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Foreword

With the success of the past 2020 HECE conference, it is with this pride and honor that
invite you to attend the 2022 2nd International Conference on Innovative Solutions in
Hydropower Engineering and Civil Engineering, which was held online in Hangzhou,
China, during December 25-27, 2022.

Despite being considered by many to be a mature field, Hydropower Engineering
and Civil Engineering research continues to be a vibrant topic of research throughout
the world, with the number of publications continually increasing over time all around
the world. The continued interest in the application of these areas cries out for
different new ways for sharing cutting-edge research in the field. It is important
not only from a fundamental point of view but also for its engineering and industrial
applications.

HECE 2022 brings you an immense opportunity to be a part of scientific accel-
eration to world-class personalities, young scholars, scientific delegates and young
scientists to join in this conference to utilize the expertise and novelties that brings
a new era for innovations in the field of which brings well-versed scrutinizers. It
also provides a special channel to have open discussions, knowledge sharing and
interactive sessions with field experts.

This volume includes rudimentary and challenging studies concerning the basic
and advanced technology, theoretical developments, new empirical data and innova-
tive method of civil engineering and other related research, such as structural engi-
neering, construction materials and technology, bridge health monitoring, numer-
ical simulation of structural vibration, reliability and durability of structures, tunnel
construction, geotechnical and geological engineering, surveying engineering and
hydraulic engineering, et al.

HECE 2022 is organized by China University of Geosciences (CUG) and Ryerson
University Toronto, technically supported by CCCC, Beijing Jiaotong University,
China, Xi’an Jiaotong University, China (XJTU), University of Missouri, University
of Ferrara, Lincoln University, Texas A&M University-Kingsville, University of
Texas, X-wave Innovations, Inc., China Agricultural University, etc.

On behalf of the HECE 2022 organizing committee, we sincerely appreciate
the keynote speakers Prof. Guangliang Feng, Institute of Rock and Soil Mechanics,
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Chinese Academy of Science, Prof. Lei, Junging, Beijing Jiaotong University, China,
Prof. Hany El Naggar, Dalhousie University, Canada and Prof. Yupeng Wang, Xi’an
Jiaotong University, China (XJTU). We also extend our thanks to the international
reviewers and the members of the program committee for their contribution and
commitment to putting together a program of presentations. Meanwhile, thanks to
all the participants to contribute your latest research in this proceeding.

Said Easa
Ryerson University
Toronto, Canada
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Effects of Web Stiffeners Locations )
on Flexural Capacities of SupaCee L
Sections About the Weak Axis

Ngoc Hieu Pham

Abstract The paper investigates the influence of variation of web stiffener loca-
tions on the sectional capacities of SupaCee sections under bending about the weak
axis. The SupaCee is the new section made on the basis of the traditional channel
section by adding several stiffeners in the web of the channel section to increase
stability. The variation of stiffener locations has specific impacts on the flexural
capacities of SupaCee sections about the weak axis. With the asymmetrical character
of the SupaCee section about the weak axis, the behaviour of this section is analysed
when the moment direction is changed. The flexural capacities of cold-formed steel
SupaCee sections are determined according to the Australian/New Zealand Standard
AS/NZS 4600:2018. Based on the investigated results, it is found that the behaviour
of SupaCee sections depends on the moment directions. Also, the web stiffeners
should be kept far from the flanges which will be more beneficial for the flexural
capacities of SupaCee sections about the weak-axis.

Keywords Web Stiffener locations - Flexural capacities + SupaCee - Weak axis

1 Introduction

Cold-formed steel structures have been progressively used in buildings due to their
convenience in manufacturing, fabrication, transportation and assembly. Their appli-
cations are seen in industrial or commercial buildings. More details of the applications
can be found in Yu et al. [1]. Cold-formed channel section is a popular product that
has been available in the worldwide market for decades. This section has a wide and
flat web that is very sensitive to local buckling. This drawback subsequently has been
solved by adding stiffeners in this web to create a new section called SupaCee. This
SupaCee section will be considered in this investigation.

In terms of design for cold-formed steel structures, Direct Strength Method (DSM)
can be seen as a new design method that has attracted the mentions of researchers and

N. H. Pham (X))
Faculty of Civil Engineering, Hanoi Architectural University, Hanoi, Vietnam
e-mail: hieupn@hau.edu.vn

© The Author(s) 2023 1
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designers due to its advantages compared to the traditional effective width method
(EWM) [2—4]. The new method allows the designers to easily determine the capac-
ities of complex section shapes such as the SupaCee section. This method has been
regulated in the Australian/New Zealand Standard AS/NZS 4600:2018 [5]. Elastic
buckling analyses are compulsory for the application of this DSM method that can
be carried out by using commercial software packages such as CUFSM [6] or THIN-
WALL-2 [7, 8]. The design procedure was reported by Pham and Vu [9]. The DSM
method will be used for the investigation in this paper.

In literature, a huge number of studies on channel or SupaCee sections under
flexure have been available. Almost of the studies are flexure about the strong-axis
[4, 10-15] whereas these on flexure about the weak-axis remained limited [16, 17].
Impacts of web stiffeners on the capacities of SupaCee sections under bending about
the strong axis were studied in previous works [18] whereas their impacts on the
weak-axis were not reported. Flexure about the weak axis of SupaCee sections can
be found in numerous cases and this has a specific influence on the flexural capac-
ities of SupaCee sections. The strength and behaviour of SupaCee sections under
bending about the weak-axis are investigated in this paper. The distances between
web stiffeners are subsequently varied in order to study their distance impacts on the
flexural capacities about the weak-axis.

2 Sectional Capacities of Cold-Formed Steel Sections
Under Bending Using the Direct Strength Method

In this paper, global buckling failures are prevented by using bracing systems as
illustrated in Fig. 1 and discussed in Pham and Vu [9]. The member capacities can
be determined as the sectional capacities with the replacement of the global buck-
ling moment by the yield moment in the design formulae using the DSM method
regulated in the Australian/New Zealand Standard AS/NZS 4600:2018 [5]. The flex-
ural capacity is the smaller of the local buckling moment (My,) and the distortional
buckling moment (Mpq) as follows:

Mg = Min (My, Mpy) (1)
M, for A; < 0.776
- 0.4 0.4
My 1—0.15(%) }(1}@) M, for 3> 0.776 @
M, for Aqg < 0.673

e [1 - 0.22(%_"5')05} <%>05My for 14> 0.673 o

y
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Fig. 1 The arrangement of
lateral bracing systems

Lateral bracings

where Ay = /M, /My; hg = /M, /Moq; My is the yield moment; M,; and M4 are
the elastic local and distortional buckling moments respectively and are determined
as presented in Sect. 3.

3 Behaviour and Strength of SupaCee Sections Under
Flexure About the Weak Axis

SupaCee sections for the investigation are selected from the commercial sections
provided by BlueScope Lysaght [19] as listed in Table 1, and their dimensions are
illustrated in Fig. 2. Each section is labelled on the basis of its depth and thickness.
For instance, “SC25015” means that: “SC” stands for SupaCee; “250” shows the
nominal depth of 250 mm; “15” indicates the thickness of 1.5 mm. The grade G450
is used for the investigation as regulated in the Australian Standard AS1397 [20]
including yield stress fy = 450 MPa; Young’s modulus E = 200 GPa.

Due to the asymmetry of SupaCee sections about the weak axis, the bending direc-
tions are considered in the investigation with the directions regulated in Fig. 3. Elastic
buckling analyses are conducted by using the software program THIN-WALL-2 [7,
8]. The elastic buckling stresses are obtained and given in Table 2 for both two
bending directions. For the negative direction, two lips are in tension whereas web

Table 1 The nominal dimensions of SupaCee sections

Sections t D B L L, GS S o o
SC25015 1.5 254 76 11 11 166 42 5 35
SC25019 1.9 254 76 11 11 166 42 5 35
SC25024 2.4 254 76 11 11 166 42 5 35

Note The inner radius r; =, = 5 mm; t, D, B, L1, L2, GS, S (mm); o, o (0)



Fig. 2 Nomenclature for
SupaCee sections
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areas are in compression. This leads to the observation of local buckling in the web
as illustrated in Fig. 4a, and distortional buckling does not occur in this situation. For
the positive direction, tension is found in the webs and compression is observed in
the lips and flange areas adjacent to the lips. Local buckling is seen in the flange areas
and distortional buckling is also observed, as illustrated in Fig. 4b, c. Based on the
obtained elastic buckling stresses, the flexural capacities of the investigated SupaCee
sections are determined according to the DSM method as presented in Sect. 2. The
results are given in Table 3. It is found that the local buckling occurs for the negative
moment direction and this is distortional buckling for the positive direction.

(a) Negative (b) Positive
Fig. 3 The conventions of bending directions
Table 2 Sectional buckl}ng Sections MO M
stresses of SupaCee sections
under flexure about the for (MPa) for (MPa) foa (MPa)
weak-axis SC25015 5135 1114.47 479.47
SC25019 74.87 1536.89 604.03
SC25024 11091 2245.01 807.68
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(a) The local buckling mode under flexure in the negative direction

e e |
we ' v iy

(b) The local buckling mode under flexure in the positive direction

S ———

(c) The distortional buckling mode under flexure in the positive direction

Fig. 4 The behaviours of the investigated sections with the variation of bending directions
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Table 3 Flexurgl capacities Sections M M® MO/MO

of SupaCee sections about the

weak-axis (Unit: kNm) SC25015 1.148 2.328 2.029
SC25019 1.743 3.327 1.909
SC25024 2.483 4.493 1.809

Table 3 shows that the capacities in the positive direction (M™) are significantly
higher than those in the negative direction (M(™). Also, it is found that the ratios
M®/M) are seen as a downward trend when the section thicknesses increase. This
is explained that the increase in the thickness allows the webs to become more stable
which has significant impacts on the negative moments M),

The negative moment is the detrimental case for the flexural capacities of SupaCee
sections about the weak-axis, and this moment is also significantly affected by stiff-
eners. Therefore, the negative direction is used to investigate the impacts of web stiff-
ener locations on the flexural capacities of SupaCee sections about the weak-axis, as
presented in Sect. 4.

4 Effects of Web Stiffener Locations on the Flexural
Capacities of SupaCee Sections About the Weak-Axis

As seen in Fig. 2, SupaCee has two couples of stiffeners, and these couples are close
to the flanges. The distance between two couples is termed “GS”. In this paper, two
couples of stiffeners will reach the centroid of the webs; it means that the distance
“GS” will decrease, as given in Table 4.

In terms of elastic buckling analyses, elastic buckling stresses are also deter-
mined by using the commercial software program THIN-WALL-2 for the negative
bending direction, as listed in Table 4. These buckling stresses are utilised for the
determination of flexural capacities of SupaCee sections as presented in Table 4.

Table 4 shows the increase in the negative moments if the distances “GS” decrease.
It means that the flexural capacities of SupaCee sections become more beneficial if
two couples of stiffeners are towards the centroid of the webs. The moment improve-
ments are more significant for sections with small thicknesses. This improvement is
about 6% for SC25015, but this is only about 3.6% for SC25024.

5 Conclusions

The paper investigates the behaviour of SupaCee sections under flexure about the
weak-axis and the impacts of the distances between web stiffeners of these SupaCee
sections on their flexural capacities. Based on the investigated results, several remarks
are given as follows:
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Table 4 Flexural capacities of SupaCee sections under flexure about the weak-axis

Sections GS for (MPa) My, (kNm) A %
SC25015 166 51.35 1.15 -
146 54.19 1.17 1.74%
126 56.44 1.19 3.48%
106 58.58 1.21 5.22%
86 60.87 1.22 6.09%
SC25019 166 74.87 1.74 -
146 77.45 1.77 1.72%
126 80.27 1.79 2.87%
106 83.3 1.81 4.02%
86 85.38 1.83 5.17%
SC25024 166 110.91 2.48 -
146 113.91 2.51 1.21%
126 116.3 2.53 2.02%
106 118.91 2.55 2.82%
86 121.65 2.57 3.63%

Note A % is the flexural capacity deviation of SupaCee sections in comparison with the original
SupaCee sections (GS = 166 mm)

The behaviour of SupaCee sections under bending about the weak-axis depends
on the moment directions due to the asymmetry of these sections.

The failures of SupaCee sections are governed by the local buckling for the nega-
tive moment direction, and they are governed by distortional buckling for the
positive moment direction. In general, the flexural capacities of SupaCee sections
about the weak-axis are taken as the negative direction moments.

As the couples of stiffeners reach toward the centroid of the webs, the negative
moments become more beneficial. These stiffener couples should be kept close
to the centroid of the webs.
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A Hand Method for Assessment m)
of Maximum IDR and Displacement i
of RC Buildings

Kanat Burak Bozdogan@® and Duygu Ozturk

Abstract Maximum displacement and the maximum interstorey drift ratio are the
important factors for the measurement of the vulnerability of multistorey buildings.
For this reason, in this paper a method was proposed to calculate the maximum
displacement and maximum interstorey drift ratio (IDR) values. In this model, rein-
forced concrete multistorey structure was modeled as an equivalent flexural-shear
frame. Maximum displacement and the maximum IDR were calculated according to
the Equivalent Static Loads Method and The Response Spectrum Method using the
continuum model and the results were tabulated. With the help of the obtained tables
by this study, the maximum displacement and the maximum IDR of the regular multi-
storey structures can be calculated quickly and practically. The axial deformation of
the vertical elements (columns and shear walls) were approximately considered in
the study. The convergence of the presented method to the Finite Elements Method
was investigated by two examples in the last part of the study.

Keywords Hand method - Maximum displacement - Maximum interstorey drift
ratio (IDR) - Response spectrum method - Equivalent static loads method

1 Introduction

One of the effective and practical methods used in the analysis of shear wall-frame
systems is the continuum method. There have been many studies dealing with the
method which was first used by Chitty in 1940 [1]. These studies include various
situations such as static analysis and dynamic analysis [2-26]. Stafford Smith et al.
proposed an approximate method for calculating the displacement of the high-rise
buildings under triangular distributed loads, taking account of the continuum model
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[27]. Heidebrecht ve Rutenberg proposed an approach to determine the performance
of frame systems by utilizing the intersorey drift ratios. In the study, the frame system
was modeled as an equivalent shear beam [28]. Giilkan and Akkar proposed a method
for determining IDR of the structures of which the bearing system consisting of
frames. In the study, the multistorey frame system was idealized as an equivalent
shear beam to achieve the maximum IDR [29]. In Miranda and Akkar’s work, they
proposed a method of using graphs for response spectrum analysis by using the
flexural-shear beam to obtain the IDR [16]. Xie and Wen used the Timoshenko beam
model to calculate the IDRs of multistorey structures [30]. Khaloo and Khosravi
investigated the effect of modes in the structures under near fault pulse like ground
motions. In the study, the structure was idealized as an equivalent flexural shear beam
according to the continuum method [31].

Yang, Pan and Li used the flexural-shear beam model to determine the maximum
IDR of the structures under near-fault ground motion [32].

Fardipour et al. proposed a practical method of determining the maximum IDR
for Australia, depending on the height of the building, the type of bearing system, the
change in the stiffness and the mass [33]. Shodja and Rofooei developed a method
based on the discrete mass model for determining the drift spectrum. In the method,
the variation of the structure stiffness along the height of the structure is also taken into
consideration [34]. Tekeli, Atimtay and Turkmen proposed a method for determining
the lateral displacement of the reinforced concrete frame structures under the static
loads. In the method, the frame system was considered as an equivalent shear frame
[35]. In this study, a method has been proposed in which the maximum displacement
and the maximum IDR are quickly and practically determined by means of tables for
both Response Spectrum Analysis and Equivalent Static Loads Method. Subsequent
paragraphs, however, are indented.

In creating the tables for the method, it is assumed that

e The properties of the building is constant and the mass is uniformly distributed
up to the height of the building.

The shear deformations of the columns, shear walls and the beams are neglected.
The axial deformations of the beams are neglected.

The torsion is neglected.

The material is considered as linear elastic and the nonlinear geometric effects
are ignored.

e Slabs are assumed infinitely rigid in their own planes.

2 Response Spectrum Analysis by the Presented Method

The reinforced concrete multistorey building can be modeled as an equivalent
flexural-shear beam as seen in Fig. 1.

In accordance with this model, the 4th order parabolic partial differential equation
of the system with undamped free vibration is written as follows.
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Fig. 1 The equivalent flexural-shear beam model of the structure
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where z is the vertical axis, and m/h is the distributed mass up to the height of the
building. Ks is the equivalent shear stiffness and it is calculated by the following

equation [4, 12].

=T (@)
h(s+7)

where h is the storey height, E is the modulus of elasticity, r and s are the contributions

of columns and beams to the shear stiffness which are calculated by the following

equations.

p
Nl
ST ®)
j=1
r= Xg: by )
I;

In the combined shear wall- frame system in Fig. 2, the shear stiffness is calculated
approximately by the following equation.

K= — (&)

Here 1.1 is the correction factor.
The total bending stiffness of the shear walls and columns is shown as (EI) and it
is calculated by the following equation [4, 12].

u p
(ED) = Y "Elyj+ Y Elg (6)
j=1 j=1
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Fig. 2 The combined shear wall-frame system
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If the partial differential Eq. (1) is separated into the variables using the Eq. (7),
the ordinary differential equations in (8) and (9) are obtained.

