloth Reinforcement

Carrying capacity component Insufficient seismic bearing capacity of walls Reinforcement of single and double
sided high ductility reinforced concrete
slab walls

Inadequate combined floor seismic capacity
index

Reinforcement of single and double
sided high ductility reinforced concrete
slab walls

Beam cross section too small Enlargement of beam section

Insufficient reinforcement at the bottom of
the beam

Enlargement of cross-section,
attachment of carbon fiber cloth

Removal of wall locations Additional reinforced concrete
columns and new transition beams

Fig. 4. Construction plan of the reinforcement site
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5 Results of House Inspection and Appraisal After Reinforcement
and Remodeling

In April 2023, after the completion of strengthening and remodeling, the house was
re-inspected and appraised, and no obvious quality defects were found in the exterior
quality. The strength presumption value of the new concrete columns meets the design
requirements, and the strength presumption value of the high ductility concrete surface
layer meets the design requirements, and the test results are shown in Table 5. Modeling
calculations under static load, checking the reinforcement of the first floor of the concrete
members of the house, the stress ratio of the steel members, and the stress sketch of the
lower flange stability check, the frame columns and beams did not show any over-
reinforcement; checking the calculation of the axial compression ratio of the first floor
of the concrete columns, the axial compression ratio was between 0.05 and 0.17, which
was lower than the limit value of 0.05. 0.05–0.17, which is lower than the limit value
of 0.9 and meets the specification requirements; the compressive bearing capacity of
the wall limb and the height-thickness ratio of the second and third floors meet the
specification limits.

Table 5. Concrete strength test result table

Location of
components

1F
2/A
spine

1F
4/B
spine

1F
5/D
spine

1F
6/G
spine

1F
2–3/Cvertical
wall

2F
3/B-Chorizontal
wall

2F
4–5/Fvertical
wall

3F
1–2/Bvertical
wall

3F
6/E-Fhorizontal
wall

design
strength

C40 C40 C40 C40 C30 C30 C30 C30 C30

(statistics)
standard
deviation

1.9 1.5 1.8 1.4 1.0 1.1 0.8 1.1 0.8

Presumptive
strength
value (MPa)

43.5 42.1 42.8 42.7 31.1 31.5 31.9 31.8 31.7

Comprehensive testing indicators and results, with reference to the “Civil Building
Reliability Appraisal Standards” to make the structural safety rating: normal use of
housing appraisal unit safety rating for Bsu level, that is, the safety of the house is slightly
lower than the standard provisions of the Asu level, is not yet a significant impact on the
overall load bearing.

Referring to the relevant provisions of “Building Seismic Identification Standard”,
the relevant parameters of reinforcement design and measured data are taken for mod-
eling and calculation, and the seismic identification is carried out according to Class B
ground floor frame brick house: the maximum height of the house, the number of floors,
the maximum spacing of seismic transverse wall, the strength of the material, and the
overall connecting construction of the house satisfy the requirements of verification of
seismic measures of the specification. Seismic load capacity calculation, the house of
the first floor of concrete structural members reinforcement to meet the requirements of
the concrete column axial compression ratio is less than the normative limit, the sec-
ond floor, the third-floor wall limb seismic calculation results are shown in Table 6. In
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summary, the house structure of the comprehensive seismic load capacity to meet the
standard requirements.

Table 6. Seismic calculations of wall limbs at the second and third floors

Second floor wall
limb

a double-check βi0 βsi0 ξoi0 ηi0 βi90 βsi90 ξoi90 ηi90

2.85 1.99 0.0478 2.27 2.61 1.83 0.0545 2.31

a double-check βi44 βsi44 ξoi44 ηi44 λ

2.79 1.95 0.0508 2.30 1.00

Triple wall limb a double-check βi0 βsi0 ξoi0 ηi0 βi90 βsi90 ξoi90 ηi90

5.05 3.53 0.0277 2.33 4.14 2.90 0.0301 2.50

a double-check βi44 βsi44 ξoi44 ηi44 λ

4.70 3.29 0.0286 2.41 1.00

Notes: βi-Average floor seismic capacity index; βsi-Combined seismic capacity index of strength-
ened floors; ξoi-Base area ratio for seismic walls; ηi--Enhancement factor for seismic capacity; λ
--Intensity impact factor.

6 Conclusion

This paper comprehensively considers the old brick-concrete structure of the house itself
problems, reinforcement goals, subsequent use of the life and the owner’s needs and other
factors, an office building as an example, choose a reasonable reinforcement design
program targeted to the house seismic structural measures do not meet the standard
requirements, the comprehensive seismic bearing capacity is insufficient to enhance
the use of functionality and other issues to deal with the house reinforced before the
assessment of the safety level of the Dsu level, after the reinforced transformation to
increase the safety level to Bsu level, effectively guaranteeing the normal safe use of the
house to enhance the comprehensive seismic capacity and the use of functionality. The
safety grade of the house was Dsu grade before reinforcement, and the safety grade was
upgraded to Bsu grade after reinforcement and remodeling, which effectively guarantees
the normal safe use of the house and improves the comprehensive seismic capacity of the
house and the use function [8]. This project has a lot of transformation contents, complex
reinforcement process, and many kinds of cross work, through the comparison of testing
and appraisal data before and after reinforcement and transformation, it verifies that the
reinforcement design scheme is reasonable and feasible, and it will provide reference
for other similar projects in the future.
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Abstract. Modal analysis is an effective method that helps engineers understand
how a building responds to different types of dynamic loads, such as wind, earth-
quakes, or vibrations caused by human activities. It provides valuable insights into
a building’s natural frequencies, mode shapes, and damping characteristics. In this
paper, a simplified model of the Space Needle Tower is established using ANSYS
SPACE CLAIM, followed by modal analysis using ANSYSWORKBENCH. For
the purpose of simplification, the equivalent density of themodel is set to the actual
mass of the Space Needle tower divided by the volume of the model. The space
needle towermodel consisting of 11 components is then divided into 126144 nodes
and 66287 units. The first 6 modes of deformation and the corresponding natural
frequencies are obtained. In the end, the paper points out the tower’s potential
weaknesses or areas that require reinforcement and provides potential solutions
to improve the stability of the tower under dynamic loads.