Uz, t) = Y(@)T(1)

(EI)d4y K d’y mw?d’y
dz*  CdZ2  h de
d2
aF Ty =0

=0

)

®)

)

Here, y shows the modal shape and w denotes the angular frequency. The boundary
conditions of the 4th order constant coefficient homogeneous ordinary differential
Eq. (8) are that, the displacement and rotation at the base of the structure are zero and
the bending moment and the shear force at the top point are zero. These boundary

conditions are given below.
y(0) =0

dy©) _ 0
dz

d*y(H)
(EI) 7dz2

FyH)
dz}

dy®) _

K, 0
dz

(ED

(10)

(1)

(12)

13)

To make differential Eq. (8) dimensionless, the following transformation can be

used.

Z
£= —
H

(14)
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Equation (15) is obtained when the transformation in Eq. (14) is applied to the
Eq. (8).

d4y d2y
K—2—ay=0 15
det de2 @y (15

With the aim of the reduction, the parameters in Eq. (15) are defined as follows

k=H (Ié;) (16)
mH*»?

o= (17)
(EDh

The solution of the differential Eq. (15) is obtained as follows.
y(e) = ¢y cosh(a;e) + cysinh(a;e) + c3 cos(aze) + c4sin(ase) (18)

Here, a; and a, are shown below.

\/k2+ k* + 4k3a
=y —

19

> (19)
—K? k* + 4K%

azz\/ + ; + o (10)

The boundary conditions given in the Eqgs. (10), (11), (12) and (13) are written in
dimensionless form as follows.

y(0)=0 1)

(ED) d*y(1)

H? dg? 23)
d*y(1 dy(1

If the non-dimensional boundary conditions are written in Eq. (18), the following
frequency equation is obtained.

f=[a +ka; +al —Kai] + [2aia3 + k*a7 — k*a3] cosh(ay) cos(az)
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— [—a;’al + afaz — kzalag] sinh(a;) sin(ay)
=0 (25)

If the necessary arrangements are made in this frequency equation, the following
equation is obtained.

f =2a + [2a + k*] cosh(ay) cos(ar) + (k*+/&) sinh(a;) sin(a) =0 (26)

After calculating o values which make the Eq. (26) zero, with the help of Eq. (17),
the natural vibration periods are found as follows.

T, =7,H [ 27)
h(ET)

The Z; period parameters in Eq. (27) are given in Table 1 depending on the k
parameter for the first three modes.

Using the frequency equation and boundary conditions, the mode shapes are found
by the following equation.

y = [cosh(a;€e) — cos(aze)] + E|:sinh(a1£) _a sin(aze)} (28)
az

E can be calculated by the following equation.

. [a} cosh(a;) + a3 cos(ar)] (29)
"~ [a?sinh(a)) + aia; sin(ay)]

Table 1 Z values for the first three modes

k 71 Zo 73 k V4 Zo Z3
0.0 1.788 0.285 0.102 11 0.328 0.103 0.056
1.0 1.529 0.276 0.101 12 0.304 0.096 0.053
2.0 1.160 0.254 0.098 13 0.282 0.090 0.050
3.0 0.908 0.227 0.094 14 0.264 0.085 0.047
4.0 0.744 0.200 0.089 15 0.248 0.080 0.045
5.0 0.631 0.178 0.083 16 0.234 0.075 0.043
6.0 0.547 0.160 0.078 17 0.221 0.072 0.041
7.0 0.483 0.144 0.073 18 0.209 0.068 0.039
8.0 0.432 0.132 0.068 19 0.199 0.065 0.037
9.0 0.391 0.121 0.064 20 0.190 0.062 0.036

10.0 0.357 0.111 0.060 30 0.129 0.042 0.025
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The modal participation factor required for the Response Spectrum Analysis is
calculated by the following equation as known from the literature [36].

_ %fol Yi

m 1

(30)
7w Jo in

For the i-th mode shape, the maximum displacement is calculated by the Eq. (31).
dep; =T yi(1)Sai = WiSai (3D

where Sq; is the displacement spectral ordinate for the i-th mode and it can be obtained
either from the design spectrum, or from the displacement spectrum created for a
particular earthquake record.

The ; values given here are calculated for the first three modes and they are given
in Table 2.

By using the maximum displacements obtained for the three modes and with the
help of the SRSS rule, the maximum displacements is calculated by Eq. (32).

d = \/(dep} +dep} + dep}) (32)

For the dimensionless IDR, if the derivative of Eq. (28) is taken the following equation
is obtained.

Ldye) 1 . .
— = —|a; sinh(a;€) + a; sin(ase)] + E[a; cosh(a;€) — a; cos(are)] (33)
H de H

To find the maximum value of the Eq. (33), the derivation must be taken and
equalized to zero.

Table 2 p displacement coefficients for the first three modes

k 15 W2 w3 k (151 W2 w3
0.0 1.57 —0.87 0.51 11 1.31 —0.51 0.37
1.0 1.55 —0.85 0.5 12 1.30 —0.50 0.36
2.0 1.52 —0.82 0.50 13 1.30 —0.49 0.35
3.0 1.47 —-0.77 0.48 14 1.30 —0.48 0.35
4.0 1.43 —0.70 0.47 15 1.29 —-0.47 0.34
5.0 1.39 —0.66 0.47 16 1.29 —0.47 0.33
6.0 1.37 —0.62 0.44 17 1.29 —0.46 0.32
7.0 1.35 —0.59 0.42 18 1.29 —0.45 0.32
8.0 1.33 —0.58 0.41 19 1.29 —0.45 0.31
9.0 1.32 —0.56 0.38 20 1.29 —0.44 0.30

10.0 1.31 —0.52 0.37
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1 d%y; 1
o de);l = ﬁ[al2 cosh(ae) + a2 cos(aze) | + E[al2 sinh(a;e) + aya; sin(aze) | = 0
(34)

€imax Which makes the Eq. (34) equal to zero is different for three modes. For the
€ values, which make the IDR maximum in related mode, IDRs for the other modes
are calculated by the equation below

1(d i\€;
driftijzriﬁ(%>sdi=ﬂijsdi i=1,2,3 j=1,23 (35

The B values in Eq. (35) are given in Tables 3, 4 and 5 considering the location
of the maximum IDR in the first three modes. Also in Tables 6, 7 and 8, locations of
maximum IDRs are given for the first three modes.

In this case, IDR values where the maximum IDR of the related mode is located
are calculated according to the SRSS rule for the first three modes by the following
equations.

dri = \J(drife +drifid +drift) (36)
dry = \J(drif i}y +drif iy +drifid,) (37)
dry = J(drifey +drif iy + drif i) (38)

And eventually, the maximum IDR is obtained as the largest of these three values.

Table 3 f values for the first mode

k B 11 B 21 B a1 k B B 21 B a1
0.0 2.161 4.155 4.025 11 1.988 1.154 0.313
1.0 2.041 3.761 2.920 12 1.982 1.217 0.155
2.0 1.919 1.964 1.523 13 1.997 1.285 0.009
3.0 1.856 0.562 2.705 14 2.002 1.328 0.106
4.0 2.065 0.083 2.359 15 1.992 1.362 0.253
5.0 1.897 0.416 1.954 16 1.995 1.415 0.368
6.0 1.932 0.634 1.507 17 2.001 1.441 0.469
7.0 1.950 0.773 1.175 18 2.010 1.452 0.555
8.0 1.956 0.938 0.913 19 2.010 1.489 0.599
9.0 1.9820 1.036 0.653 20 2.010 1.492 0.694

10.0 1.971 1.071 0.456




A Hand Method for Assessment of Maximum IDR and Displacement ... 17

Table 4 f values for the second mode

k B 12 B2 B 32 k B 12 B2 B 32
0.0 2.161 4.155 4.025 11 1.082 2.221 1.188
1.0 2.032 3.984 3.919 12 1.077 2.208 1.126
2.0 1.757 3.678 3.781 13 1.069 2.188 1.129
3.0 1.469 3.279 3.361 14 1.061 2.159 1.251
4.0 1.291 2.845 2.810 15 1.056 2.133 1.143
5.0 1.184 2.645 2.385 16 1.071 2.161 1.007
6.0 1.134 2.495 1.939 17 1.047 2.110 1.097
7.0 1.115 2.398 1.591 18 1.055 2.083 1.086
8.0 1.085 2.402 1.500 19 1.051 2.087 1.161
9.0 1.077 2.360 1.292 20 1.051 1.931 1.004

10.0 1.081 2.230 1.164

Table 5 f values for the third mode

k B3 B 23 B33 k B3 B 23 B33
0.0 2.161 4.155 4.025 11 0.636 1.763 2.432
1.0 2.032 3.984 3.999 12 0.626 1.731 2.398
2.0 1.746 3.670 3.828 13 0.625 1.729 2.351
3.0 1.407 3.232 3.604 14 0.646 1.762 2.368
4.0 1.129 2.709 3.425 15 0.627 1.702 2.335
5.0 0.934 3.116 3.245 16 0.621 1.664 2.295
6.0 0.803 2.188 2.997 17 0.619 1.681 2.247
7.0 0.720 2.002 2.817 18 0.627 1.654 2.265
8.0 0.675 1.992 2.695 19 0.652 1.710 2.217
9.0 0.640 1.901 2.514 20 0.619 1.608 2.161

10.0 0.626 1.747 2.446

drmax = max(dry, dry,, drs) 39)

3 Equivalent Static Load Analysis by the Presented Method

The shear wall-frame system under the triangular distributed load which represent
the equivalent static loads is given in the Fig. 3.
In this case, the horizontal equilibrium equation is written as follows.
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Table 6 Location of the Kk ¢ K ¢
maximum IDR for the first
mode 0.0 1.0 11 0.272
1.0 0.832 12 0.261
2.0 0.617 13 0.249
3.0 0.496 14 0.240
4.0 0.430 15 0.231
5.0 0.389 16 0.223
6.0 0.359 17 0.215
7.0 0.336 18 0.208
8.0 0.316 19 0.202
9.0 0.300 20 0.196
10.0 0.285 30 0.152
Table 7 Location of the K ¢ K ¢
maximum IDR for the second
mode 0.0 1.0 11 0.849
1.0 1.0 12 0.845
2.0 0.985 13 0.838
3.0 0.971 14 0.828
4.0 0.953 15 0.830
5.0 0.928 16 0.830
6.0 0.913 17 0.828
7.0 0.898 18 0.822
8.0 0.881 19 0.814
9.0 0.873 20 0.824
10.0 0.863 30 0.809
Table 8 Location of the K ¢ X e
maximum IDR for the third
mode 0.0 1 11 0.707
1.0 0.981 12 0.702
2.0 0.937 13 0.699
3.0 0.885 14 0.699
4.0 0.833 15 0.695
5.0 0.797 16 0.688
6.0 0.771 17 0.693
7.0 0.748 18 0.688
8.0 0.737 19 0.688
9.0 0.726 20 0.687
10.0 0.714 30 0.671
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Fig. 3 The shear wall-frame system under the triangular distributed load

d4y

dzy Z
( )_{ 7

— =qg— 40
sqz — 4y (40)
The boundary conditions of Eq. (40) are Egs. (10), (11), (12) and (13).
To make the Eq. (40) dimensionless, the transform in Eq. (14) is used.

d4y 5 d2y H4
gt K g2 T9E® @1

The dimensionless parameter k is defined by the Eq. (16).
Equation (43) is obtained if the following definition is made in Eq. (41).

H4
dty  ,d’y
7o —k prche Ag (43)

The solution of the 4th order constant-coefficient nonhomogeneous differential
equation in (43) is obtained as follows.

3

y(€) = c1 + c2€ + ¢35 cosh(ke) + ¢4 sinh(ke) — AS—

75 (44)

If the dimensionless boundary conditions in Egs. (21), (22), (23) and (24) are
applied in the Eq. (44), the displacement function is obtained as follows.

3

y(e) = Si[1 — cosh(ke)] + S» |:£ — %sinh(ke)i| — 45)

A
6k?

Here S| and S, are defined as below.
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- [k% . ﬁ] sin(k)

= 46

Si=A k2 cos(k) (46)
1 1

S, = A[k—4 -3 47)

In the Equivalent Static Loads Method, the following equation can be written for
the base shear force.

Vp = — (48)

Equation (49) is obtained by using the Egs. (42) and (48).

2V, H?
A== (49)
El
With the help of Eq. (27), El is obtained as follows.
El = Z2H*—— 50
Y T2h °0)
Equation (51) is written by using Egs. (49) and (50).
2V, T2h
A="01 (51)
Z1THm
The total mass of the building can be written as:
m = (52)
ok
Equation (53) can be written by the help of Eq. (52)
2V, T?
A=— (53)
ZM

According to the Equivalent Static Loads Method, base shear force can be written
as follows.

V, = SaM (54

Here, S,; represents the design spectral acceleration value for the first mode.
Equation (55) is obtained if the Eq. (54) is written in Eq. (53).
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28, T?
== (55)
1

If the Eq. (56) is written instead of the square of the period and the Eq. (57)
as known from the structure dynamics is written instead of the design spectral
acceleration value, Eq. (58) is obtained.

472
T} = — (56)
Sat = Sai? (57)
872S
A= le‘“ (58)

Maximum displacement is calculated by the equation below with the help of
Eqgs. (45), (46), (47) and (58).

8728, | & —[& — =] sin()
1) = 1 — cosh(k
y(1) 7 |: K2 cos(h) 1[1 — cosh(k)
87T25d1 1 1 1 87TZSd1 1
— — —||1==sinh(k) | - — 59
Tz [k“ 2k2M i Sinh )] zZ e )

Equation (59) can be written as below.
y(1) = v(k?*)Sa (60)

In Eq. (60), the change in v values according to k? is given in Table 9.
Using the displacement function in Eq. (45), IDR is found as below.

2

1 dy(e)
2HK?

H de

- —%Sl [k sinh(ke)] + Sz%[l — cosh(ke)] — A (61)

If the derivation of the function is taken to find the location where the IDRs are
maximum in Eq. (61), Eq. (62) is obtained.

I d’y(e)
H? dg2

—#sl [k cosh(ke)] + 52%[% sinh(ke)] — A (62)

H2k?
€ values that make the Eq. (62) zero, show where the IDR is maximum. These €

values are calculated by Eq. (62) for different k values and given in Table 10.
By using Eqgs. (46), (47) and (58) in Eqgs. (61), (63) is obtained.
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Table 9 Displacement Kk N Kk N
coefficient for the equivalent
static loads method 0.5 2.255 11 1.751
1.0 2.232 12 1.734
2.0 2.147 13 1.735
3.0 2.057 14 1.722
4.0 1.977 15 1.713
5.0 1.910 16 1.703
6.0 1.866 17 1.701
7.0 1.829 18 1.706
8.0 1.803 19 1.697
9.0 1.780 20 1.687
10.0 1.762 30 1.670
Table 10 Location of the K ¢ X e
maximum IDR for equivalent
static loads method 0.5 0.943 11 0.272
1.0 0.817 12 0.260
2.0 0.599 13 0.250
3.0 0.484 14 0.240
4.0 0.422 15 0.231
5.0 0.384 16 0.223
6.0 0.356 17 0.216
7.0 0.334 18 0.209
8.0 0.315 19 0.202
9.0 0.299 20 0.196
10.0 0.285 30 0.153
Ldy@e _ 18x°Su [ki —[& - %] sin(k)j|[k sinh (ko]
H ds H 7} k2 cos(k)
" l 8728, |:i B Li|[1 _ cosh(ke)] — 828, €2 ©3)
H 7z} [k 2k? Z: 2Hk?

If € = Emax is written in Eq. (63), the maximum IDR can be obtained as below.

1dy(e) _ (k%) Sa1
H d¢  H

(64)

The 1 values given in Eq. (64) are calculated and presented in Table 11 depending
on k?
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Tabl.e 11 Coefficient of the Kk . Kk 1
maximum IDR for the
equivalent static loads method 0.5 3.036 11 2.609
1.0 2.907 12 2.596
2.0 2.666 13 2.607
3.0 2.593 14 2.595
4.0 2.592 15 2.587
5.0 2.599 16 2.574
6.0 2.613 17 2.576
7.0 2.617 18 2.586
8.0 2.620 19 2.574
9.0 2.615 20 2.561
10.0 2.609 30 2.542

4 Contribution of the Axial Deformation

In the presented method, the effect of axial deformations can be approximately taken
into account with the approach known from the literature [12]. To this end, Kg, is
written instead of Kg and it is calculated by the following equation [12].

K., = rK; (65)

Here, r is correction coefficient and it is found with the help of the equation below.

2
r= 7;“ > (66)
Tsl + Tal
m
TS = 16H2h—Ks (67)
m
T2 =3.195H*— (68)

hD

D is the global axial stiffness and it is calculated using the following equation.
D=EY Aut] (69)

A, is the plan area of the i-th column, t; shows the distance of the column to the
center of gravity in the plan.
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5 Numerical Examples

In order to investigate the convergence of the presented method to the Finite Element
Method, two examples were solved by the presented method and the results were
compared with ETABS.

One of the examples was a 7-storey reinforced concrete structure consist of frames,
whereas the second example was a reinforced concrete structure having 15-storey
shear wall-frame system.

5.1 Example 1

7-storey reinforced concrete structure of which the bearing system consists of frames,
given in Fig. 4 was analyzed by using the presented method in this study. For this
purpose, both the Equivalent Static Loads Method and Response Spectrum Analysis
were applied to the example. The results obtained by the presented method were
compared with the ones obtained by ETABS.

The height of each storey was 3 m. All columns were 45 cm/45 cm, beams were
25 cm/50 cm and the modulus of the elasticity is 32,000 Mpa. The mass of the storeys
were taken as 748,800 kg. The structure was considered in the second seismic zone,
local site class Z3 and the seismic load reduction factor was eight for the analysis
according to Turkish Earthquake Code.

The comparisons of the presented method and ETABS for the values of maximum
displacement and the maximum IDR obtained for the Equivalent Static Loads Method
were given in Table 12.

As shown in Table 12, the ratio of the maximum difference between the proposed
method and ETABS is 9.52%

Fig. 4 Plan of the frame I
system <t
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Table 12 The values of

maximum displacement and
the maximum IDR obtained ETABS Presented method

for the equivalent static loads  Max displacement (m) | 0.0208 0.0205
method (Example 1) Max IDR 0001344 | 0.001472

Equivalent static loads method

Table 13 The values of

maximum displacement and
the maximum IDR obtained ETABS Presented method

for the Response Spectrum Max displacement (m) 0.0165 0.0156
Analysis (Example 1) Max IDR 0.00112 | 0.001139

Response spectrum analysis

The comparisons of the presented method and ETABS for the values of maximum
displacement and the maximum IDR obtained for the Response Spectrum Analysis
were given in Table 13.

As it is seen in Table 13, the maximum error according to the solutions by the
Response Spectrum Analysis is 5.45%.

5.2 Example 2

15-storey reinforced concrete shear wall-frame structure seen in Fig. 5 was analyzed
for the y direction by performing both the Equivalent Static Loads Method and the
Response Spectrum Method. The results of the presented method and ETABS were
compared.

Fig. 5 Plan of the shear wall
frame system <
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Table 14, Cqm pariSf)n of Periods (In Y Direction)
natural vibration periods for
the first three modes Mode ETABS Presented method
(Example 2) 1 0.749 0.772
2 0.196 0.183
3 0.089 0.073

Table 15 The values of

maximum displacement and
the maximum IDR obtained ETABS Presented method

for the equivalent static loads  Max displacement (m) | 0.0299 0.03175
method (Example 2) Max IDR 0.000812 | 0.000883

Response spectrum analysis

The height of each storey was 3 m, columns were 65 cm/65 cm and beams were
30 cm/60 cm, thickness of the shear wall, which was modeled by shell elements in
ETABS was 50 cm. The modulus of the elasticity was 33,000 Mpa and the mass of
the storeys were taken as 760,000 kg. The structure was considered in the second
seismic zone, local site class Z3 and the seismic load reduction factor was six for the
analysis according to Turkish Earthquake Code.

The comparison of the first three periods calculated for the structure was given in
Table 14.

The comparison of the maximum displacement and the maximum IDR for
Equivalent Static Loads Method was given in the Table 15.

It was seen that, in the analyzes made, both by the presented method and by
ETABS the maximum IDR was occurred on the 8th floor level.

The maximum error in the results obtained by the Equivalent Static Loads Method
was %8.74.

The comparisons of the maximum displacement and the maximum IDR results
of two method obtained by the Response Spectrum Analysis were given in Table 16.

The maximum error in the results obtained by the Response Equivalent Static
Loads Method was %9.16. Maximum IDR was occurred on the 8th floor level by the
analysis made by the presented method and by ETABS.

Table 16 The values of
maximum displacement and
the maximum IDR obtained ETABS Presented method

for Response Spectrum Max displacement (m) | 0.02086 0.0225
Analysis (Example 2) Max IDR 0.000575 | 0.000633

Response spectrum analysis




A Hand Method for Assessment of Maximum IDR and Displacement ... 27

6 Conclusions

In this study, a method to determine the maximum displacement and the maximum
interstory drift ratios by using tables has been proposed for the static and dynamic
analysis of regular reinforced structures. By the method results of the analyses easily
and quickly achieved. It has been observed that the Presented Method gave sufficient
results with the Finite Element Method considering the examples that were solved at
the end of the study. The approximation of the method is due to the approximation of
the determination of the shear stiffness equation and the approximation of the axial
deformations. Consequently, the proposed method can be used during the preliminary
stage. Also, the method gives an idea about the behavior of the structure.
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Theoretical and Experimental Study )
on Multiparameter Criteria of Ultrasonic | @
Method for Foundation Piles
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Abstract As one of the important methods to survey the foundation pile integrity
in most engineering industries in China, ultrasonic testing (UT) has such advantages
as determining the position and scope of defects accurately and good operability. In
this paper, on the basis of the in-depth study of China’s industrial standards, main
parameters for evaluating pile integrity in each standard were extracted, features
and deficiencies of each parameter were analyzed in detail, and a multiparameter
identification method of ultrasonically testing foundation pile integrity, which takes
wave velocity, amplitude and basic frequency as the analytical parameters and outputs
quantitative results, was proposed as an effective supplement to the ultrasonic testing
of foundation pile integrity. This method has been applied to the result analysis of
more than 800 engineering piles, and has obtained high consistency by comparing
those results with core drilling results. Among them, K ;), the evaluation index of pile
integrity with the pile complete and the buried acoustic pipe flat, is basically closed
totherange 1 < K(;y < 1.35; when K;, > 1.35, all others, except for several points,
are K ;) dispersion caused by head wave interpretation errors; when 0.85 < K;) < 1,
all acoustic lines within this range reflect slight or obvious abnormalities of sound
velocity and amplitude and obvious distortion of waveforms, that is, this acoustic line
has slight or obvious defects; when K(;y < 0.85, all acoustic lines within this range
reflect serious abnormalities of sound velocity and amplitude and obvious distortion
of waveforms, that is, this acoustic line has serious defects. Conclusion: This method
can effectively reduce the impact of changes in critical values of wave velocity and
amplitude caused by the misinterpretation of the head wave position, thus providing
arapid and accurate evaluation for the ultrasonic testing of foundation pile integrity
for later engineering practice reference.
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1 Introduction

The acoustic transmission method (ultrasonic method) is that the ultrasonic tester
is used to measure the acoustic parameters of the pile concrete section point by
point along the longitudinal axis of the pile, and determine the position, scope and
extent of concrete defects by processing, analyzing and judging the test data, thereby
inferring the concrete quality within the test range [1]. Ultrasonic testing (UT) of
foundation pile integrity is mainly that pile concrete defects are qualitatively identi-
fied based on corresponding changes of wave velocity, amplitude and basic frequency
in the received signals. The widely used probabilistic method can largely distinguish
between accidental errors and negligent errors in concrete construction, but the UT
method relies heavily on the on-site experience of test personnel and lacks automa-
tion and intelligence. After development in recent years, acoustic parameters develop
from single factors to multiple factors, and judgment develops from being qualitative
or empirical to quantitative. Concrete is a viscoelastic-plastic material that fluctu-
ates to some extent in compactness, strength and other aspects, while the numerical
statistics of acoustic parameters are basically in normal distribution; if there are pile
defects (such as intercalated gouge, honeycomb, segregation) caused by the severe
external environment or human errors, the concrete quality at the defect and the
acoustic parameters of sound wave through the defective concrete will deviate from
the normal distribution. However, concrete is not an ideal isotropic material, and
fluctuations of strength and compactness in space caused by construction cannot be
generalized as defects and deviations of different classes will also lead to fluctuations
in the test values of acoustic parameters.

According to previous research results, there are great differences in the sensi-
tivity of acoustic parameters such as wave velocity and amplitude to the quality
of different forms of concrete. Wave velocity and amplitude reflect the elastic and
plastic properties of concrete materials, reflectively. In terms of the multiparam-
eter criteria of foundation piles tested by acoustic transmission method, Liu [2]
conducted multi-angle and multi-level analysis and study on the pile foundation
defects, and analyzed the characteristics of acoustic parameters corresponding to the
common pile integrity defects tested by ultrasonic method. Zhang [3] introduced
the advantages of the ultrasonic method in testing foundation piles and the theo-
retical basis of evaluating the quality of foundation piles using multiple synthetic
criteria in fuzzy mathematics, and analyzed them based on engineering examples,
proving that multivariate synthetic criteria can evaluate the quality of the foundation
piles more accurately than univariate criteria. Zou [4] introduced a pile foundation
test method that combines wavelet analysis with neural network, and conducted
wavelet packet decomposition for the collected ultrasonic signals by wavelet anal-
ysis according to the ultrasonic propagation characteristics in the pile foundation;
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the neutral work which is constructed after obtaining ultrasonic signal eigenvectors
by wavelet analysis can effectively identify pile foundation defects and defect types.

In conclusion, it remains a difficult task to obtain the effective indexes for evalu-
ating foundation pile integrity by analyzing single acoustic parameters with complex
mathematical methods. In identifying the concrete defects of piles, it is more scien-
tific and reasonable to comprehensively analyze the scope and severity of defects
using multiple acoustic parameters.

2 Study on Relationship Between Concrete Strength
and Ultrasonic Wave Velocity

In actual projects, specimens with concrete segregation, honeycomb, trench and
other damages caused by external factors are usually characterized by low compres-
sive strength. Moreover, concrete quality covers compressive strength, water-cement
ratio, workability, durability, chlorine content, gas content and other indexes, while
acoustic parameters obtained by UT can hardly directly reflect all the indexes of
concrete. Thus, in this paper, a relationship was established between strength and
wave velocity as one of the indexes to measure the quality of different concrete.
Assuming that concrete is an isotropic material composed of its composite mate-
rials and internal tiny cracks, it can be defined as follows using acoustic wave velocity

[5]:

_ Vo ?
Dy=1-— <V_pf) (D)

where, Do—initial damage variable of concrete; V,o—sound velocity of unloaded
concrete; V,,—sound velocity of concrete matrix (no damage).
The relationship between o, and Dy is expressed by the power function curve [5]:

o, =AD" 2)

where, A and B are parameters related to concrete E., v and ¢, , and they are
constants in the same concrete. The curve of the relationship between wave velocity
and strength can be established by substituting (1) into (2):

o =A(l=CVy)~"? 3)

In order to study the relationship between sound velocity and concrete failure
strength, and establish the curve of the relationship between wave velocity and
concrete strength, 450 * 450 * 150 mm concrete specimens were used in this test,
which were cured under the temperature of 20 £ 5 °C and the relative humidity of
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Fig. 1 Diagram of relationship between sound velocity and failure strength

90%. The concrete marks were C30, C35, C40, C50, C60 and C80, with three speci-
mens in each group. The curve relationship was obtained by testing the compressive
strength and wave velocity of the specimens (see Fig. 1).

Since the curve relationship obtained by (3) is not convenient to directly express
the curve relationship of o, — Dy, the above formula is exponentially transformed
and can be expressed as:

oo = APV @

where, A; and B, are parameters related to concrete E., v and ¢, and are constants
in the same concrete.

According to the above results, concrete failure strength is basically positively
correlated with wave velocity. When the concrete strength level is greater than
40 MPa, the ultrasonic wave velocity in concrete significantly increases.

3 Theoretical Study on Multiparameter Synthetic Criteria
and Pile Defect Identification

In Code for Testing of Building Foundation (DBJ/T 15-60-2019) [6], the depth profile
integrity function of each pile is 7 (J, i); in Technical Specifications for Foundation
Piles Testing of Highway Engineering (JTG/T 3512-2020) [7], main discriminant
features are from amplitude and wave velocity. In the two standards, whether the
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measured waveform is distorted or not is also taken as a supplementary basis for
discriminant features. For the above problems, in the defect screening process in the
first step, wave velocity, amplitude and basic frequency were selected to establish
the main mathematical model of this algorithm.

Based on practical engineering experience, the sensitivity of single criteria to
different types of defects is different, with different orders of magnitude. Common
wave velocities are generally in 3800-4500 m/s; common amplitudes are generally
in 90-120 dB; common basic frequencies are generally in 35-55 kHz.

Because acoustic parameters have different orders of magnitude, if weighting each
parameter by analytic hierarchy process, a certain acoustic parameter may dominate
the integrity evaluation index and changes of other parameters have little influence.
Judged at the maximum value of wave velocity, amplitude and basic frequency by
single parameters, the optimal concrete quality position can be determined. In this
algorithm, each parameter was normalized, the acoustic line position was compared
with the optimal concrete quality position in this profile to reflect the concrete quality
level in this position, and the ratio of acoustic parameters of the acoustic line position
to those of the optimal concrete quality position was limited to O to 1.

The multifactor probabilistic method adopts the three acoustic parameters of wave
velocity V, amplitude A and frequency F. The amplitude and wave velocity are
sensitive to defects, which is mainly reflected in the sharp decline of the two param-
eters, the basic frequency reflects waveform distortion, and obtaining one synthetic
criterion critical value is considered to have defects.

Using the probability statistics in this algorithm and by the normal distribution
principle, the measured values of acoustic parameters of defective concrete were
mainly distributed in the outlier range and were less than the statistical critical value,
then the ratio of normal concrete to statistical critical value of concrete was greater
than or equal to 1, and those less than 1 were judged as outliers. The specific algorithm
is established as follows:

Vi-Fi- A
LS (Vi F; - Ay) — mo;

Ko = @)

where, V;—the ratio of the actual wave velocity of the i-th acoustic line on the test
profile to the maximum wave velocity on this profile; F;—the ratio of the actual
basic frequency of the i-th acoustic line on the test profile to the maximum basic
frequency on this profile; A;—the ratio of the actual amplitude of the i-th acoustic
line on the test profile to the maximum amplitude on this profile; m—probability
assurance coefficient; o;—standard deviation of V; - F; - A; for all calculated values
of a single test profile; K )—integrity evaluation index of this acoustic line.

The wave velocity, amplitude and basic frequency of the acoustic line were tested,
and the integrity evaluation index of this acoustic line (K ;)) was calculated. Ky > 1
indicates this acoustic line is complete; Ky < 1 indicates this acoustic line is
defective. The lower the K;, the higher the degree it deviates from the abnormal
probability statistic, and the greater the degree of the defect.
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Fig. 2 Probability assurance coefficient (i) and number of non-conformance samples in acoustic
line integrity results (n)

The acoustic line integrity function /(j, i) was compared with the integrity eval-
uation index K(; in this method. If 7(j,i) = 1 and K > 1, it is denoted as a
conformance sample. In this test, 836 acoustic lines containing complete concrete
and defects were selected; the number of non-conformance samples in the integrity
results of the two acoustic lines was reduced by adjusting the value of the probability
assurance coefficient m, so as to determine the probability assurance coefficient m
suitable for this method (see Fig. 2).

Based on the above calculation analysis, when m = 2.2, there were only nine non-
conformance samples in the results of the two lines, with the accuracy rate reaching
98.9%.

In addition, the data tested and collected on the site are often affected by other
sound sources or factors such as transducer vibration and aging, thereby resulting in
the superposition of various sound source signals in ultrasonic data and the failure of
the instrument to accurately and automatically identify the head wave position, and
then an abnormal curve of acoustic parameters. There are many “spray waves” in the
unprocessed waveform data graph. Interpretation based on the sound velocity-depth
curve and amplitude-depth curve leads to a large number of outliers below the critical
value, which makes it impossible to make interpretation accurately. After artificial
interpretation of head wave, we can find that both sound velocity and amplitude are
greater than the critical value, and the amplitude and wave velocity of the acoustic
line on this profile are greater than the critical value (see Fig. 3).

As shown below, both waveforms belong to complete concrete without obvious
distortion. It is hard to reflect the actual category of foundation pile integrity if
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Fig. 3 Comparison between the waveform of head wave automatically interpreted by instrument
and the waveform after manual adjustment

the unadjusted waveform is automatically interpreted by the traditional method.
However, the concrete quality can be calculated by the integrity evaluation index
K iy in this paper (see Fig. 4).

[#70

A
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V

Fig. 4 Diagram of correct and abnormal interpretation of head wave of single wave
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Different from traditional acoustic data, the impact of noise wave generated by
other sound sources or factors such as transducer vibration and aging on the single
wave curve is required. However, the above factors will not reduce the wave velocity,
amplitude and basic frequency at the same time, namely Ky < 1. Therefore, the
multi-parameter method is effective in identifying foundation pile integrity under the
impact of the noise wave.

The above scatter plot was obtained according to the results of the integrity eval-
uation indexes of the measured 836 acoustic lines. The peak value of the samples in
this test was 1.08; the integrity evaluation index K ;) was selected in the samples, and
it was close to 1.0-1.35. When the integrity evaluation index K;, > 1.35, all others,
except for several points, were K ;) discretions caused by head wave interpretation
errors. When 0.85 < K, < 1, all acoustic lines within this range reflect slight
or obvious abnormalities of sound velocity and amplitude and obvious distortion of
waveforms, that is, this acoustic line has slight or obvious defects. When K ;y < 0.85,
all acoustic lines within this range reflect serious abnormalities of sound velocity and
amplitude and obvious distortion of waveforms, that is, this acoustic line has serious
defects (see Fig. 5).