Keywords: ANSYS · Modal Analysis · Natural Frequency · Finite Element
Method

1 Introduction

The Space Needle in Seattle, Washington, is one of the most popular tourist spots around
the world. Approximately 1.3 million guests visit the Space Needle per year, and nearly
60million visitors have visited the tower since it opened in 1962. The towerwas designed
by John Graham & Company.

The structure of Space Needle comprises a steel tripod, with each of the three legs
pinched just above the middle of their height and topped by a multi-level tophouse
reminiscent of a flying saucer. This tophouse consists of five stacked layers: a revolving
restaurant, a mezzanine level, an observation deck, a mechanical equipment level, and at
the tower’s pinnacle, an elevator penthouse. The structure was also originally crowned
by a 15 m natural gas torch. On the basis of its structural features, the tower is 42 m
wide, weighs 8660 metric tons, and is built to withstand winds of up to 32 0 km/h and
earthquakes of up to 9.0 magnitude, as strong as the 1700 Cascadia earthquake [1].
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Earlier studies on the Space Needle tower mainly focus on the analysis of its acous-
tical design and commercial values. However, the natural frequencies and deformation
type of the tower are merely studied. Thus, this study focus on calculation of natural
frequencies and analysis of the tower’s weakness [2].

2 Method

2.1 Model Establishment

For the purpose of simplification, the model constructed in the ANSYSWORKBENCH
is composed with 11 components [3].

Component 1 is a triangle base with a total height of 154 m, which can be further
divided into three platforms. The length of the six support bars on platform one (the
lower one) is 11.3 m, and the thickness is 2.3 m. The length of the support bars on
platform two (the middle one) is 7.1 m, and the thickness is 1.2 m. The highest platform
is composed with two cylinders whose edges are linearly connected. The diameter of
the upper cylinder is 33 m, and the diameter of the lower cylinder is 21 m (Fig. 1).

Fig. 1. Component 1

As shown in Fig. 2, the curvature of the upper part of the tripod changes from 0.011
m−1 to 0.008 m−1 from top to bottom.
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Fig. 2. Component 1 Upper Part Dimension

The curvature of the middle part ranges from 0.0002 m−1 to 0.0078 m−1, see Fig. 3.

Fig. 3. Component 1 Middle Part Dimension

As shown in Fig. 4, the curvature of the lower part is constant, which is 0.0003 m−1.
And each hollow cuboid has a length of 9 m, a width of 3.3 m, and a thickness of 1.2 m.
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Fig. 4. Component 1 Lower Part Dimension

In addition to Component 1, component 2 is another support for the Space Needle
Tower (See Fig. 5). It was constructed by creating a circle and then using the circular
pattern button to make it a hexagon with an edge length of 3.4 m and finally extruded it
to a height of 151.5 m.

Fig. 5. Component 2

Component 3 is composed with two cylinders (See Fig. 6). A big circle with a
diameter of 21.1 m is first created and then it is stretched to a thickness of 0.6 m. The
smaller one is created by repeating the same process, its diameter is 15.1 m and its
thickness is 1.6 m.
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Fig. 6. Component 3

As shown in Fig. 7, component 4, 5, 6 have the same shape but are different in size.
Three types of edges are named Edge # 1, 2, and 3 based on their length, from shortest
to longest. The dimensions of each component are recorded in Table 1.

Fig. 7. Component 4, 5, 6

Table 1. Dimensions of Component 4, 5, 6

Component Edge #1 Edge #2 Edge #3 Height Angle between Edge #1&2

#4 7.3 m 12 m 15.7 m 1.2 m 150 ◦

#5 7.3 m 7.4 m 15.7 m 2.4 m 150 ◦

#6 7.3 m 7.4 m 15.7 m 3.5 m 150 ◦

Figure 8 shows component 7, the top of the tower, which was composed with four
cylinders. The cylinders are namedCylinder #1, 2, 3, 4 from top to bottom. The curvature
range of the connecting surface between cylinders 3 and 4 is 0.27 m−1 to 0.47 m−1. The
dimensions of each cylinder are recorded in Table 2.
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Fig. 8. Component 7

Table 2. Dimensions of the Cylinders in Component 7

Cylinder Diameter Height

#1 2.1 m 2.2 m

#2 10 m 1.4 m

#3 15 m 0.3 m

#4 30.4 m 0.4 m

Figure 9 shows component 8&9, which are two cylinders with the same diameter of
30.2 m, the height of component 8 is 3.1 m and the height of component 9 is 2.8 m.

Fig. 9. Component 8, 9

As shown in Fig. 10, the longer edges of component 10 have a length of 11.7 m and
the shorter edges are 4.5 m. The angle between two adjacent short edges is 120◦.
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Fig. 10. Component 10

Component 11 is the frustum of a cone at the top of the model, which has a diameter
of 0.6 m at the upper bottom, 2.1 m at the lower bottom, and a height of 11.7 m.

Fig. 11. Component 11

All components are combined into a whole after being established by using the
combine and joint button. The final modeling result is shown in Fig. 12.

Fig. 12. Final Model of the Space Needle

2.2 Material Settings

The main material of the Space Needle Tower is structural steel. The actual total weight
is 9550 tons (excluding the foundation), and the volume of themodel is 25958.26m3.We
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chose structural steel as the only material, and as a simplification, we set the equivalent
density of the model to the actual mass of the building divided by the model volume [4]:

ρ = M
V

= 9550000kg
25958m3 = 367.9kg/m3 (1)

The corresponding material settings are shown in Table 3.

Table 3. Material Settings

Item Value

Material Structural Steel

Volume 26000 m3

Mass 9550 ton

Equivalent Density 367.9 kg/m3

Young’s Modulus 200 GPa

Poisson’s Ratio 0.3

2.3 Boundary Conditions

The bottom of the space needle tower is actually connected to a foundation, as our model
didn’t consider the foundation, the seven faces at the bottom of the model are considered
fixed and supported (see Fig. 13) [5].

Fig. 13. Boundary Conditions
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2.4 Mesh Generation

Appropriate mesh generation is the key to accurate model analysis. To determine the
appropriate grid size, an independence study was conducted to test the dependence of
the result on mesh density. By changing the mesh size, the relationship between the
number of nodes and the fundamental frequency is shown in Fig. 14 [6, 7].

Fig. 14. Mesh Independence Study

According to Fig. 11, the fundamental frequency hardly varies with the number of
nodes in the range of 80000 to 130000 nodes, so the weak dependence can be ignored.
In order to obtain the most accurate results, a grid size of 0.767 m was used. The model
was then divided into 126144 nodes and 66287 units (see Fig. 15).

Fig. 15. Mesh Generation Result
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3 Results

The modal analysis was carried out by using ANSYS Student Version. Six modes and
the corresponding natural frequencies were obtained (see Fig. 16).

Fig. 16. Frequencies of Different Modes

For six modes with different frequencies, deformation analysis was carried out
separately, and the result was shown in Fig. 17, 18, 19, 20, 21 and 22.

Fig. 17. Deformation Diagram Mode 1 Fig. 18. Deformation in Diagram in Mode 2
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Fig. 19. Deformation Diagram in Mode 3 Fig. 20. Deformation in Diagram in Mode 4

Fig. 21. Deformation Diagram Mode 5 Fig. 22. Deformation Diagram in in Mode 6

Figure 17, 18, 19, 20, 21 and 22 shows the deformation of six modes with different
frequencies.According to the Figs, the areawhere themaximumnormalized deformation
occurs and the tower’s weakest points can be clearly identified (See Table 4).
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Table 4. Deformation at Six Different Frequencies

Mode Frequency (Hz) Maximum Normalized Deformation (cm) Type of Deformation

1 0.71558 0.06179 Z-axis Bending

2 0.71593 0.061797 X-axis Bending

3 3.8352 0.099626 Y-axis Torsion

4 4.5367 0.15098 Z-axis Sway

5 4.537 0.14928 X-axis Sway

6 7.4922 0.18934 Y-axis Sway

4 Conclusions

4.1 Summary

Modal analysis is performed on the simplified model of the Space Needle tower. Proper
meshing and boundary conditions are applied during the simulation process. Six mode
types with corresponding natural frequencies have been obtained. The natural frequen-
cies range from0.72Hz to 7.49Hz, the correspondingmaximumnormalized deformation
is from 0.062 cm to 0.189 cm. Component 1, the triangle base has the greatest degree of
deformation in all six modes. Component 4, 5, 6 (which together form the first platform)
have the smallest degree of deformation. In mode 1&2, bending is the most obvious and
primary form of deformation [7]. Within a component, the part at a higher altitude tends
to show a larger degree of deformation. In mode 3, torsion centered on Y-axis appears
and greatest deformation occurs at the highest platform (UFO shaped) throughout the
entire tower. In mode 4, 5, 6, sway occurs and the location where the maximum defor-
mation occurs is in the middle of the two connection points (component 1& platform 1,
component 1 and platform 3).

4.2 Discussions

According to an empirical study, the natural frequency of tall buildings can be simply
given by:

f = 46

L
(Hz, L is the height of the building in m (2)

Thus, the empirical natural frequency should be around 0.3 Hz and the difference
between the value of mode 1 and the empirical value is relatively small. As shown in the
deformation diagrams, the triangular structure and the complex curves of the steel bars
(component 1) effectively make the overall structure safer and more stable. It should
be pointed out that for the purpose of simplification, the complicated surface structure
and the foundation of the tower is not considered during the modeling process, and the
weight of the tower is distributed uniformly throughout the whole tower. Actually, the
designers took into account the characteristics of seismic waves and specially used a



822 S. Chen et al.

heavy and solid foundation (5850 ton, including 250 tons of refined steel) to frame the
entire tower. Therefore, the real tower must exhibit a much more stable state than the
model does since its center of gravity is much lower. These steps of simplification are the
major causes of inaccuracies in the simulation results. As for future maintenance, one
practical method is to install a dynamic monitoring system at the top of the Space Needle
tower. Continuously recorded signals can automatically identify the natural frequencies
of key vibration modes of the structure and provide engineers with latest information as
references.
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Abstract. Food is one of the most important components for the survival of
humans. Women suffer the most impacts of the cooking harmful gases and par-
ticulate matters that are 2.5 microns (PM2.5) or less such as PM10. Improved
cookstoves are used to reduce firewood consumption, lower the smoke released
from the kitchen, help women improve their health, and conserve native trees
in the area. Sustainably managed biomass, unlike the burning of fossil fuels, is
considered carbon neutral since it does not contribute to the overall carbon emis-
sions in the atmosphere. In 2015, the United Nation mentioned 17 Sustainable
Development Goals (SDGs) to be achieved by 2030. This research aims to assess
an improvement in the cookstove implementation level within the clean develop-
ment, by reducing the carbon emissions following the Indian perspective for the
program of better cookstoves.

Keywords: Sustainability · Carbon Offsets · Improved Cookstoves · Clean
Development · Emission Reductions · India

1 Introduction

Clean cooking provides a highly effective and affordable approach to tackle the urgent
problems of pollution, climate change, and biodiversity loss. Around 2.4 billion indi-
viduals, which accounts for approximately one-third of the global population, depend
on inefficient stoves or open fires fuelled by coal, biomass (like wood, animal dung, and
crop waste), and kerosene for their cooking needs. In 2020 alone, this practice causing
household air pollution (HAP), which was responsible for approximately 3.2 million
deaths, including over 237,000 deaths of children under 5 years [1].