K

Sample peak

Fig.5 K|;) scatter plot of acoustic line of the sample
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4 Application of Multiparameter Synthetic Criteria
of Ultrasonic Method

In an engineering, there was a 1# pile with the diameter of 1 400 mm and the length of
27.8 m, and three acoustic pipes were arranged at average in the reinforcement cage.
The test results showed that the profile 1-2 was complete, the parameters of acoustic
lines at the depth of 9.4—-10.0 m on the profile 1-3 and 9.5-9.9 m on the profile 2-3
were seriously abnormal and the waveforms were distorted seriously, and the wave
velocity-depth curve and amplitude-depth curve within this depth range were less
than the critical value. Taking the depth of 9.6 m on the profile 1-3 as an example,
the integrity evaluation index of this acoustic line K(;y was calculated. Tables 1 and
2 give a calculation of profile 1-3 and profile 2-3.

At 9.6 m of profile 1-3, the wave velocity of this acoustic line was 3 086 km/s,
the amplitude was 78.1 dB, and the basic frequency was 25.5 kHz. Substituting them
into (Formula 7), we obtained:

Vi Fi- A
Ki)= == —083 <1
,;_Zi=1 (Vi - F; - Ay) —2.20;

Based on the above calculation procedures, this was determined to be a serious
defect (see Fig. 6).

After validation and test by drilled core method, concrete core samples were taken
from the position 10 cm away from the center of the 2# acoustic pipe, and the concrete

Table 1 Integrity evaluation

index of profile 1-3 within Depth (m) Integrity evaluation index K|;)
the depth range of 9.4-10.0m 94 0.91
9.5 0.87
9.6 0.83
9.7 0.81
9.8 0.85
9.9 0.86
10.0 0.93

:ﬂ;ﬁ 3f ;rn(fgiflgl_gv‘;li?;t:lon Depth (m) Integrity evaluation index K;)
the depth range 0of 9.5-9.9m 9.5 0.91
9.6 0.86
9.7 0.84
9.8 0.84
9.9 0.87
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Fig. 6 Diagram of wave velocity and amplitude-depth curve of profiles 7 1-3 and 2-3

core samples were broken at about 9.5 m at the 8th time, with a length of 16 cm (see
Fig. 7).

Fig. 7 Diagram of core
sample drilled 10 cm away
from the 2# acoustic pipe
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5 Conclusion

Based on the study of China’s industry standards, this paper extracted the main param-
eters for evaluating the pile integrity in each standard, analyzed the characteristics of
each parameter, and completed the test on the basic theories and related parameters
of UT of foundation pile integrity. On this basis, the method of comprehensively
identifying the pile defect positions and severity according to sound velocity, ampli-
tude and basic frequency was obtained by using the probability statistics method.
A multiparameter synthetic identification method was proposed for the UT of foun-
dation pile integrity, and the quantitative results calculated by this method could be
used as an effective supplement to the UT of foundation pile integrity.

More than 800 acoustic lines were used for the statistics of integrity evaluation
indexes, of which the integrity evaluation index K, with the pile complete and
the buried acoustic pipe flat was basically close to 1 < K, < 1.35; when the
integrity evaluation index K, > 1.35, all others, except for several points, were
K ;) dispersion caused by head wave interpretation errors; when 0.85 < K, < 1,
all acoustic lines within this range reflected slight or obvious abnormalities of sound
velocity and amplitude and obvious distortion of waveforms, that is, this acoustic
line had slight or obvious defects; when Ky < 0.85, all acoustic lines within this
range reflected serious abnormalities of sound velocity and amplitude and obvious
distortion of waveforms, that is, this acoustic line had serious defects.

This method can effectively reduce the impact on the critical value changes caused
by the misinterpretation of the head wave position, providing a method for rapidly and
accurately interpreting the ultrasonic testing of foundation piles for later engineering
practice reference.
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Mechanical Properties )
and Micromechanism of Geopolymers L
to Replace Cement Stabilized Crushed

Stone

Yongxiang Li, Lijuan Yang, Xiao Li, Yongfei Li, Qiang Zhang,
and Shoude Pang

Abstract In order to realize the resource utilization of solid waste, the principle of
alkali excitation is used to prepare geopolymers with fly ash, mineral powder and wet
carbide slag as the main materials to replace part of the cement as the cementing mate-
rial for the pavement base. Geopolymer-stabilized crushed stone was prepared by
compounding cement and aggregate with geopolymer, and the unconfined compres-
sion strength, indirect tensile strength, compression rebound modulus, scour resis-
tance and microscopic X-ray diffraction (XRD) and scanning electron microscopy
(SEM) tests were carried out to study the effect of the change of geopolymer content
on the mechanical properties of geopolymer-stabilized crushed stone and its mech-
anism. The test results show that when adding 30% geopolymer, the mechanical
properties similar to those of cement can be obtained to a certain extent. XRD and
SEM analysis showed that the geopolymer provided appropriate amount of silico-
alumina and calcareous components to form calcium silicate hydrate (C—S—H) and
calcium silicate (aluminum) hydrate (C—(A) —S—H) condensation. The glue can form
a dense structure and increase the strength of the mixture.

Keywords Geopolymer - Stabilized crushed stone + Mechanical properties *
Micromechanis

1 Introduction

Fly ash, mineral powder and wet carbide slag are industrial solid wastes, and improper
treatment will cause environmental pollution. At present, the harmless treatment of
industrial solid waste has become one of the problems that need to be solved when
Chinaimplements “double carbon” measures. If it can be prepared into pavement base
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material, it can not only effectively solve the environmental pollution and ecological
damage caused by a large number of solid wastes, but also provide a large number
of raw materials for highway construction, and make solid wastes play a greater
utilization value.

The comprehensive utilization of solid waste materials in road engineering is a
research hotspot at present [1]. In 1980s, fly ash-coal gangue mixture was used in
road base and subbase in the United States, and its application effect was confirmed
by testing. Since the twenty-first century, the United States has mixed iron tailings
crushed stone into building materials as the subbase and subgrade of asphalt concrete
pavement, and achieved good application results [2]. In 2014, an airstrip was built
with geopolymer concrete at West Wellcamp Airport in Brisbane, Australia [3]. In
recent years, Shen [4] obtained the best mix ratio of steel slag, fly ash and phosph-
ogypsum as road base materials, and found that its early strength was higher than
that of lime-fly ash and lime-soil pavement base materials, and its long-term strength
was much higher than that of cement stabilized aggregate, which could meet the
relevant requirements of pavement base materials. Arulrajah [5] found that fly ash,
slag and calcium carbide residue can be used to stabilize recycled building materials
as road base or subbase through unconfined compression strength and compression
rebound modulus tests. Hu [6] discussed the possibility of using fly ash and red mud
geopolymer as the cementing material of crushed stone aggregate through unconfined
compression strength, failure strain and drying shrinkage tests. The results showed
that geopolymer stabilized aggregate had a stable application prospect in the applica-
tion of flexible pavement. In China, the research on resource utilization of industrial
solid waste started late. In 1990s, Maanshan Mine Research Institute applied iron
tailings to pavement materials [7]. Chang’an University mixes lime and coal gangue
with soil and uses it for road base [8]. In 1997, China built the first steel slag asphalt
pavement test section [9]. In recent years, Beijing Research Institute of Mining and
Metallurgy and Guangxi Pingguo Aluminum Company jointly developed a new type
of red mud road base with good road performance using lime, fly ash, red mud and
some additives as raw materials, which filled a domestic gap [10-12]. Qin and Liang
[13] have also carried out the research on replacing part of cement with red mud
and applied it in cement stabilized macadam base, which has certain reference value
for the development of new materials for road base. Wang [14] through the tests of
mechanical properties and crack resistance of cement stabilized macadam with three
types of aggregate gradation, three cement dosages and fly ash, the results show that
after adding fly ash, the early unconfined compression strength, flexural strength and
splitting strength of cement stabilized macadam decrease, which helps to reduce early
cracks. Xu [15] found that adding fly ash and slag to cement stabilized macadam can
improve the mechanical properties and shrinkage characteristics of cement stabilized
macadam through unconfined compression strength, indirect tensile strength. Chu
[16] comprehensively analyzed the road performance of cement stabilized macadam
mixture with iron tailings, and found that the addition of iron tailings can improve the
unconfined compression strength, indirect tensile strength, water stability and frost
resistance of cement stabilized macadam mixture. Liu [17] found that the mechan-
ical properties of slag-based polymer and fly ash stabilized macadam are better than
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those of cement stabilized macadam in unconfined compression strength, splitting
strength, compression rebound modulus.

Although some scholars and engineering units have carried out research and engi-
neering demonstration on the preparation of pavement base materials from solid
wastes, there are few technical researches on the preparation of pavement base mate-
rials from solid wastes at home and abroad based on the principle of geopolymer. In
this paper, geopolymer cementitious materials prepared from fly ash, mineral powder
and wet carbide slag by alkali excitation are used to replace part of cement stabi-
lized macadam. The mechanical properties are evaluated by unconfined compres-
sion strength, indirect tensile strength, compression rebound modulus and scour
resistance. The mineral composition of raw materials and microstructure changes
of samples at different ages are analyzed by XRD analysis and SEM test, and the
formation mechanism of geopolymer strength is analyzed, which provides a new
method for comprehensive utilization of solid waste materials.

2 Experiment

2.1 Experiment Material

The raw materials used in the experiment are geopolymer cementing material,
cement, aggregate, alkali activator and water.

Geopolymer cementitious materials include fly ash, mineral powder and wet
carbide slag, and the main chemical compositions of effective minerals of the mate-
rials are shown in Table 1. The fly ash is low-calcium F-type fly ash with a median
particle size of 12.72 wm; The mineral powder is S95 grade mineral powder mixed
with 7% limestone, 15% fly ash and 78% slag. The moisture content of wet carbide
slag is 33%.

Cement is taken from Jidong Cement Company, Hohhot, Inner Mongolia, and its
strength grade is P.O42.5.The physical and mechanical properties of cement are tested
according to the specification “Test Methods of Cement and Concrete for Highway

Table 1. .Chernical . Composition | Fly ash | Mineral powder | WET carbide slag
compositions of materials

SiO; 449 29.9 3.20

Al,O3 42.7 18.6 1.34

CaO 4.74 34.6 934

Fe;03 3.16 1.36 0.388

TiO, 1.80 3.07 -

SO3 - 2.73 0.498

MgO - 6.92 -
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Engineering” (JTG E30-2005), and all meet the requirements of the specification.
See Table 2 for the test results.

Aggregates are divided into four grades, and the particle sizes of each grade are:
19-26.5 mm, 9.5-19 mm, 4.75-9.5 mm, 0—4.75 mm.

The alkali excited material is sodium hydroxide produced by Tianjin Zhiyuan
Chemical Co., Ltd., which is a white translucent granular crystal.

2.2 Mix Proportion Design of Geopolymer Cementitious
Materials

This study uses sodium hydroxide to stimulate fly ash, mineral powderand wet carbide
slag to mix with water to prepare geopolymer cementitious materials. The total
amount of materials is 2.58% with alkali, and the water-cement ratio is 0.5. The mix
design is shown in Table 3. The setting time, fluidity and soundness indexes were
measured, and the optimum formula was obtained by combining the compressive
strength and drying shrinkage of geopolymer in 3d, 7d and 28d.

2.3 Performance Test of Geopolymer Cement Stabilized
Crushed Stone

Mix proportion of Geopolymer Cement. It is necessary to control the cement
dosage within a reasonable range to ensure certain mechanical properties and frost
resistance and improve its crack resistance [18]. According to the recommended
cement dosage value of cement stabilized material mixture ratio test in “Construction
Guidelines for Highway Base and Subbase” (JTGT-F20-2015), 5% of total cement-
geopolymer material dosage is proposed. Finally, the proportion of total cementitious
materials is set at 5% and four groups of mixing ratios (Table 4) are determined for
performance test.

Manufacture and testing of test pieces. Add a certain amount of water to the
aggregate, mix well, and put it in a closed plastic bag for soaking. After soaking for
four hours and within one hour before the specimen is formed, add geopolymer and
cement materials with different mixing ratios, and stir well, and make the specimen
within one hour; The model is made by Tiantong Tongda hydraulic part demoulding
machine, and the mixture is poured into the test mold for three times and tamped
evenly, and demoulded within 2—-6 h. Immediately after weighing, put it in an airless
plastic bag, seal it, tie the bag mouth tightly, and move it to a standard curing room
with a temperature of 20 & 2 °C and a relative humidity of over 95%; The specimen
is placed on the iron frame, and the spacing is more than 10 cm. On the last day of the
curing period, take out the specimen, observe whether the corners of the specimen
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ggglgz3 Geopolymer mix Sample number | Fly ash/% | Mineral Wet carbide
powder/% | slag/%
Al 10 85 5
A2 0 88 12
A3 0 95 5
A4 20 75

Table 4 Design results of cement-geopolymer stabilized crushed stone mix proportions

Sample number | Proportion of Proportion of cement to | Grading of aggregate
geopolymer to cementitious materials
cementitious materials | (%)
(%)
B1 0 100 0-4.75 mm
B2 30 70 4.75-9.5 mm
9.5-19 mm
B3 60 40 19-31.5 mm
B4 90 10 =41%:14%:24%:21%

are worn or missing, and measure the quality. Then, soak the specimen in water at
about 20 °C so that the water surface is about 2.5 cm above the top of the specimen.

In this paper, the unconfined compression strength, indirect tensile strength,
compression rebound modulus and scour resistance tests are carried out according
to “Test Methods of Materials Stabilized with Inorganic Binders for Highway Engi-
neering” (JTG E51-2009). Cylindrical specimens with a height of 150 mm and a
diameter of 150 mm are prepared, and the number of matched reference specimens
in each group is 9. In the unconfined compressive strength test, the specimen should
be cured for 7 days, 14 days and 28 days. During the test, the specimen should be
immersed in water for one day in advance, and the universal testing machine should
be used for the test. Indirect tensile strength and compressive resilience modulus
test shall be conducted according to “Construction Guidelines for Highway Base
and Subbase” (JTGT-F20-2015) after the specimen is cured to 28 days, 60 days and
90 days. The curing age of the anti-erosion test is 28 days, after which it is soaked
for 24 h. Using the anti-erosion tester, the peak impact force is 0.5 MPa, the scouring
frequency is 10 Hz, and the scouring time is 30 min.

2.4 Microscopic Analysis

X-ray diffraction (XRD) was used to analyze the phase composition of the four
raw materials. The parameters were: 40 kV, 100 mA, Cu target, scanning speed
5°/min. The scanning range is 10-90; The instruments used for SEM are Hitachi S-
4800 Field Emission Scanning Electron Microscope in Japan and BRUKER Energy
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Spectrometer in Germany. The microscopic area of the sample is scanned by line
and plane, and the distribution of elements, the types of elements, their atomic ratio
and weight ratio are analyzed.

3 Results and Discussion

3.1 Mix Proportion Design of Geopolymer Cementitious
Materials

The performance indexes of geopolymer cementitious materials with different
mixing ratios are shown in Fig. 1. For cementitious materials, the setting time has an
important influence on the setting degree and the strength of the mixture. The initial
setting time should not be too early and the final setting time should not be too late.
The fluidity affects the plasticity of cementitious materials, and the drying shrinkage
and compressive strength are important indexes to examine the crack resistance and
mechanical properties. As can be seen from Fig. 1, sample Al has moderate initial
setting time and final setting time, good fluidity and stability, low drying shrinkage
coefficient and high compressive strength at 3 d, 7 d and 14 d; The initial setting time
of sample A2 is relatively long, the final setting time is short, and the stability is poor.
The initial setting time of sample A3 is short and its stability is poor. A4 sample has
a long final setting time, poor fluidity and shrinkage. Considering all performance
factors, sample A1 is selected as the mixture ratio of geopolymer cementing material.

3.2 Performance Test of Geopolymer Cement Stabilized
Crushed Stone

Unconfined Compression Strength. The influence of geopolymer content change
on the compressive strength of materials is shown in Fig. 2; It can be seen from Fig. 2
that, with the increase of geopolymer content, the change law of the compressive
strength of the mixture at different ages is basically the same, with a slight increase
at first and then a decrease. When the geopolymer content is 30%, the unconfined
compression strength reaches the maximum value, and the unconfined compression
strength at 7 d, 14 d, and 28 d is increased by 3.8%, 2.51%, and 1.46% compared
with that at zero. When the content of geopolymer increased to 60%, the uncon-
fined compression strength decreased sharply, and reached the minimum when the
content of geopolymer was 90%, and the unconfined compression strength was only
2.40 MPa at 7 days. According to the provisions of the 7-day-old unconfined compres-
sive strength standard of cement stabilized materials in “Technical Guidelines for
Construction of Highway Roadbases” (JTG/T F20—2015), when the dosage is 30%
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Fig. 1 Performance index of geopolymer cementitious materials with different mixing proportions

and 60%, it can meet the technical requirements of the heavy traffic volume of the
second grade and below.