Inefficient and frequently lacking in appropriate ventilation, traditional cooking
stoves consume the majority of solid fuels. One of the primary advantages of biomass
is to be a renewable energy source. Properly managed biomass is considered carbon-
neutral since it does not contribute to an overall increase in carbon emissions in the
atmosphere, unlike burning fossil fuels [2].
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The production and consumption of fuelwood and charcoal contribute to the release
of 1–2.4 billion metric tons of greenhouse gases (GHGs) in the form of carbon dioxide
equivalents (CO2e) annually. Improper use of fuelwood is a significant human activity
that degrades the environment and harms forests. The primary contributors to greenhouse
gas (GHG) emissions were the burning of wood and diesel. Moreover, the incomplete
combustion of firewood releases substantial amounts of black carbon (soot) and carbon-
based greenhouse gases. In rural areas of India, approximately 90% of the population
lacks access to modern fuels, leading to a significant annual usage of 150 million tonnes
of biomass for cooking purposes [3].

Eliminating the use of solid fuels and kerosene for cooking will help to address
environmental degradation and mitigate global warming that reduce smoke exposure
impacts (3rd Sustainable Development Goal, SDG3). Furthermore, this clean cooking
can be used to increase productivity impacts SDG8 on economic growth by saving time
and money, in addition to many of the other SDGs, which established by the United
Nations on having access to clean, modern, sustainable, and affordable energy [4].

2 Methodologies

The “improved” cooking technology consume less fuel and smokeless from incomplete
combustion. The co-benefits include enhanced fuel savings, enhanced health outcomes,
reduced indoor air pollution, and positive environmental effects. Solid-fuel stoves,
or Improved Cookstoves (ICS), are produced to be more effective than conventional
biomass technology, which saves fuel, and reduces particle’ emissions. Recent stud-
ies, such as Project Surya, have demonstrated that improved forced draft stoves can
reduce Black Carbon (BC) concentrations nearly twice as much as natural draft stoves
in controlled kitchen environments, and contribute to climate mitigation efforts [5]. By
reducing the amount of biomass required for cooking, these stoves alleviate pressure
on forests and other vegetation sources promote sustainable resource management tech-
niques, and help to conserve natural resources. Furthermore, it offer significant health
advantages by reducing indoor air pollution (IAP) that associated with conventional
cooking methods. The inclusion of grating in ICS is a vital feature that enhances com-
bustion and efficiency. Typically, a 20× 20 cm cast iron grating is attached at the bottom
of the ICS, with a channel generated beneath it to facilitate airflow into the cookstove.
This design promotes complete combustion of firewood, and reduces smoke emissions.
Furthermore, the unimpeded airflowwithin the channel improves combustion efficiency.
Cookstoves are categorized in the literature based on various factors, including the extent
of modifications, performance requirements in terms of efficiency and emissions, and
the type of fuel used [6].

Cookstove projects can lead to the generation of two types of carbon credits: Certified
Emissions Reduction (CER) credits and Voluntary Emissions Reduction (VER) credits.
These credits are recognized under the Kyoto Protocol, which is overseen by the United
Nations Framework Convention on Climate Change (UNFCCC), which is responsible
for issuing CER credits. Both types of projects undergo a rigorous testing and validation
process to demonstrate their ability to offset a certain number of emissions [7]. Under
the Clean Development Mechanism (CDM), two different approaches are available for
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cookstove projects AMS II.G and AMS I.E. The AMS II.G is applicable when a more
efficient cookstove introduced to reduce the consumption of non-renewable biomass.
Furthermore, theAMSI.E approach applieswhen renewable technologies, such as biogas
or solar cookers, are implemented to replace the use of non-renewable biomass [8]. A
comparison between those two approaches is presented in Table 1.

Table 1. CDM-AMS II.G versus CDM-AMS I.E.

Program CDM-AMS II.G CDM-AMS I.E

Measure of biomass fuel
consumption

KPT, WBT, or CCT (Controlled Cooking Test)

Baseline Scenario Consider using fossil fuels to meet cooking and heating demands

Covered Project types Installing enhanced thermal
devices can reduce the
consumption of fossil fuels
biomass

Renewable energy technology
can replace fossil fuels biomass
as a thermal energy source

This methodology measures the reduction of emissions by calculating the amount
of nonrenewable biomass or fossil fuels that are consumed less. For non-renewable
biomass, the methodology is the same as that outlined in AMS-II.G. Such reduction in
a certain year (ERy) is related to the tons weight saved for the biomass (By,vings,i,j) per
each project i and batch j. The percentage of woody biomass ( fNRB,y) with some unpre-
dictability reduction (ud), which considered as not renewable, should be determined, in
addition to the CO2 (EFwf ,CO2) and the non- CO2 (EFwf ,non CO2) emission factors
(t CO2/TJ). It can be calculated through the following equation:

ERy =
∑

i

∑
j
By,savings,i,j × N0,i,j × ny,i,j × μy × fNRB,y × NCVbiomass × (EFwf ,co2 + EFwf ,nonco2)× AdjLE × (1− ud )

(1)

where:
NCVbiomass is the net calorific value of the non-renewablewoody biomass (replaced

or reduced). N0, is the project devices (i) and batch (j) assigned. However, ny,i,j is the
assigned remain operating ratio of the same project devices and batch within the same
year, using certain adjustment factor (μy) during the same year, and another adjustment
factor (AdjLE) that is related to the leakage for the non-renewable woody biomass saved.