It can be seen from Table 1 that geopolymer materials mainly provide silicon,
aluminum and calcium. Si can promote the strength of geopolymer, and Al can
promote the polymerization rate. Proper Si/Al ratio can increase the strength of
geopolymer, and a proper amount of calcium component can play a better role in
strengthening, thus generating C—S—H gel in the system, providing more nucleation
sites for the formation of geopolymer, and making the silicon and aluminum compo-
nents in raw materials better dissolve out, thus accelerating the gelation process [19].
It shows that 30% geopolymer can provide high-quality Si/Al ratio, and ensure that
the mineral components in cement can be fully hydrated, coagulated and hardened.
With appropriate dosage of alkali activator, it can fully ensure that geopolymer can
give full play to the potential activity of calcium component and silicon-aluminum
component in the strength process. However, the Si/Al ratio of geopolymer is out
of balance with the increase of content, and the calcium component and silicon-
aluminum component can’t give full play to their potential activity, which leads to a
significant decrease in the strength of the mixture.
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Fig. 2 Effect of geopolymer
content change on the
unconfined compression
strength of materials

3
T

unconfined compression strength(Mpa)
~
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geopolymer content(%)

Indirect Tensile Strength. The influence of geopolymer content on the indirect
tensile strength of materials is shown in Fig. 3; It can be seen from Fig. 3 that, with
the increase of geopolymer ratio and the decrease of cement ratio, the change law of
tensile strength at different ages is the same, showing a decreasing trend. When the
content of geopolymer is 30%, the indirect tensile strength of the mixture of 28 d, 60
d and 90 d is only 0.4%, 0.8% and 1.8% lower than that of 0%. When the content of
geopolymer is increased to 60% and 90%, the indirect tensile strength is obviously
reduced. According to the requirements of “Specifications for Design of Highway
Asphalt Pavement” (JTG D50-2017) for traffic grade, cumulative equivalent axle
number Ne, and tensile strength structural coefficient, when the local polymer content
is 30%, it meets the requirements of heavy traffic of grade II and below highways
for pavement base.

Fig. 3 Effect of geopolymer

.. 28d
content change on indirect 60d
tensile strength of materials

£ .62, B 904
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0.56
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indirect tensile strength(Mpa)
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The indirect tensile strength of the mixture with 30% content is approximately
equal to that of the mixture with 0% content of geopolymer, because calcium oxide
(Ca0), silica (SiO,) and other components in geopolymer react to form hydrated
calcium aluminosilicate (C—(A)-S—H) gel [20], which can replace dicalcium silicate
(C,S) and tricalcium silicate in some cement. When the content of geopolymer
increases, the calcium-based compounds in cement, mainly dicalcium silicate (C,S),
which has significant influence on the strength formation, decrease obviously, and
their strength under the maximum pressure can be resisted.

Compression Rebound Modulus. The influence of geopolymer content on the
compression rebound modulus of materials is shown in Fig. 4. It can be seen from
Fig. 4 that at different ages, the compression rebound modulus of the mixture shows
the same trend, and decreases with the increase of geopolymer content. When the
content of geopolymer increases from 0 to 30%, the compression rebound modulus
of the mixture decreases by 7.6%, 7.9% and 5.5% at 28 d, 60 d and 90 d, respec-
tively, but it can be seen from Fig. 2 that the unconfined compression strength of the
mixture increases by 2.8% at 28 d. This shows that adding a certain proportion of
geopolymer can improve the compressive strength of the mixture, at the same time,
the ability to resist vertical deformation and the crack resistance of cement stabilized
macadam. However, on the premise of ensuring the strength and cementation, the
elastic modulus of hydration products produced by polymer and cement is lower than
that of cement hydration products. When geopolymer with low elastic modulus is
added, the strength and flexibility of geopolymer mixture are improved, the rigidity is
decreased, and the shrinkage deformation ability is improved. In this paper, referring
to the experimental data of a large number of scholars and the calculation and anal-
ysis of Qu [21] optimum value range of compression rebound modulus of semi-rigid
materials, when adding 30% geopolymer, the results are in line with the optimum
value range of compression rebound modulus of semi-rigid base materials in labora-
tory test, and it is suitable for the performance requirements of heavy traffic volume
of second grade and below.
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Scour Resistance. The influence of geopolymer content on scour resistance of
materials is shown in Fig. 5. From Fig. 5, it can be seen that the cumulative erosion
amount and erosion loss of the specimen increase gradually with the increase of
geopolymer content, and the scour resistance of the specimen decreases gradually.
Compared with 0% content, the erosion loss of 30% content only increases by 0.2%,
and when the content increases to 90%, the erosion quality loss is 2.3 times that of
0% content. This shows that when the content of cement and geopolymer cemen-
titious materials is increased to 30%, the difference between the cohesiveness and
mechanical strength of cement and geopolymer cementitious materials is very small.
When the scouring is carried out to a certain extent, the fine particles on the surface
are gradually lost, and the skeleton composed of coarse particles plays a major role
in bearing capacity. However, with the increase of the content of geopolymer to 90%,
the mechanical properties of the mixture are greatly reduced, and the cohesiveness of
geopolymer cementitious materials is insufficient, which leads to the double increase
of erosion loss. According to Xiong and Gao [22] and others’ research on the control
index of anti-erosion performance of cement stabilized macadam base, it is found
that when the content of geopolymer is 30%, it meets the requirements of heavy
traffic of grade II and below highways for pavement base.

Through the unconfined compression strength test, it can be seen that the strength
is the highest when the geopolymer content is 30%, and the tensile strength, compres-
sion rebound modulus and scour resistance test are similar to the mechanical prop-
erties of pure cement, and all the properties meet the requirements of heavy traffic
of grade II and below highways for pavement base. Therefore, it is feasible to use
geopolymer to replace part of cement, and comprehensive utilization of resources
can be achieved.
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Fig. 5 Effect of geopolymer dosage change on the erosion resistance of the material
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3.3 Formation Mechanism of Strength

Material Composition Analysis. The X-ray diffraction patterns of mineral powder,
fly ash, wet carbide slag and cement are shown in Fig. 6.

It can be seen from Fig. 6a that the diffraction peaks at 2° = 16.16°, 26.38°,
29.18°,31.08°,39.18°,43.04°, 57.26°, 60.38° are mainly quartz (SiO,) crystals, and
their diffraction peaks are high in intensity.

It can be seen from Fig. 6b that 29 = 16.42°, 25.93°, 33.19°, 35.24°, 36.52,
50.14°, 60.36° are characteristic peaks of mullite, and it can be known that the main
component dried at 115 °C is mullite. Mullite mainly comes from the decomposition
products of kaolin, illite and other clay minerals in coal, especially illite, which is
a typical clay mineral rich in iron, potassium, sodium and magnesium. When the
temperature is slightly higher, it begins to decompose into aluminosilicate. There are
obvious Si diffraction peaks at 29 = 27.97°, 20.87°, 50.15°, and a wide diffraction
characteristic peak at 20-35°, which indicates that there is vitreous material in fly ash,
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which can form a three-dimensional network structure with stable structure when it
reacts with alkali activator.

It can be seen from Fig. 6¢ that the phase represented by the diffraction peaks at
29 = 17.82°, 28.48°, 33.9°, 46.9°, 50.56°, 54.16°, 62.38° is mainly Ca(OH),, and a
small amount of quartz is contained at 2° = 46.9°. (SiO,) phase crystal.

It can be seen from Fig. 6d that the main mineral components of P.O42.5 cement
are tricalcium aluminate (C3A), tetracalcium ferrate (C4AF), dicalcium silicate (C,S)
and tricalcium silicate (C3S).

Microcosmic Appearance. SEM photos are shown in Fig. 7. Figure 7a, b are SEM
photos of samples with 0% and 30% content after curing for 7 days, respectively, and
the magnification is 1000 times. It can be seen that there are large and small pores
on the surface of the mixture, which can be better combined with the binder, and the
embedding capacity among the particles will also be improved, which is conducive
to increasing the strength of the mixture. Figure 7c, d are SEM photos of 30% doped
samples at 7 d and 28 d, respectively, with a magnification of 5000 times. It can be
seen that there are strip-shaped particles on the surface and the surface is smooth.
This is because at the initial stage of hydration reaction, after cement is mixed with
water, C3 A reacts quickly, and a large number of flaky calcium aluminate hydrate are
quickly generated, which are connected with each other to form a structure with early
strength. With the increase of age, the slow dicalcium silicate (C,S) in the hydration
reaction of cement also began to participate in the reaction. At the same time, the
hydrated calcium silicate (C—S—H) and hydrated calcium aluminosilicate (C—(A)—
S—H) gels produced by the geopolymer reaction wrapped the aggregate particles
completely, and no exposed aggregate particles were seen.

4 Conclusion

(1) Through comprehensive analysis of fluidity, soundness, setting time and drying
shrinkage of geopolymer cementitious materials with different proportions,
sample Al (85% mineral powder, 10% fly ash and 5% wet carbide slag) is
the best proportion of geopolymer cementitious materials.

(2) When 30% geopolymer is used instead of cement, the unconfined compression
strength of the mixture can be appropriately improved, and its compression
rebound modulus can be reduced to a certain extent; And can obtain a mixture
similar to the indirect tensile strength and scour resistance of cement stabilized
macadam.

(3) A proper amount of silica-alumina components and calcium components in
the geopolymer can generate hydrated calcium silicate (C—S—H) and hydrated
calcium silicate (C—(A)-S—H) gel under the action of alkali excitation, thus
creating conditions for accelerating coagulation and improving the strength of
the mixture.

(4) When proper amount of geopolymer is added, the mechanical properties of the
mixture can meet the anti-scour ability, meet the requirements of heavy traffic
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x5.00k SEM)

(c) B2 7 dx5000 (d) B2 28 dx5000

Fig.7 SEM pictures of sample B1 and sample B2

of grade II and below highways for pavement base and have good anti-cracking,
which can provide some technical support for engineering practice.

Acknowledgements This study was financially supported by Inner Mongolia Autonomous Region
Transportation Science and Technology Project NJ-2021-15; Inner Mongolia Autonomous Region
Science and Technology Plan Project 2020GG0257; National Natural Science Foundation of China
(52169023). We are very grateful to the reviewers for taking valuable time to make constructive
comments.

References

1. Zhu KJ (2021) Research and application of key technology of industrial solid waste in roadbed
engineering. Hebei University of Engineering, Handan (in Chinese)

2. Chavva P (2002) Evaluation of strength, swell and shrinkage characteristics of chemically
treated soils from north Texas. The University of Texas at Arlington

3. Glasby T, Day J, Genrich R (2015) EFC geopolymer concrete aircraft pavements at Brisbane
West Wellcamp Airport. Concrete Institute of Australia Conference 2015, pp 1-9. Melbourne,
Victoria, Australia



Mechanical Properties and Micromechanism of Geopolymers ... 57

4.

5.

6.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Shen W (2009) Investigation on the application of steel slag—fly ash—phosphogypsum solidified
material as road base material. J] Hazard Mater 164(1):99-104

Arulrajah A (2016) Stabilization of recycled demolition aggregates by geopolymers comprising
calcium carbide residue fly ash and slag precursors. Constr Build Mater 11:864-873

Hu W (2018) Mechanical property and microstructure characteristics of geopolymer stabilized
aggregate base. Constr Build Mater 191:1120-1127

. LiH (2009) Study on road performance of cement stabilized tailing sand base. Hebei University

of Technology, Tianjin (in Chinese)

. Xiao XJ (2008) Application and research status of coal gangue in road engineering in China.

Sci Technol Innov Herald 4(32):12-13

. Yu HY (2020) Review on China’s pavement engineering research 2020. China J Highway

Transp 33(10):1-66

. Xie Y (2002) Study on preparation and forming technology of road base material of red mud.

Mining Metall 11(1):4-7

. Qi JZ (2005) Experiment research on road base material of red mud. J Highway Transp Res

6:30-33

. Yang JK (2006) Engineering application of red mud high grade pavement base material. China

Municipal Eng 5:7-9

. Qin M (2008) Research on properties of red mud cement stabilized macadam base. In:

Proceedings of the 2nd national symposium on environmental geotechnical engineering and
geosynthetics technology. Changsha: Journal of Hunan University, pp 15-18

Wang Y (2011) Study on the function of the bray stone stabilization with cement adding fly
ash in the road. Chang’an University, Xi’an (in Chinese)

Xu OM (2019) Influence of fly ash and granulated blast furnace slag on strength and shrinkage
characteristics of cement stabilized crushed stone. J Guangxi Univ (Natural Science Edition)
44(02):509-515

Chu F (2022) Study on the influence of iron tailings sang cement stabilized macadam mixture.
J Wuhan Univ Technol (Transportation Science & Engineering) 1-7

Liu JL (2021) Research on road performance of slag geopolymer stabilized soil and stabilized
macadam. Zhengzhou University, Zhengzhou (in Chinese)

Bai Y (2014) Glass fiber cement stabilized aggregate performance study. Chang’an University,
Xi’an (in Chinese)

Zhang DW (2020) Review on property of geopolymer binder and its engineering application.
J Archit Civil Eng 37(05):13-38

Yang SL (2021) Study on preparation and fiber reinforcement of geopolymer concrete based
on fly ash and slag. Chang’an University, Xi’an (in Chinese)

Zhou Y (2017) Study on compressive strength and scour resistance of coal gangue mixture for
road subbase construction. China Standardization 4:255-256

Li JY (2017) A brief review of research progression on shrinkage of cement-stabilized
macadam. Transp Sci Technol 6:103-106



58 Y. Lietal.

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 any medium 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/

Rheological Properties of Composite )
Modified Asphalt with Direct Coal oo
Liquefaction Residues

Yongxiang Li, Xiatong Kang, Qi Gao, and Yongjie Jia

Abstract In order to solve the problem of high-value utilization of coal-to-oil
residual direct coal liquefaction residual asphalt, it is compounded with SBS and
aromatic oil to modify the matrix asphalt, and 9 compounding schemes are designed
using orthogonal experimental methods. Dynamic frequency sweep tests using DSR
and a simplified Carreau equation model fitted to the complex viscosity to obtain
its zero shear viscosity; the creep recovery rate, irrecoverable creep flexibility and
irrecoverable creep flexibility difference of each modified asphalt were determined
by MSCR at different temperatures and stress levels, and the high temperature rheo-
logical properties of 9 composite modified asphalts were evaluated by grey corre-
lation analysis of zero shear viscosity and high temperature rheological parame-
ters. Bending beam rheological experiments were carried out on the aged composite
modified asphalt to analyse its low temperature rheological properties based on the
viscoelastic parameters and linear fitting of the Burgers model. The results show
that: The high temperature deformation resistance of DCLR composite modified
asphalt are better than the matrix asphalt, the most influential modifier is SBS, and
the higher the dose, the stronger the high temperature deformation resistance. The
unrecoverable creep flexibility J,;3.5 at 70 °C can better respond to the high temper-
ature performance of asphalt, the ratio of 9% DCLR + 4% SBS + 2% aromatic
oil DCLR composite modified asphalt with the best high temperature performance.
Burgers model can better reflect the creep process of asphalt, DCLR composite modi-
fied asphalt has some defects in low temperature performance, the higher the dose
of DCLR, the poorer the low temperature performance of the composite modified
asphalt. The low temperature sensitivity of DCLR composite modified asphalt has
been reduced, low temperature crack resistance has been slightly enhanced.
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1 Introduction

The direct coal liquidation is a technology for the clean conversion of coal into
light fuel oil and high value-added chemical products. It has become an impor-
tant initiative for the clean and efficient utilization of coal, which is conducive to
the strategic restructuring of China’s coal industry [1]. The direct coal liquefaction
residue (DCLR) produced in the process is nearly 1/3 of the original coal, which not
only causes waste of resources, but also imposes a burden on the natural environ-
ment due to its difficult degradability. The composition and properties of DCLR are
similar to those of lake asphalt, with a high asphaltene and gum content and a low
saturated and aromatic component. It has the advantages of economy and environ-
mental friendliness as a modifier. And it can change the ratio of asphalt viscoelastic
components and improve the high temperature rheological properties of asphalt.
However, it also has a negative impact on the low temperature and fatigue properties
of asphalt [2].

To enhance the low-temperature performance of DCLR modified asphalt, it was
found [3, 4] that the incorporation of SBS can make up for the shortcomings of
the low-temperature performance of DCLR modified asphalt to a certain extent.
Aromatic oil can promote the reasonable combination of asphaltene, resins, aromatics
and saturates in asphalt to form a stable colloidal structure. And it can promote the
compatibility of SBS and asphalt to improve the low-temperature performance of
asphalt. In this paper, based on the literature studies [5—10]. DCLR, SBS and aromatic
oils were compounded to modify the matrix asphalt. Nine compounding schemes
were designed using orthogonal test method and dynamic frequency scan test was
performed using dynamic shear theometer (DSR). The zero-shear viscosity (ZSV)
was then obtained by fitting a simplified Carreau equation model to the complex
viscosity. The creep recovery rate R and the irrecoverable creep flexibility J,,, of each
modified asphalt were determined by multiple stress creep and recovery (MSCR)
test. And the high-temperature rheological properties of the nine composite modi-
fied asphalts were evaluated by gray correlation analysis between ZSV and high-
temperature rheological parameters. Bending beam rheometer (BBR) tests were
conducted on the aged composite modified asphalt, based on the viscoelastic param-
eters of Burgers model and linear fitting, to analyze its low temperature rheological
properties.