The Chetak cookstove is specifically designed to burn dung cakes, firewood, and
agricultural waste as fuel. To accommodate small utensils, the Chetak cookstove has
undergone certain modifications, with a thermal efficiency of 21% (Fig. 1). Udairaj
cookstove, an enhanced biomass cookstove has two pots, with the first having a diameter
of 17 cm, and 15 cm for the second pot. The wood burns efficiently and safely in this
cookstove. It offers a thermal efficiency of 25%, ensuring effective utilization of the
fuel’s heat [9].

The Patsari cookstove incorporates several design elements to enhance its efficiency
and reduce smoke emissions [10]. The design of the Patsari cookstove includes tunnels
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that lead to secondary chambers with smaller combustion areas. These secondary cham-
bers are used for low-power cooking tasks. The combustion gases are expelled through
these tunnels, contributing to improved combustion efficiency and reducing fugitive
smoke emissions. This design ensure to make it more efficient and environmentally
friendly [11].

The Lakech and theMerchaye stoves offer options for efficient charcoal cooking, but
with some differences in their specifications and characteristics. The Lakech Cookstoves
have been estimated to have a CO2e (carbon dioxide equivalent) emission mitigation
potential of 0.14 tCO2e (tons carbon dioxide equivalent) per stove per year. This indicates
the potential reduction in greenhouse gas emissions compared to traditional cooking
methods. However, theMerchaye stove has a higher estimatedCO2e emissionmitigation
potential compared to the Lakech stove, with a value of 0.33 tCO2e per stove per year
[12].

By fostering the processes of gasification (the conversion of solid biomass into
combustible gases) and pyrolysis (the decomposition of organic material by heat in the
absence of oxygen), TLUD and IDD gasifier stoves are made to maximize the burning of
biomass fuel, such as wood or agricultural waste (Fig. 2, 3, 4 and 5). These stoves’ Map
Predicted Fire (MPF) enables the production of combustible gases to produce cooking
heat. Top-lit up-draft gasifier stoves are highly regarded for their ability to effectively
burn the volatile gases produced by biomass fuels when heated in the absence of oxygen.
These stoves are designed with reduced primary air inlets to allow for a natural draft,
which pulls the gases up the chimney. This combustion process ensures that the gas fuels
would be released into the atmosphere with lower emissions. In addition, it improves
indoor air quality, benefiting the health and well-being of users. TLUDs, with their
small fuel batch sizes and moderate burn rates, offer exceptional fuel efficiency and
minimal emissions during the combustionprocess.Additionally, TLUDstoves contribute
to lower greenhouse gas emissions, aligning with environmental sustainability goals.
Furthermore, their fuel efficiency lead to cost savings and better fuel economy in cooking
methods [13].

Fig. 1. Modified Single Pot
Chetak Cookstove [9].

Fig.2. Patsari wood-burning cookstove [10].
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Fig. 3. Lakech
Cookstove [9].

Fig. 4. Merchaye
Cookstove [9].

Fig. 5. Top-Lit Up-Draft
Technology [13]

In performance studies of biomass cookstoves, various tests are commonly used to
assess their effectiveness and efficiency in real-world cooking scenarios. Two commonly
used tests are the Water Boiling Test (WBT) and the Kitchen Performance Test (KPT).

(a) The Water Boiling Test (WBT) proposed to measure the emissions during cooking
and to assess the stove uses fuel to heat water in a cooking pot. The main goal
of the WBT is to evaluate the performance of various cookstoves by comparing
them according to parameters like thermal efficiency (ηth) and emissions mass,
furthermore, to make sure that these stoves adhere to the standards set by various
governmental and non-governmental organizations. It is divided into three distinct
phases: the cold-start high-power in which water is heated to room temperature, then
brought to a boil in the second phase (the hot-start high-power), and simmering is the
last phase (Fig. 6), which entails holding the boiling water at a temperature below
45 min (Fig. 7) [14].

Fig. 6. Particulate Matter (PM), Pot
temperature, and relative humidity during WBT
[14]

Fig. 7. CO2 and CO emissions during WBT
[14]

To assess the emissions performance of biomass cookstoves, duringWBT, a Labora-
tory Emissions Monitoring System (LEMS) is often used (Fig. 8) that includes sensors
for measuring carbon monoxide (CO), carbon dioxide (CO2), and Particulate Matter
(PM). These sensors play a crucial role in evaluating the emissions generated by the
stove under test. The CO sensor in the LEMS utilizes an electrochemical cell with two
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electrodes to measure the amount of CO produced by the stove. The CO2 sensor in the
LEMS uses non-dispersive infrared technology to measure the amount of CO2 produced
by the stove. This sensor generates a voltage that corresponds to the CO2 concentration,
enabling the quantification of CO2 emissions. The gravimetric system, which provides
a direct measurement of PM concentration, measures total PM utilizing filter-based
sampling in Fig. 8.

Fig. 8. Laboratory Emissions Monitoring System with the Nozzle type Energy Efficient Cook-
stove mounted inside the metal hood [14]

The performance parameters of biomass cookstoves can be usefully revealed by
emissions testing utilizing LEMS during water boiling tests. These emissions are signif-
icant considerations for assessing the environmental impact and possibility of decreasing
Indoor Air Pollution (IAP) [14].

(b) Kitchen Performance Test (KPT) is considered the major field-based technique for
evaluating the stove improvements that affect household fuel use. The aim of this
test is to study the impact of the improved stove(s) on fuel consumption in actual
kitchen contexts of families and to assess qualitative elements of stove functionality
through household surveys. It includes qualitative analyses of stove performance
and user satisfaction in addition to quantitative measurements of fuel usage in order
to meet these objectives [15].