2 Experimental Materials and Specimen Preparation

2.1 Test Materials

The selected Tokai brand 90# matrix asphalt, the conventional index test results
are shown in Table 1; the selected DCLR performance is shown in Table 2; the
selected modifier is a linear YH-791 SBS modifier with a block ratio of 3/7, the
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Table 1 Technical index of 90# matrix asphalt

Test project Technical requirements | Results | Testing standards
Penetration 80-100 82.6 T0604-2011
(25°C, 55,100 g) (0.1 mm)

Softening point (°C) > 43 52.5 T0606-2011
Viscosity 60 °C (Pa s) > 140 157 T0625-2011
10 °C Ductility (cm) > 20 34.0 T0605-2011
Relative Density 15 °C (g/cm?) Real measurement 1.031 | T0603-2011
TFOT (or RTFOT) post-residuals

Quality changes (%) <+0.38 0.25 | T0610-2011
Residual penetration ratio (25 °C, 5s, | > 57 65.4 T0604-2011
100 g) (%)

Residual ductility 10 °C (cm) >38 8.2 T0605-2011

Table 2 Performance of DCLR

Test project | Density (g/cm3 ) |25 °C Penetration | 10 °C Ductility (cm) | Softening point (°C)
(0.1 mm)

Results 1.24 4.8 1.8 175

basic performance is shown in Table 3; the selected 2#-38 aromatic oil is used as a
compatibilizer for the composite modified asphalt.

2.2 Method

(1) Orthogonal tests were designed to prepare nine DCLR composite modified
asphalts, and the results are shown in Table 4.

(2) High temperature rheological test

Dynamic frequency scan test using DSR. Dynamic shear load loads at low strain
levels were applied to asphalt samples at loading frequencies of 0.1-100 rad/s and
at 46-82 °C (temperature step of 6 °C). And a simplified Carreau equation model is
fitted to the complex viscosity to analyze its high-temperature stability.

MSCR tests were performed on each asphalt after short-term aging using DSR
apparatus at 64 and 70 °C with a holding time of 15 min.

(3) Low temperature rheological test

Fatigue testing was performed by strain scanning, using strain control mode. The test
temperature was 15 °C, the strain was 1%, the number of loading was 50,000, and
the frequency was 10 Hz. A low temperature bending beam rheometer was used to
test the creep modulus of stiffness S and creep rate m at a load loading time of 60 s.
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Table 4 Composite modified

Test serial A (DCLR B (SBS C (Aromatic oil
asphalt orthogonal test table number doping/%) doping/%) doping/%)
1 5 2 2
2 5 3 4
3 5 4 6
4 7 2 4
5 7 3 6
6 7 4 2
7 9 2 6
8 9 3 2
9 9 4 4

The specimens were asphalt aged by RTFOT short-term and then by PAV long-term
at —12, —18 and —24 °C.

3 High Temperature Rheological Test Results and Analysis

3.1 Asphalt ZSV Fitting Results

The ZSV of asphalt can better characterize the storage capacity of asphalt at high
temperatures, and the higher its value, the better its high temperature stability.
However, the measurement conditions of ZSV are demanding, requiring very low
frequency or shear rate, which is difficult to be satisfied by existing test instruments.
Therefore, the widely used Carreau model was adopted to fit the measured frequency
band to obtain ZSV, whose equation is shown in Eq. (1), and the fitting results are
shown in Fig. 1.

1o

_ 1
[1+ (kw)?]z @

)7:

where 7 is the complex viscosity; ng is zero shear viscosity; w is the frequency; k
is a constant, which is a material parameter with a time scale; and m is a constant,
which is a dimensionless material parameter.

From Fig. 1, it can be seen that the ZSV values of the composite modified asphalt
are higher than those of the matrix asphalt at all temperatures. This indicates that the
composite modifier can improve the high-temperature elastic recovery of asphalt;
the ZSV value of No.6 composite modified asphalt is the highest at all temperatures,
indicating that its high-temperature performance is more excellent.
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Fig. 1 ZSV of asphalt at different temperatures

3.2 MSCR Test Results

The main evaluation indicators R and J,, were obtained from the MSCR test and
the results are presented in Table 5. The polar differences were calculated using the
analysis of range (ANOR) to determine the order of influence of the factors. Where
k; denotes the arithmetic mean of the test results obtained at factor level i in any
column, and the polar difference R = max{k;, ko, k3 }-min{k;, ks, k3}. The results
of ANOR of R are presented in Table 6, and the results of ANOR of J,,; are presented
in Table 7.

As can be seen from Tables 5 and 6, the R of both the composite modified asphalt 1—
9 and the matrix asphalt decreased significantly when the temperature was increased
to 70 °C. This indicates that the increase in temperature decreases the elastic proper-
ties of the asphalt; Ry ; is significantly higher than Rj», which shows that it is more
difficult for the asphalt to recover from deformation at high stress levels; the greatest
effect on the R value is for SBS, and the higher its admixture, the greater the R value.

As can be seen from Table 7, J;; increased for all specimens when the temperature
was increased to 70 °C. This indicates that the higher the temperature, the more
viscous the asphalt and the weaker the elastic recovery; J, 3, was higher than J;,
for all specimens, indicating that the irrecoverable creep deformation was greater at
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Table 5 MSCR test results
Test serial | Matrix | 1 2 3 4 5 6 7 8 9
number asphalt
64°CRq; |2.44 744 19.00 |23.32 |7.48 [16.50 |15.04 [9.07 |28.14 |25.06
70°CRp; |1.18 2,65 [4.13 |18.94 |4.90 832 | 6.80 [6.42 |10.94 |15.40
64 °CR3, [0.91 233 425 |11.66 |3.07 7.41 6.54 |3.61 7.25 |15.33
70°CR3, [0.28 0.66 |0.81 5.85 [1.56 | 2.67 | 2.07 |0.86 | 2.03 5.61
64 °C Jn0.1 | 2.71 349 |1.76 1.75 |1.97 1.88 1.08 |2.11 0.96 | 0.90
70 °C Jnr0.1 | 6.12 431 |4.40 | 3.85 |4.31 468 | 2.89 (434 | 2.74 | 2.28
64 °C Jp3.0 | 2.94 377 [2.04 | 227 |225 2.32 1.33 |2.47 1.41 1.12
70 °CJp32 | 6.94 492 |5.15 524 |4.99 5.67 3.44 |548 356 | 2.94
Table 6 Results of ANOR of R
Modifiers A B C
64 °CRo | kg 13.25 8.00 16.87
ko 13.01 17.88 13.85
k3 20.76 21.14 16.30
R 7.75 13.14 3.03
70 °C Ro 1 kg 8.57 4.66 6.80
ko 6.67 7.80 8.14
k3 10.92 13.71 11.23
R 4.25 9.06 443
64 °CR3. ki 6.08 3.00 5.37
ko 5.67 6.30 7.55
k3 8.73 11.18 7.56
R 3.06 8.17 2.19
70 °CR32 ki 2.44 1.03 1.59
ko 2.10 1.84 2.66
k3 2.83 4.51 3.13
R 0.73 3.48 1.54
Factor priorities 64 °CRg.1:BAC |70°CR.1:BCA |64 °CR32:BAC |70 °CR3,:BCA
Optimum ratio 70 °C 70 °C 64 °C 70 °C
Ro.1:A3B3Cy Ro.1:A3B3C3 R32:A3B3C3 R32:A3B3C3

high stress levels; the higher the doping of DCLR with SBS, the smaller the value of
Jor-

In summary, the high temperature resistance to deformation of the composite
modified asphalt is better than that of the matrix asphalt, and the modifier with the
greatest influence on the modified properties is SBS, and the higher the SBS admix-
ture, the stronger its high temperature resistance to deformation. This is probably
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Table 7 Results of ANOR of J;;

Modifiers A B C
64 °CJnro1 ki 2.33 2.52 1.84
ko 1.64 1.53 1.54
k3 1.32 1.24 1.91
R 1.01 1.28 0.37
70 °C Jur0.1 ki 4.19 432 3.31
ko 3.96 3.94 3.66
k3 3.12 3.01 4.29
R 1.07 1.31 0.98
64 °CJni32 ki 2.69 2.83 2.17
ko 1.97 1.92 1.80
k3 1.67 1.57 2.35
R 1.03 1.26 0.55
70 °C Jni32 ki 5.10 5.13 397
ko 4.70 4.79 4.36
k3 3.99 3.87 5.46
R 1.11 1.26 1.49
Factor priorities 64 °C Jno.1: 70 °C Jnr0.1: 64 °C Ju32: 70 °C Jn3.0:
BAC BAC BAC CBA
Optimum ratio 64 °C Jnr0.1: 70 °C Jyro.1: 64 °C Jn3.2: 70 °C Jy3.2:
A3B3C; A3B3Cy A3B3C; A3B3Cy

because when SBS reaches a certain concentration, its thermoplastic nature enables
it to form a stable three-dimensional mesh structure in the asphalt [11, 12]. The
addition of aromatic oils enhances this mesh structure [13], thus improving the high
temperature deformation resistance of the composite modified asphalt. From the
optimum ratio of each index, it can be seen that the high temperature performance of
the composite modified asphalt is best when both DCLR and SBS are at the highest
dose, but the optimum dose of aromatic oil cannot be determined, and further research
and analysis are still needed.

3.3 Grey Correlation Analysis

Due to the number and complexity of the indicators used to evaluate the high temper-
ature performance of asphalt and the large dispersion of the data for each indicator.
It is difficult to carry out mathematical and statistical processing to find out the main
indicators for evaluating the high temperature performance of asphalt. Grey theory
introduces the correlation degree into the system analysis, which can solve the short-
comings of mathematical and statistical methods in the analysis of the large amount
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of calculation and many samples. The correlations between R and J;,; at different
temperatures and stress levels obtained by coupling MSCR tests, combined with
the variation pattern of ZSV indicators, were quantitatively compared and analysed,
leading to an in-depth analysis of the primary and secondary relationships between
them. The results of the ZSV (64 °C) fitted by the Carreau model were chosen as
the reference series and the MSCR test results were used as the comparison series to
obtain the grey correlations of the factors, as follows.

(1) Grey Relational Coefficient

Let the set of grey correlation factors be Z,«n (21, zi), z1(/m) is the reference column
and is the comparison column. The number of grey-off links is

min - min A;(t) + p max - max A;(t)
i=2,n t=l,n i=2,n t=l,n

£ = (@)

A;(t) + p max - max A;(t)
i=2,n t=Il,n
where t =1, 2,..., n; A;(¢) = |z1 — z;|; p is a resolution factor generally taken as
0.5.

(2) Grey correlation entropy

The distribution density function P; is noted as:

P2s [ Y 3)
t=1

The grey correlation entropy of z; is:

H(x)=— Y PP, (4)

t=1

(3) Grey entropy correlation

The grey entropy correlation of z; is

E(z) = H(x)/ Hua ®)

where H.,x = Inm is the maximum value of the difference information column
consisting of m elements. The larger E(z;) is, the greater the correlation between the
comparison sequence z; and the reference sequence z;.

The parameters of the grey correlation analysis are shown in Table § and the
dimensionless results and grey correlations are shown in Tables 9 and 10.

As can be seen from Table 10, the ash correlation between each index and ZSV is
high, all above 0.97, with Jnr3.2 of asphalt at 70 °C having the highest ash correlation
with ZSV, followed in order by Jnr0.1 at 64 °C, Jnr0.1 at 70 °C, R0O.1 at 64 °C, Jnr0.1
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Table 9 Nondimensionalize calculation results

Parameters | Serials Matrix | 1 2 3 4 5 6 7 8 9
asphalt

7SV Z1(64°C)|0.136 |0.170 | 0.236 | 0.146 | 0.112 | 1.539 | 1.302 | 1.405 | 1.209 | 0.402

Ro.1 Z, (64°C) | 0.314 |0.519(0.330 | 0.374 | 0.295 | 1.414 | 1.109 | 1.324 | 1.045 | 0.388
Z3(70°C) | 1.122 | 0.627 | 0.514 | 0.682 | 0.362 | 0.999 | 1.132 | 0.975 | 1.094 | 0.754

R32 Z4 (64°C) | 0.646 | 1.625|2.356 | 1.870|2.615|0.994 | 0.991 | 1.085 | 1.113 | 1.409
Z5(70°C) | 0.611 |0.521 |0.610|0.492|0.697 | 1.119 | 1.109 | 1.076 | 1.060 | 0.693

Jnr0.1 Ze (64°C) | 0.646 |1.150 | 1.035|1.188 | 1.194 | 1.068 | 1.204 | 1.109 | 1.204 | 1.081
Z7 (70 °C) [ 2.204 | 1.048 | 0.846 | 1.049 | 0.925 | 0.613 | 0.744 | 0.636 | 0.731 | 1.067

T3 2 Zg (64 °C) | 1.627 |0.632(0.799 | 0.579 |0.384 | 1.198 | 1.117 | 1.181 | 1.164 | 0.825
Z9 (70°C) | 1.305 | 1.961 | 1.361 | 1.163 | 0.908 | 0.545 | 0.705 | 0.674 | 0.756 | 2.198

Table 10 Grey relational calculation results

Parameters Ro.1 R3a Jnr0.1 Jni3.2
Grey correlation entropy 2.2724 2.2520 2.2572 2.2405
Grey correlation 0.9869 0.9781 0.9803 0.9730

at 64 °C, R3.2 at 64 °C, R0O.1 at 70 °C and R3.2. This indicates that the 70 °C
non-recoverable creep flexibility Jnr3.2 can better respond to the high temperature
performance of the asphalt and the best ratio for high temperature performance is
9% DCLR + 4% SBS + 2% aromatic oil.

4 Low Temperature Rheological Test Results and Analysis

4.1 BBR Test Data and Burgers Model Parameters

As a single consideration of the modulus of stiffness S or creep rate m to evaluate
the low temperature performance of asphalt is more one-sided, the BBR test data
(—18 °C) was subjected to Burgers fitting. The results are shown in Table 11, and the
results of ANOR of Burgers model parameters are shown in Table 12. The Burgers
model equation is given in Eq. (6).

! +1_e%+t (6)
y==rTr—7 7T —
E, E; N

where E is the instantaneous elastic parameter, E; is the delayed elastic parameter, 1,
is the viscous flow parameter and 7, is the delayed viscous parameter. 1| reflects the
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Table 11 Fitting results of low temperature viscoelastic parameters for asphalt PAV state

Temperature | Parameters | E1 (MPa) | Eo (MPa) | n1 (MPa/s) | no (MPa/s) | A Jc R2

(°C)

—18 Matrix 665.40 914.35 | 134,856.72 | 30,258.90 |202.67 | 409.92 | 0.9998
sphalt
1 683.26 1071.37 |224,592.99 | 38,467.40 |328.71 | 451.77 | 0.9994
2 714.67 1061.92 |212,430.06 | 36,921.45 |297.24 | 463.35 | 0.9997
3 591.00 1082.39 | 185,422.18 | 44,449.60 |313.74 | 400.39 | 0.9978
4 718.03 1063.08 |278,645.51 | 80,549.72 | 388.07 | 442.63 | 0.9998
5 810.53 1256.15 |193,600.17 | 30,278.60 |238.86 | 537.27 | 0.9999
6 870.45 1461.19 | 284,429.05 | 55,517.90 |326.76 | 583.10 | 0.9997
7 795.55 1279.67 |250,539.73 | 35,058.82 |314.93 | 537.53 | 0.9980
8 809.00 1312.65 |262,706.17 | 50,402.89 |324.73 | 536.53 | 0.9995
9 639.81 943.79 |208,429.93 | 82,553.24 |325.77 | 377.02 | 0.9966

Table 12 Results of ANOR of burgers model parameters

Parameters Modifiers A B C

N1 kg 190,626.59 201,569.32 192,998.87
ko 219,222.62 251,259.41 224,240.45
k3 265,891.65 222.912.13 258,501.54
R 75,265.06 49,690.09 65,502.67

A ki 276.21 281.06 252.15
ko 313.56 343.90 322.39
k3 322.14 286.94 337.36
R 4593 62.85 85.20

Jc ki 441.68 464.47 49491
ko 460.10 477.31 462.90
k3 552.39 512.38 496.36
R 110.71 4791 33.46

Factor Priorities n1:ACB A:CAB Jc:ABC

Optimum ratio A1BC; A1BC; A1B1Cy

deformation capacity of the asphalt, the smaller the 7, the better the low temperature
performance of the asphalt [14].

The relaxation time A of asphalt represents the ability of stress dissipation, the
shorter the A, representing the more rapid dissipation of stress within the asphalt, the
better the low temperature performance [15]. Calculated as shown in Eq. (7).

)\znl/El (7)
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The low temperature flexibility parameter J¢ reflects the viscoelastic properties
of the asphalt, the smaller the J¢, the higher the proportion of viscous components
of the asphalt, the better the low temperature performance [16]. The calculation is
given in Eq. (8).

1 J J
Jo = _<1 _ &) ®)
Jy Je +Jpe + Jy

—tEy
_ t — 1 — L1 (1 _e7
where Jy = m’JE_ EI’JDE_ E2(1 e n )

From Tables 11 and 12 can be seen, Burgers fitting accuracy R? are above 0.99,
indicating that the model can better reflect the creep process of asphalt. The composite
modified asphalt, 1;, A and J¢ are basically larger than the matrix asphalt, and the
higher the DCLR dose, the worse the low temperature performance of the composite
modified asphalt. This indicates that the performance of the composite modified
asphalt in low temperature performance has some defects. This is mainly due to the
high proportion of asphalt in DCLR, which cross-linked with the matrix asphalt and
increased the flow resistance of the modified asphalt [17]. The ratio of 5% DCLR +
2% SBS + 2% aromatic oil is better.

4.2 Low Temperature Sensitivity Analysis

The creep stiffness and creep rate versus temperature were regressed for nine asphalt
tests and the fitted results are shown in Table 13, and the results of ANOR of Burgers
model parameters are shown in Table 14, with the linear regression equation in
Eq. (9).

lgS=8As-T+C )

where S represents the creep stiffness; SAs represents the slope of the equation; C
represents the temperature; and C is a constant.

As can be seen from Table 13, the linear fit correlation coefficients are all above
0.94, which is a good fit; the values of the composite modified bitumen are equal to
or somewhat smaller than the ISAgl values of the matrix asphalt, which indicates that
the low temperature sensitivity of the composite modified asphalt has been reduced
and the low temperature crack resistance has been slightly enhanced; as can be seen
from Table 14, the best low temperature sensitivity is 9% DCLR + 4%/6% SBS +
3% aromatic oil.
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Table 13 Fitting results of low temperature sensitivity for asphalt
Test serial number Intercept Slope 1SAs| R?
Matrix asphalt 1.02 —0.076 0.076 0.975
1 1.43 —0.068 0.068 0.952
2 1.46 —0.068 0.068 0.948
3 1.32 —0.073 0.073 0.943
4 1.42 —0.071 0.071 0.941
5 1.33 —0.077 0.076 0.951
6 1.53 —0.068 0.068 0.977
7 1.58 —0.063 0.063 0.944
8 1.68 —0.058 0.058 0.962
9 143 —0.072 0.072 0.945
Table 14 Results of ANOR of SAg
Parameters Modifiers A B C
ISAs| kg 0.0707 0.0723 0.0717
ko 0.0733 0.0673 0.0663
k3 0.063 0.0673 0.069
R 0.0103 0.005 0.0053
Factor priorities ACB
Optimum ratio A3B,Cy/A3B3Cy
5 Conclusions
(1) At46-82°C, the ZSV values fitted by the Carreau model were higher than those

@

of the matrix asphalt, and the highest ZSV value was obtained with 9% DCLR
+ 4% SBS + 2% aromatic oil. The higher the amount of SBS, the stronger the
high temperature deformation resistance. Based on the grey correlation entropy
analysis, the non-recoverable creep flexibility J,;3, at 70 °C can better reflect
the high temperature performance of the asphalt, and the DCLR composite
modified asphalt with 9% DCLR + 4% SBS + 2% aromatic oil has the best
high temperature performance.

The accuracy of the Burgers model is above 0.99, which indicates that the
model can better reflect the creep process of asphalt. The DCLR composite
modified asphalt with a ratio of 5% DCLR + 2% SBS + 2% aromatic oil has
the best temperature performance. The low temperature sensitivity of the DCLR
composite modified asphalt is reduced, and the low temperature crack resistance
is slightly enhanced.
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The Influence of Coating Material )
and Thickness on the Corrosion Degree L

of Q345 Steel

Li Wan, Xiang Pan, Lizhen Huang, Baotao Huang, Cai Yang, and Yiming Du

Abstract In order to investigate the anti-corrosion effect of coated steel of steel
bridge, Q345 steel plate specimens with three types of coatings, including zinc
coating, aluminum coating and zinc-aluminum coating, are produced by the arc
spraying technology. In the present study, chlorine corrosion tests are performed
to investigate the influence law of different coating material and its thickness on
the corrosion degree. Then the calculation results of two corrosion indicators are
compared and analyzed. It is shown that the two corrosion indicators reflect the
same corrosion law of three kinds of coating steel. The corrosion of all coated spec-
imens is obviously severe in the early stage and gradually gentle in the later stage. It
is also found that during the whole corrosion cycle, the corrosion rate of aluminum
coating is smaller and change slower than the other two kinds of coatings, whereas
the coating thickness of 200 wm of aluminum coating changes significantly. There-
fore, aluminum coating is recommended as a priority, and the recommended coating
thickness range of which is 100-150 pm.

Keywords Chloride environment + Corrosion rate + Anti-corrosion coating * Steel
bridge
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1 Introduction

Owing to the advantages of high strength, light weight, good plasticity and tough-
ness, and the continuous growth of steel production in recent years, steel structures
have good prospects in the field of civil engineering. Now steel bridge plays a very
important role in transportation power in China, but its corrosion in chloride salt
environment has become one of the key problems affecting the durability of steel
bridges. The corrosion of steel is more serious in the environment with high humidity
and aggressive media, among which chloride ions is especially prominent. There-
fore, protective measures such as rust removal, painting and coating must be taken to
ensure the safety of the steel structures. Meanwhile, steel structures must also be regu-
larly maintained, which spends a certain amount of maintenance costs. Experiment
studies are carried out involved the corrosion behavior of steel in different marine
areas and laboratory simulated marine environments. These studies mainly focus on
the corrosion mechanisms of different types of steel as well as the components and
properties of corrosion products. And whereas, the research on the corrosion rate
of steel, especially coated steel, is yet relatively few. It is not only unhelpful for
the accurate evaluation of the durability of steel bridges, but also for the reasonable
selection of coating type and thickness. Therefore, it is very important to investigate
the corrosion rate of coated steel adopted in steel bridges.

Corrosion rate is an important index to study the corrosion law of steel. Huang [1]
and Zhu [2] point out that under the same corrosion cycles, the change rule of corro-
sion rate of different kinds of carbon steel is basically the same through analyzing
the corrosion data. In addition, Schumacher’s empirical formula is applied to fit the
corrosion data, and it is proposed that the slope of the linear part of the formula
can be approximated as the long-term corrosion rate of carbon steel. However, this
experimental formula does not take into account the influence of rust layer and other
factors on corrosion rate. Yu [3], Pour-Ghaz [4, 5] and Pradhan [6] study on the corro-
sion rate of rebar in concrete in chloride environment by using self-made corrosion
rate test equipment, and then the corrosion rate model of steel bar in corresponding
environment is respectively established. The corrosion behavior of steel plated with
galvanized, aluminum and zinc-aluminum alloy materials is studied in Refs. [7-9]. It
is shown that these three plating layers can restrict the corrosion rate and have a good
corrosion protection effect for steel. The practice of Arc spraying is well established
because of its high strength, excellent coating performance and high efficient energy
use. Now, it is few report about the anti-corrosion behavior of arc thermal spraying
coatings. So it is urgently needed to study.

In this paper, the corrosion rate of Q345 steel coated by arc thermal spraying is
studied based on chloride corrosion test. Then the effect of different coating type and
thickness on the corrosion rate is also discussed. Finally, the existing representative
corrosion rate models are evaluated by comparison.
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2 [Experimental Test

By using a 3.5% sodium chloride solution, corrosion tests are carried out in the
environment of constant temperature and humidity (temperature is 20 °C, humidity
is 95%). The experimental cycle were 7, 15, 30, and 60 days. The shape of steel
specimens is rectangular plate with a size of 50 x 25 x 2 (mm). Three coating types
are designed in the experiments, which are zinc coating, aluminum coating and zinc-
aluminum coating. Three coating thickness are made for each type, respectively,
100 pm, 150 pm, 200 pm.

The preparation of the coating is in accordance with GB/T9 793-1997 “thermal
spraying zinc, aluminum and their alloys for metal and other inorganic coatings” and
other relevant standards. After each corrosion cycle, the corresponding specimen is
removed and the corrosion products on the surface of the specimen are cleaned. The
floating rust on the surface of the specimen is scraped off with a blade. Then 1000 ml
solution is made for pickling and rust removal of specimens, which mixed with 500 ml
hydrochloric acid, 3.5 g hexamethylenetetramine and distilled water. Specimens are
put into anhydrous alcohol to dehydrate and to blow dry. The specimens are taken
out of the oven after 24 h, and the weight of the corroded specimens are measured.

3 Results and Discussion

3.1 Test Results

Two indicators of corrosion degree are calculated in this paper, which are corrosion
rate and cumulative loss of thickness, respectively.

(1) Corrosion rate

The weightlessness method is the most intuitive and reliable method to evaluate
the corrosion resistance of metals, which can reflect the macroscopic corrosion rate
of metals [10]. It is assumed that the specimen is uniformly corroded. The corrosion
rate is calculated by

10°
W:(WQ—Wt)X[Z(axb+bXC+aXC)t] @

where W is the corrosion rate. Wy is the mass of the specimen before corrosion. W
is the mass of the specimen after corrosion. a, b and c are the length, width and height
of the specimen, respectively.

(2) Cumulative loss of thickness

The other indicator is cumulative loss of thickness [11]. The formula is given by
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Table 1 Results of corrosion rate of zinc coating

Corrosion Coating Mass before | Mass after test | Corrosion rate | Cumulative

time (day) | thickness | test(g) (2) g/ (m2 h) loss of
(jvm) thickness

(jvm)

7 100 19.452 17.369 4.428 95.375
150 19.120 16.675 5.199 111.981
200 24.318 21.888 5.166 111.264

15 100 18.312 17.097 1.205 151.007
150 20.508 18.805 1.690 189.973
200 25.255 23.929 1.315 171.978

30 100 18.257 16.852 0.697 215.324
150 18.635 16.963 0.829 266.514
200 23.983 22.325 0.822 247.894

60 100 18.029 16.192 0.456 299.420
150 20.235 16.855 0.838 421.261
200 21.397 18.668 0.677 372.833

Wt
D; = )
p

D= ZDi 3)

Where D is the cumulative loss of thickness of the specimen. D; is the loss of thickness
of the corrosion cycle i. W is the corrosion rate. t; is the time of the corrosion cycle
i. p is the density of steel, the value is 7.8 g/cm? in this paper.

The data recorded in the tests are introduced into these two equations, and the
results of three coating types, which are zinc coating, aluminum coating and zinc-
aluminum coating with different thicknesses, are obtained under each corrosion
cycle. The calculation results are shown in Tables 1, 2 and 3.

3.2 Analysis and Discussion

Based on the obtained calculation results in Tables 1, 2 and 3, the curves of the
corrosion degree indicators with time are drawn by Origin, as shown in Figs. 1 and
2, respectively.

As shown in Figs. 1 and 2, it can be seen that:

The corrosion law of three coating types is basically the same in Fig. 1. In the
early stage, the corrosion of various coated specimens is severe, and then decreases
rapidly. When the corrosion continues for 30 days, the corrosion rate tend to be
gentle. During the whole cycle, the corrosion rate curves of zinc coating specimens
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Table 2 Results of corrosion rate of aluminum coating
Corrosion Coating Mass before | Mass after test | Corrosion rate | Cumulative
time (day) | thickness | test(g) (2) g/ (m2 h) loss of
(jvm) thickness
(jvm)
7 100 16.689 15.969 1.530 32.952
150 18.079 17.402 1.439 30.998
200 19.736 17.500 4.753 102.381
15 100 16.495 15.676 0.812 70.421
150 18.103 16.878 1.215 87.057
200 19.480 18.578 0.894 143.651
30 100 16.486 15.838 0.322 100.122
150 18.256 17.641 0.305 115.217
200 19.429 17.740 0.838 220.971
60 100 16.933 16.129 0.199 136.935
150 17.844 16.781 0.264 163.889
200 20.177 19.916 0.065 232.921
Table 3 Results of corrosion rate of zinc-aluminum coating
Corrosion Coating Mass before | Mass after test | Corrosion rate | Cumulative
time (day) | thickness | test (g) (g g/(m* h) loss of
(pm) thickness
(um)
7 100 19.071 18.460 1.299 27.976
150 20.238 19.674 1.199 25.824
200 21.466 20.672 1.689 36.386
15 100 18.701 16.651 2.034 121.841
150 19.481 16.460 2.996 164.118
200 20.032 17.356 2.655 158.929
30 100 19.294 17.768 0.757 191.712
150 20.355 19.475 0.437 204.411
200 21.770 19.896 0.929 244.704
60 100 19.328 17.649 0.416 268.574
150 19.856 18.226 0.404 279.014
200 21.177 19.399 0.441 326.084

and zinc-aluminum coating specimens fluctuate greatly, while the corrosion rate of

aluminum coating specimens is the smallest, continuing to decline.

It is not difficult to find that like the corrosion rate, the growth of corrosion loss
of thickness is evident in the early stage and smooth in the late stage in Fig. 2. The
cumulative loss of thickness of zinc coating is the largest, zinc-aluminum coating



80 L. Wan et al.

5k Coating thickness is 100 um. 5 Coating thickness is 150 pm.
N . N ~ —-— 71 au
- —&— Zinc coaling = Zinc coating

4 a 4 —e— Aluminum coating

—&— Aluminum coating

; . s —A— Zinc-aluminum coalin
—A— Zinc-aluminum coating ating

ad
o
‘ad

(3]
|

Corrosion rate (g/(m”-h))
Corrosion rate (g/(m
2

TTY YT T T T[T T T[T Y

=

AP Y PR I N e, ) 1)} U I T T R T, &
0 10 20 30 40 50 60 0 1020 30 40 50 60

Corrosion time (day) Corrosion time (day)
(a) 100pm. (b) 150pm.
5F Coating thickness is 200 pum.

—&— Zinc coaling
—&— Aluminum coating
—&— Zinc-aluminum coating

-9
T

Corrosion rate ( ga’[ml'h) )

TTTT T F T rTT

0 TS NS NS N S A L

10 20 30 40 50 60
Corrosion time (day)

(c) 200pm.

=

Fig. 1 The curve of corrosion rate with time

comes second, and aluminum coating is smallest. In other words, the corrosion
resistance of aluminum coating is the best.

In addition, compared with other thickness, it is more severe corrosion in all
aluminum coating specimens with 200 pwm at the initial stage of corrosion, and the
corrosion loss of thickness is bigger than 100 and 150 pm. Therefore, aluminum
coating is recommended to be the optimal solution, and the coating thickness ranges
from 100 to 150 pum .

4 Conclusions

This paper focuses on the influence of different coating categories and thickness on
the corrosion resistance of Q345 steel. Corrosion tests are performed by using 3.5%
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Fig. 2 The curve of cumulative loss of thickness with time

sodium chloride solution, the results are present. Then the corrosion degree is deter-
mined by two indicators for comparison. Based on experimental studies associated
with analytical studies, the key conclusions are as follows:

(1) It can be shown that the corrosion evolution law of the three coating types is
consistent according to the two indicators, the corrosion is severe in the early
stage and gentle in the late stage.

(2) The corrosion resistance of aluminum coating is better than that of Zinc coating
and Zinc-aluminum coating. The corrosion rate and the cumulative loss of thick-
ness of aluminum coating are smaller. It is recommended that aluminum coating
is preferred, and the reasonable thickness range of coating is 100—-150 pm.
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Analysis of Influence Range of Sudden )
Change of Rock Mass Grade Gzt
on Surrounding Rock Stability

in Shallow Tunnel Construction

Fubin Wang and Kui Yu

Abstract In this paper, the construction process of the diversion tunnel of Er-Jia-Gou
Reservoir in Harbin is numerically simulated. Based on Biot consolidation theory
and porous elastic medium theory, considering the influence of groundwater seepage
during the construction process, a three-dimensional fluid solid coupling model of the
tunnel is established to simulate the seepage field, stress field and displacement field
changes during the construction process. According to the calculation results, the
distribution of pore water pressure and stress around the tunnel during the construc-
tion process is analyzed, and the variation rules of pore water pressure, stress and
the displacement of the vault and arch bottom of the tunnel are obtained when the
shallow tunnel construction passes through the sudden change area of rock mass.
Finally, the influence range of the sudden change area of rock mass grade in the
tunnel construction process is determined: pore water pressure, stress and vertical
displacement will be affected at 20 m from the sudden change area. The results of
the paper can provide reference for the safe construction of shallow tunnels.