2.1 Firepower (FP)

In biomass cookstoves, it is a thermal performance parameter that measures the amount
of thermal energy generated in a given time period (kW). Firepower is calculated by
dividing the amount of thermal energy produced (kJ) by the time taken to generate that
energy (s). The firepower of a cookstove is an important characteristic as it represents
its heating capacity (cooking efficiency and performance). A higher firepower indicates
a larger heat output, which can result in faster cooking times. It is important to consider
other thermal performance parameters such as specific fuel consumption, turndown ratio,
as well as emission performance parameters such as emission factors of pollutants, to
evaluate the overall performance of biomass cookstoves and their environmental impact
[16].
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2.2 Thermal Efficiency (H)

It is a measure of how effectively it converts the energy generated during the combustion
of biomass fuel into usable thermal energy for cooking. It is typically expressed as a
percentage. It is evaluated by dividing the actual energy used by the pot and its contents
for cooking by the firepower available due to the combustion of the fuel. This parameter is
important since it reflects the efficiently of the cookstove in utilizing the energy from the
biomass fuel for cooking. Higher thermal efficiency indicates a more efficient cookstove
that is able to utilize more of the available energy for cooking, resulting in lower fuel
consumption and reduced environmental impact [16].

2.3 Specific Fuel Consumption (SFC)

It measures the amount of dry fuel, typically expressed in grams, required to produce
a specific unit of output. It is commonly reported as grams of fuel per kilogram of unit
output (g/kg) by dividing the mass of the dry fuel used during the test by the mass of
the unit output. The specific fuel consumption provides insights into the efficiency of a
cookstove by quantifying the amount of fuel required to produce a given output. Lower
values of SFC indicate better fuel efficiency, as less fuel is needed to achieve the desired
cooking result [16].

2.4 Emission Factor (EF)

It evaluates the mass of a specific pollutant emitted per unit of fuel burned per kilojoule
(kJ), or per megajoule (MJ) of energy released during cooking. It quantifies the pollutant
emissions associated with the combustion of the fuel. The indoor concentration of a
pollutant refers to the amount of exposure experienced by the user per cubic meter
of air in the room or cooking area (ng/m3), which impact indoor air quality and the
health of individuals exposed to them. Improved biomass cookstoves are known for their
fuel efficiency. They can consume 20–50% less fuel compared to conventional biomass
cookstoves, reduce lower emissions, and potentially improved indoor air quality. By
using less fuel, improved cookstoves can also provide economic benefits by reducing
fuel expenses for households and communities [16].

3 Result and Discussion

Despite variations in thermal efficiency, the Patsari stove exhibited several advantages
over conventional stoves. During the low-power period, the Patsari stove demonstrated
lower specific fuel usage compared to the high-power cold start phase. Furthermore,
households that solely relied on fuelwood experienced an important decrease in energy
consumption ofwhen using the Patsari stove. It proves to be amore efficient and effective
option, resulting in substantial energy savings for households relying on fuelwood.

Efficiency can be defined in various ways depending on different aspects of stove
operation: Combustion efficiency, Heat transfer efficiency, Efficacy of the control, Pot
effectiveness, and Efficiency of the cooking process.
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3.1 Housing Improvements

Household exposure to air pollution can be considerably reduced by making improve-
ments and adjustments to the housing. This can be accomplished by taking steps like
building new or larger kitchen windows, adding flues and smoke hoods, widening roof
spaces, elevating cooking surfaces to waist height, and dividing cooking rooms from
other living areas. The promotion of home renovations for better health outcomes has
typically been done through education and information dissemination. The success of
housing renovation programs for bettering health in poor nations depends on the strict
enforcement of building codes to ensure that changes are made to reduce exposure
to indoor air pollution. Developing nations may achieve major advancements in hous-
ing conditions and reduce exposure to household air pollution by giving priority to the
implementation of building standards,whichwill improve the health of their populations.

3.2 Behavioral Change

Recent analyses of behavioral modification programs have demonstrated that these tac-
tics can dramatically lower the exposure of young children to household air pollution.
Cooking outside, spending less time in the kitchen, keeping the door open while cook-
ing, avoiding leaning over the fire while attending to cooking, not carrying children
while cooking, and keeping kids away from the kitchen area are some of the advised
behavioral changes to reduce exposure to household air pollution. To include household
air pollution and clean cooking education in the training programs for frontline health
workers, the Global Alliance for Clean Cookstoves (GACC) and other country alliances
should contact the national health authorities. This may help raise public awareness of
healthy cooking methods and encourage their adoption, which may minimize household
exposure to air pollution and improve health outcomes in developing nations.

3.3 Carbon Offsets

Three billion people use traditional cookstoves or open flames to cook their food, which
is a serious environmental and public health concern and a barrier to sustainable eco-
nomic growth. Cleaner and more effective cooking technologies are available, but many
households in underdeveloped nations cannot afford them or cannot get them in their
local marketplaces. Businesses are now using carbon offsets or credits to help low-
carbon development in developing nations, notably in the clean cooking industry, to
address this problem. Cookstoves and fuels that are cleaner and more effective have the
potential to achieve important annual reducing carbon dioxide (CO2) emissions, in addi-
tion to enhancing livelihoods, quality of life, and health. Several SDGs could be aided
by projects including efficient cookstoves. A more complete combustion is achieved by
efficient cookstoves, which results in fewer emissions of methane and other pollutants,
as well as using less fuel and/or switching to fuel that is less GHG-intensive, since few
types of stoves meet the World Health Organization’s (WHO) definition of “clean” for
carbon monoxide and particulate matter emissions.
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4 Conclusion

The benefits of Improved Cookstoves (ICS) are two-fold, with positive impacts reported
at both the household and regional levels. At the household level, users of ICS will have
less smoke, reduced risk of burns, improved taste of food, and decreased expenditures on
fuelwood. At the regional level, widespread adoption of ICS can contribute to mitigating
forest degradation and result in significant savings of tons of CO2 emissions per year,
making ICS an effective and efficient means of securing carbon storage in forests. The
effectiveness of cookstove has been evaluated into reducing greenhouse gas (GHG)
emissions, measuring emissions reductions, reducing exposures to harmful pollutants,
and improving health and well-being as highlighted in the Intergovernmental Panel
on Climate Changes (IPCC) Sixth Assessment Report, which underscores the need to
protect the environment and combat climate change.
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Abstract. The tunnel project has a large one-time investment, a long construction
period, and potential safety hazards. During the operation period, structural cracks,
voids, deformation, dislocation,water leakage andother diseasesmayoccur,which
greatly reduces the use function of the tunnel and threatens its safety in construction
and operation. Therefore, it is necessary to carry out the development and research
of tunnel safety monitoring and early warning system to pre-perceive and predict
the working state and disease characteristics of the tunnel structure and timely
warn. Aiming at the working state and disease characteristics of the tunnel, this
paper discusses how toobtain the dynamic changes of theworking state anddisease
characteristics of the key parts of the tunnel in real time, and optimizes the design
of the tunnel safety monitoring and early warning system. A multi-dimensional
monitoring and early warning system for tunnel safety is recommended, which
can control the working state and disease changes of the tunnel in real time, and
improve the service quality and service life of the tunnel.

Keywords: Tunnel Safety ·Multi-Dimensional Monitoring · 3-D Laser ·
Oblique Photography

1 Introduction

At present, the scale andmileage of tunnel construction inChina have become theworld’s
largest, but compared with other non-underground projects, the probability of tunnel
safety accidents and quality accidents is higher, and the consequences are serious [1].
Although the construction technology and level of tunnel structure have been improved
year by year, due to the influence and restriction of various factors such as geological,
topographic and hydrological characteristics, tunnel engineering may suffer from water
leakage, deformation, structural crack and other diseases during operation and service
[2], which greatly reduces the quality and service life of the tunnel, has a great impact
on society and traffic, and even threatens the safety of life and property.
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Many scholars at home and abroad have studied the early warning and prediction
of tunnel engineering. Such as Zhang Junru [3] developed the tunnel health monitoring
and intelligent information management evaluation system, and put forward the new
development trend of tunnel intelligent monitoring technology and information man-
agement system. Based on Java language and Access system, Fang Yu [4] developed a
tunnel construction monitoring data analysis and management system. Frank et al. [5]
proposed the problems and solutions of wireless monitoring in tunnel and other fields.
TSUNO et al. [6] introduced a tunnel monitoring method based on wireless sensor net-
work. ALBAM et al. [7] introduced a tunnel section analysis method based on rapid
measurement of digital image displacement. Frank et al. [5] proposed the problems and
solutions of wireless monitoring in tunnel and other fields. Bennett et al. [8] carried
out continuous deformation monitoring research on tunnel structure based on wireless
sensor network.

In view of the current situation of tunnel structure and operation and maintenance
requirements, considering the problems of tunnel structure cost input, technical status
and service life, this paper proposes a multi-dimensional monitoring and early warning
system for tunnel operation safety based on theworking status and disease characteristics
of the tunnel during operation. The dynamic changes of the working status and disease
characteristics of the key parts of the tunnel aremonitored and analyzed, and the technical
status of the tunnel structure is dynamically controlled in real time. The potential tunnel
operation diseases are identified and judged accurately and in advance, so as to avoid the
structural damage of the tunnel caused by “small danger and big risk “and” small disease
and big disease. “In order to improve the durability and prolong the service life of the
tunnel structure, the development trend of the tunnel structure disease is perceived in
advance and the early warning is carried out in time, so as to serve the early warning and
scientific decision-making of the tunnel danger, provide scientific data support for the
tunnel design and preventive maintenance, and promote the progress and development
of the tunnel structure material design technology.

2 Multidimensional Monitoring and Early Warning Technology

Traditional monitoring methods rely on a large number of manual participation, and the
degree of automation participation is not enough. The safety monitoring and evaluation
technologyof tunnel structure has the problemsof time-consuming and lowaccuracy, and
the treatment methods of tunnel diseases mostly stay on the surface treatment of tunnel
structure, ignoring the pre-perception and prediction of tunnel structure diseases. Multi-
dimensional monitoring and early warning technology is based on a series of monitoring
methods such as multiple monitoring sensors + three-dimensional laser scanning +
tilt photography combined with BIM model, which is a comprehensive and full-life
cycle comprehensive intelligent monitoring and early warning technology integrating
structural monitoring, condition assessment and safety early warning. Compared with
the traditional monitoring methods, multi-dimensional monitoring and early warning
technology can dynamically control the technical status of tunnel structure in real time,
accurately identify and judge the potential tunnel operation diseases in advance, pre-
perceive and predict the development trend of tunnel structure diseases and give early
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warning in time. It can significantly improve the durability of tunnel structure andprolong
its service life, and has a wide application prospect.

3 Research on Design of Monitoring and Early Warning System

3.1 General System Design

Based on the current situation of tunnel structure and operation andmaintenance require-
ments, a multi-dimensional monitoring and early warning system for tunnel safety is
designed by comprehensively considering the cost input, technical status and service
life of tunnel structure. It can control the working state and disease changes of tunnel in
real time, improve the durability of tunnel structure and prolong the service life, and pro-
vide scientific data support for tunnel risk early warning and scientific decision-making,
as well as tunnel design and preventive maintenance. The multi-dimensional monitoring
and early warning system of tunnel safety is composed of multi-dimensional monitoring
unit, monitoring data acquisition and transmission unit and monitoring data platform.
The multi-dimensional monitoring unit is composed of multi-dimensional monitoring
sensor + three-dimensional laser scanning + oblique photography + BIM model. The
multi-dimensional monitoring unit is arranged in the key monitoring section of the tun-
nel, and the monitoring data acquisition and transmission unit is connected with the
monitoring data platform respectively to intelligently monitor the dynamic changes of
the working status and disease characteristics of the key parts of the tunnel in real time
and give early warning in time.

3.2 System Unit Design

The multi-dimensional monitoring unit is composed of multiple monitoring sensors +
3D laser scanning + oblique photography + BIM model. According to the engineering
characteristics of the tunnel structure, the GNSS displacement monitoring system, crack
meter, strain gauge and other multi-dimensional monitoring sensors are arranged in the
uphill slope of the tunnel portal and the end wall of the tunnel portal. Based on the three-
dimensional point cloud data obtained by 3D laser scanning and the panoramic aerial
photography data of the tunnel structure obtained by oblique photography, combined
with the BIM model, the multi-dimensional monitoring model of the tunnel structure
is constructed to intelligently monitor the dynamic changes of the working state and
disease characteristics of the key parts of the tunnel. The monitoring data acquisition
and transmission unit is a data acquisition control box that transmits the monitoring data
obtained by the safety monitoring unit to the safety monitoring data platform through
the communication transmission module. The data acquisition control box and the com-
munication transmission module are jointly arranged with the multi-monitoring unit.
The monitoring data platform through the data interface server, data application server
and data analysis server, the tunnel structure monitoring data storage, data screening,
display management, emergency plan processing and intelligent early warning analysis.
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4 Application Research of System

4.1 Project Overview

A tunnel is a separated tunnel. The right line of the tunnel is 812 m long and the left line
is 760m long. The stratum in the tunnel area is mainly the third stratum of the Indosinian
period. The main structures are the Nading fault and the Nalang-Datong fault, which are
non-new active faults and have little influence on the engineering geological stability
of the tunnel area. The surface water in the tunnel area is mainly gully water, and there
are gullies at the entrance and exit of the tunnel. The gullies have a great influence on
the tunnel. The groundwater in the tunnel area is mainly pore water and bedrock fissure
water in the Quaternary overburden. The tunnel layout is shown in Fig. 1.

Fig. 1. Site layout of a tunnel

4.2 Monitoring Site Arrangement

The design concept of a tunnel is “people-oriented, safety first, and overall safety in the
whole life cycle.” Considering the functions of highway tunnels, driving safety, natural
environment and other factors, taking into account the requirements of construction and
later tunnel structure operation, based on themulti-element monitoring sensor, the whole
life cycle health monitoring is mainly carried out for the parameters such as secondary
lining concrete stress, secondary lining crack, vault subsidence and peripheral conver-
gence. Based on the three-dimensional point cloud data obtained by three-dimensional
laser scanning and the panoramic aerial photography data of tunnel structure obtained
by oblique photography. Combined with BIM model, a multi-dimensional monitoring
model of tunnel structure is constructed to intelligently monitor the dynamic changes of
working status and disease characteristics of key parts of tunnel. The layout diagram of
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the monitoring points of the tunnel monitoring section, the overall design diagram of the
tunnel health monitoring, and the on-site installation diagram of the tunnel multi-sensor
are shown in Fig. 2, 3 and 4.

Fig. 2. The schematic diagram of measuring point layout of tunnel monitoring section

Fig. 3. Overall design diagram of tunnel health monitoring
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Fig. 4. Tunnel multi-sensor on-site installation diagram

4.3 Monitoring and Early Warning Platform

The multi-dimensional monitoring and early warning platform for tunnel safety can
query, browse,manage and analyze themonitoring data obtained by all multi-monitoring
sensors and the three-dimensional point cloud data obtained by three-dimensional laser
scanning in real time. Based on the tunnel BIMmodel, the monitoring layout of multiple
monitoring equipment can be queried and displayed in real time. Based on the three-
dimensional point cloud data obtained by three-dimensional laser scanning, all tunnel
deformation monitoring data can be consulted and displayed in real time, and the anal-
ysis and research of tunnel deformation monitoring data can be carried out. Based on a
series of monitoring methods such as multiple monitoring sensors + three-dimensional
laser scanning+ BIM model, the tunnel safety multi-dimensional monitoring and early
warning system is an all-round and full-life cycle comprehensive intelligent monitoring
and early warning system integrating structural monitoring, condition assessment and
safety early warning.The BIM model diagram of the tunnel outside, the sensor of the
tunnel monitoring section and the BIM model of the acquisition chassis are shown in
Fig. 5, 6. The three-dimensional point cloud data map of the tunnel and the tunnel defor-
mation monitoring data map based on the tunnel safety multi-dimensional monitoring
and early warning system are shown in Fig. 7, 8.
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Fig. 5. BIM model diagram outside the tunnel

Fig. 6. Tunnel monitoring section sensor and acquisition chassis BIM model diagram
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Fig. 7. Tunnel three-dimensional point cloud data map

Fig. 8. Tunnel deformation monitoring data map based on tunnel safety multidimensional
monitoring and early warning system

5 Conclusion and Suggestion

In this paper, the tunnel engineering project has a large one-time investment, long con-
struction period, potential safety hazards, and structural cracks and deformation may
occur during the operation period. The multi-dimensional monitoring and early warning
system for tunnel safety is designed and applied. Compared with the traditional moni-
toring technology, the multi-dimensional monitoring and early warning technology is a
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comprehensive intelligent monitoring and early warning system for the full life cycle of
the structuremonitoring, condition assessment and safetywarning. The system can query
and display the monitoring and layout of multiple monitoring equipment in real time,
query and manage all monitoring data in real time, control the technical status of tunnel
structure in real time, identify and judge the potential tunnel operation diseases accurately
and in advance, perceive and predict the development trend of tunnel structure diseases
in advance and give early warning in time. It can significantly improve the durability of
tunnel structure, prolong the service life, provide scientific decision-making services for
tunnel danger warning and scientific decision-making, provide scientific data support for
tunnel design and preventive maintenance, and promote the progress and development
of tunnel structure material design technologyQ2.
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