Keywords Shallow buried tunnel - Rock mass grade - Numerical simulation -
Scope of influence

1 Introduction

In case of sudden change of rock mass grade during the construction of tunnel and
other underground projects, instability collapse, water and mud inrush and other acci-
dents are very easy to occur due to the influence of surface water and groundwater
seepage, which pose a huge threat to construction safety and the surrounding environ-
ment, and adversely affect the development of tunnel construction [1]. Therefore, it is
of great significance to analyze the stability during tunnel construction. Some experts
and scholars have carried out relevant research. For example, Shiau, Junping et al.
studied the minimum bearing pressure required for the stability of the double circular
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tunnel through finite element numerical calculation [2]; Xiongyu Hu et al. studied
the influence of the relative depth of the tunnel and the density of granular soil on the
stability and collapse mechanism of shallow tunnels by using the discrete element
method (DEM) [3]. Jinjie Zhou et al. analyzed the influence of groundwater seepage
on surface settlement in the shallow underground excavation section of the north
entrance of Hangzhou Zizhi Tunnel by combining on-site monitoring data analysis
with numerical simulation [4]; Liyuan Wei et al. conducted model tests on Qingdao
Jiaozhou Bay undersea tunnel, and obtained the variation rules of seepage field and
displacement field values [5]; Kezhong Wang et al. conducted finite element analysis
on the Rizhao Shushui East Diversion Tunnel Project, and obtained the surrounding
rock pore water pressure and deformation law [6]; Xumei Du et al. analyzed the
stability of surrounding rock excavation of the Jiangmen Tunnel from Guangzhou
to ZhuHai by using 3D numerical simulation, and obtained effective reinforcement
measures [7]; Fenglin Li et al. used the finite difference method to conduct numer-
ical simulation on the SiJiaZhai small spacing tunnel project of Guizhou Panxing
Expressway, and obtained the change law of the tunnel excavation displacement field
under Grade V surrounding rock [8]; Yanchun Li et al. obtained the distribution char-
acteristics of seepage field, stress field and displacement field of surrounding rock
of the water rich fracture zone project of Liangshan Tunnel in Zhangzhou, Fujian
Province through simulation analysis [9].

Scholars at home and abroad have summarized the laws of pore water pressure,
stress and deformation of surrounding rock of underground projects in different
construction strata and different calculation methods, but there is little research on
the stability of surrounding rock during excavation through the sudden change area
of rock mass grade under the fluid solid coupling effect of shallow tunnel. In this
paper, based on the change of seepage field, stress field and displacement field of
tunnel surrounding rock, COMSOL Multiphysics software is used to conduct fluid
structure coupling simulation analysis on the construction process of shallow tunnel.

2 Fluid Structure Coupling Equation

2.1 Seepage Field Equation

Based on Biot’s consolidation theory, the governing differential equation corre-
sponding to fluid structure coupling can be expressed by Darcy’s law of fluid motion.
We simplify the groundwater seepage mode into laminar flow, and Darcy’s law is:

9
qi = —ka—(p — pgx) (D
X
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In the formula, g; refers to seepage velocity vector, k refers to permeability coef-
ficient of medium, p refers to pore water pressure, p refers to liquid density, g refers
to gravity acceleration component.

For the convenience of calculation, the rock soil layer can be regarded as a porous
elastic medium. According to the principle of seepage mechanics, the seepage field
control equation is [10]:
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In the formula, &, is the permeability of porous media, « is the Biot coefficient,
¢ is the porosity of porous media, € is the strain component, g, is the sink term of
the fluid.

The change of volume strain will cause the change of fluid pore pressure, on the
contrary, the fluctuation of pore pressure will also cause the occurrence of volume
strain [11]. The constitutive equation of porous elastic medium is:

Aoij +aApés;; = H;j(0i;, A& ;) (3)

In the formula, Ao;; is the stress variation, Ap is the change of pore water pressure;
8;; is Kronecher factor, H;; is a given function, A&; ; is the total strain.

2.2 Stress Field Equation

The control equation of porous elastic material model is:
~V.0o=pg “4)

In the formula, o is the stress tensor, p is the density of liquid, g and is the
acceleration of gravity.
The displacement boundary condition is expressed as:

ul =u (5)

In the formula, u; is the displacement at the boundary.
The stress boundary condition is expressed as:

oij-nj|l =T, (6)

In the formula, n; is the cosine of the angle between the stress and the normal of
the projection plane. 7; is the surface force on the boundary.

The displacement and velocity of rock mass particle at the initial time (any selected
time) are respectively expressed as:
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u|,:0 = U; (7)
E)Ml ®)
— =0 = V;

8ti t=0

In the formula, u; is the displacement of rock mass particle when t = 0, v; is the
velocity of rock mass particle when t = 0.

3 Project Overview

Taking the Er-Jia-Gou Reservoir headrace tunnel in Harbin as an example, the head-
race tunnel has a total length of 2410 m, a bottom width of 4.0 m, a tunnel height
of 4.0 m, and a tunnel cross section in the shape of a city gate [12]. According to
the actual project plan, the buried depth of the tunnel top in some tunnel sections is
15 m, and the surface passing by is partly mountain platform. The lithology of this
part of rock is strong and weak coarse-grained granite, and the rock is relatively soft.
The rock mass is saturated due to long-term farming and rainwater immersion [13].
According to the construction records, when the headrace tunnel was excavated to
0+628, serious water seepage occurred in the top arch, accompanied by large area
of rock collapse.

4 Numerical Simulation Analysis

4.1 Model Establishment and Calculation Scheme

In this paper, COMSOL software is used to simulate and analyze the excavation
section of the headrace tunnel, study the stability of surrounding rock in the sudden
change area of rock mass grade during shallow tunnel construction, and find out the
influence range of the sudden change area. According to the tunnel design, the width
of the tunnel bottom is 4.0 m, the tunnel height is 4.0 m, the burial depth (the distance
between the tunnel top and the ground) is 15 m, the portal is in the form of a city gate,
and the calculation range of the model is set as 40 m x 40 m x 60 m. The tunnel
simulation model is shown in Fig. 1, in which 0—-60 m, 100-160 m are ordinary areas,
and 60-100 m are sudden change areas of rock mass grade. The working condition
settings are shown in Table 1, of which working condition 2 is the control group. See
Table 2 for physical and mechanical parameters of rock mass.
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1 Grade III rock mass | Grade IV rock mass
2 Grade IV rock mass | Grade IV rock mass
3 Grade IV rock mass | Grade V rock mass

4.2 Assumptions for Numerical Calculation

(1) The initial pore water pressure before tunnel excavation is equal to the

hydrostatic pressure in the rock mass.

(2) Groundwater flow meets Darcy’s law before and after excavation.

(3) Rock mass is a homogeneous and isotropic equivalent continuous permeable

medium.

(4) The initial stress field of rock mass is calculated according to the dead weight

of rock mass.
(5) The influence of support is not considered.

4.3 Boundary Condition

(1) The horizontal displacement is limited around the tunnel model, which is set as

roller support constraint, and fixed constraint is set at the bottom.

(2) The upper surface of the model is the ground, which is set as the free boundary

together with the excavation section.

(3) The upper surface of the model and the face of the tunnel are in direct contact

with the air, and the pore water pressure is set to zero.

(4) Toprevent groundwater from flowing around, the model is set with water storage

mode and no flow boundary around and at the bottom.
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5 Result Analysis

The tunnel is excavated in full section. In order to facilitate analysis, a monitoring
section is set up at 5 m behind the tunnel face to study the pore water pressure, stress
and vertical displacement variation of the monitoring section during the construction
of the tunnel with a buried depth of 15 m. The COMSOL steady state mode is selected
for numerical calculation.

5.1 Change of Seepage Field

Pore water pressure data is measured at 5 m from the monitoring section of the tunnel
to the left arch waist. This location is selected as the research object to calculate the
distribution law of pore water pressure under different working conditions. It can be
seen from Fig. 2 that the distribution law of pore water pressure curve under working
condition 1 and 3 is basically consistent. At a distance of 20 m from the abrupt change
area, the pore water pressure under working condition 1 and 3 has a sudden change,
which is greatly reduced after entering the abrupt change area of rock mass grade. It
can be seen from the comparison of data under working conditions 1 and 3 that the
higher the rock mass grade in the abrupt change area, the greater the amplitude of
pore water pressure fluctuation during construction.

Figure 3 shows the dynamic distribution of the pore water pressure of Y—Z moni-
toring section under different driving distances under working condition 3. The initial
pore water pressure of surrounding rock before excavation is layered and increases
with the depth from top to bottom. After excavation, the pore water pressure inside
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Fig. 2 Distribution of pore water pressure at the research location of the monitoring section with
a buried depth of 15 m
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Fig. 3 Dynamic change of pore water pressure of monitoring section under working condition 3

the tunnel is zero, forming a certain pressure difference with the pore water pressure
outside the tunnel, causing the balance of the original seepage field to be broken, and
finally forming a low pressure area similar to a funnel around the tunnel.

When the tunnel excavation is advanced to the sudden change area, the maximum
pore water pressure at the research location of the monitoring section is reduced
from 74.7 to 56.2 kPa, a decrease of 24.8%. Under the effect of pressure difference,
groundwater is easy to penetrate into the tunnel, causing softening of surrounding
rock and stress reduction. Therefore, in the actual construction process, grouting and
plugging shall be carried out in time at the leakage location to prevent water inrush
and mud leakage. For micropores that cannot be grouted, two layers of waterproof
coating can be applied for plugging.

5.2 Change of Stress Field

It can be seen from Fig. 4 that the distribution law of stress curve under working
condition 1 and 3 is similar, and the stress of surrounding rock is affected and grad-
ually concentrated at the place 20 m away from the fracture zone when the tunnel
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Fig. 4 Distribution of the first principal stress in the monitoring section of the 15 m deep tunnel

is excavated. With the sudden change of rock mass grade, the first principal stress
of the tunnel surrounding rock monitoring section under working condition 1 and 3
decreases by 47% and 24% respectively. It can be seen from the data analysis under
working conditions 1 and 3 that the higher the rock mass grade in the mutation area,
the more frequent the stress mutation.

Figure 5 is the dynamic diagram of the first principal stress of the monitoring
section under condition 3. During construction, the initial stress balance is broken
and the stress is redistributed. With the advance of excavation, the stress is gradu-
ally concentrated. The maximum compressive stress is concentrated at the bottom
corner of the tunnel, the stress distribution at the vault and around is small, and the
maximum tensile stress is concentrated at the bottom plate of the tunnel. During the
excavation of the tunnel, the compressive stress increases to a certain value and then
decreases suddenly. This is because at the bottom of the soft rock strength, when
the stress level exceeds the bearing range of the surrounding rock, the surrounding
rock presents a yield state, resulting in a stress drop. Therefore, in the process of
tunnel excavation, stress monitoring and reinforcement measures should be taken in
the stress concentration area to prevent the surrounding rock from reaching the stress
limit and causing instability and damage.

5.3 Change of Displacement Field

As shown in Fig. 6, during the construction of shallow tunnel, the vertical displace-
ment at the top of the tunnel is greater than that at the bottom, and the distribution law
of the displacement curve under working condition 1 and 3 is similar. At a distance
of 20 m from the abrupt change area, the vertical displacement of combination mode
1 and 3 is affected and gradually increases. It can be seen from the Fig. 6a that the
vertical displacement and settlement of the vault in combination mode 1 increased by
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Fig. 5 Dynamic change of the first principal stress of the monitoring section under working
condition 3

1.487 mm before and after entering the sudden change area, and the vertical displace-
ment and settlement of the vault in combination mode 3 increased by 2.31 mm. In the
Fig. 6b, the vertical displacement and settlement of the arch bottom in combination
mode 1 increased by 0.97 mm after entering the sudden change area, and the vertical
displacement and settlement of the arch bottom in combination mode 3 increased by
0.93 mm. According to the comparative analysis of the data under working condition
1 and 2, when the rock mass grade in the mutation area is the same, the lower the
rock mass grade in the ordinary area, the smaller the vertical displacement. It can be
seen from the comparison of data under working conditions 2 and 3 that when the
rock mass grade in the general area is the same, the higher the rock mass grade in
the mutation area, the greater the vertical displacement.

6 Conclusion

In this paper, the construction process of the diversion tunnel of Er-Jia-Gou Reservoir
in Harbin is simulated by fluid structure coupling simulation. Combined with the
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Fig. 6 Vertical displacement change of monitoring section of 15 m deep tunnel

change data of pore water pressure, the first principal stress and vertical displacement,
the following three conclusions are drawn:

(1) During the construction of the tunnel, the original seepage balance is destroyed,
and a funnel like low pressure area is formed around the tunnel, and the stress
will be redistributed and gradually concentrated.

(2) When the tunnel construction enters the sudden change area of the rock stratum,
the pore water pressure and the first principal stress around the tunnel under
working condition 3 decrease by 24.8% and 24% respectively, and the vertical
displacement of the vault and arch bottom of the tunnel increase by 2.31 mm
and 0.93 mm respectively. The higher the grade of rock mass in the abrupt
change area, the greater the fluctuation amplitude of pore water pressure during
construction, and the more frequent the sudden change of stress.

(3) When the rock mass grades of ordinary area and sudden change area are
different, the pore water pressure, stress and vertical displacement at 20 m
away from the sudden change area will be affected. Therefore, in the actual
construction process, it is necessary to avoid areas with large changes in rock
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mass grade as far as possible, and focus on support and reinforcement within
20 m from the sudden change area to ensure the safety of tunnel construction.
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Radar with Seismic Wave Method
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Dengyi Wang, Fuan Ma, and Hufeng Shi

Abstract The shield construction is a mature tunnel construction technology.
Grouting behind segment wall synchronously during shield construction is an impor-
tant measure to control stratum deformation, reduce ground settlement and prevent
tunnel water seepage. The quality of grouting can significantly affect the quality
of tunnel construction. The method of grouting quality judgment in early tunnel
construction is inefficient and uncertain. To ensure the safety of tunnel structure,
it is an urgent technical innovation to study the non-destructive testing technology
for grouting effect of shield segment wall. Nowadays, the general Non-destructive
testing methods include ground penetrating radar detection and seismic wave detec-
tion. These two methods can meet most of the needs of grouting defect detection
behind the wall, but also have their own advantages and disadvantages. Therefore,
this study proposes the combination of ground penetrating radar and seismic wave
method of shield tunnel wall after grouting defects Non-destructive detection method,
first, ground penetrating radar is used for scanning probe shield wall after grouting,
and then according to the seismic wave method is used to further verify the results
for some suspected injury, while ensure the detection efficiency to improve recogni-
tion accuracy. Finally, the defect detection and verification of the proposed method
was carried out based on the shield segment model test platform, and this proposed
method was successfully applied to the actual project of a metro line in Foshan.
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1 Introduction

Shield method is a construction method of tunnel excavation with shield machine.
After nearly two hundred years of development, it has become a quite mature
construction technology. At present, it has become a main means of tunnel construc-
tion in soft soil (saturated soft clay, muddy soft soil, silty clay, saturated sandy silt,
silty sand, etc.). In the process of shield, synchronous grouting is needed to reduce the
stratum loss. At the same time, the grouting layer can form an effective waterproof
layer around the segment peripheral to prevent groundwater from penetrating into
the tunnel. However, in the process of grouting, it is difficult to directly observe the
grouting effect, quantitatively control the grouting amount and ensure the grouting
effect by injecting mortar through the reserved grouting holes in the segments. When
the grouting quantity is insufficient, the gap of the pipe wall will not be fully filled,
and the cavity will be generated behind the lining wall, resulting in uneven stress on
the segments, cracking of the segments and water seepage accidents in the tunnel
[1].

Therefore, how to effectively detect the grouting effect behind the shield segment
wall is of great significance to ensure the safety and quality of the tunnel. According to
the past experience, in the construction process, whether the grouting pressure meets
the design requirements and whether the grouting hole overflows or not is often used
to judge whether the grouting is full. In the later stage, the grouting quality behind the
shield segment wall is mainly verified by observing whether the segment seeps and
adopting the drilling method. However, these methods have great limitations, which
can’t accurately and intuitively reflect the grouting situation behind the wall. In order
to ensure the safety of the tunnel structure, it is an urgent technical innovation to study
the nondestructive testing technology of the grouting effect behind the shield segment
wall, and its technical achievements can be applied in guiding and monitoring the
grouting construction behind the shield segment wall. So far, the ground penetrating
radar (GPR) method has been widely used to detect the cavity behind the lining
wall of mine tunnel. In some places, GPR method has also been applied to the
quality detection of grouting behind the shield tunnel segment wall. This method
can intuitively reflect the grouting situation behind the segment wall, and can adjust
the corresponding parameters according to different structures. It has high detection
efficiency and wide coverage, and can quickly survey the grouting defects behind the
shield segment wall [2]. However, due to the complexity of segment structure (such
as multi-layer steel bar structure, complex and changeable slurry) and the existing
technology, there are great difficulties in detecting the density of shield segment
grouting, the location of void area and the degree of void. The detection results
will be disturbed, which leads to the problem that the defects cannot be identified
accurately. With the research of scholars in recent years, seismic wave method has
become a potential nondestructive testing method for grouting behind the wall [3].
Seismic wave method is a method to detect underground engineering geological
problems by using the characteristics of medium transmitting elastic waves. A small
hammer is used as an excitation source to knock on the concrete surface to generate
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compression waves, and then a receiving sensor placed near the excitation source
receives the reflected seismic waves. By analyzing the received data to analyze the
defects, this method can effectively avoid some interference. However, the detection
efficiency of this method is low, and it can’t be widely used. Both methods have their
own advantages and disadvantages. Therefore, it is one of the main purposes of this
study to combine the two to achieve complementary advantages.

This project relies on a metro line in Foshan, Guangdong Province to carry out
scientific research. This project is the backbone of Foshan’s east-west route, with
a total length of 556 km and 27 stations. It is the east—west trunk line connecting
the central group and the express rail passage connecting Foshan and Guangzhou.
In the past, through the analysis of the radar signal characteristics of the foundation
electrical properties, main interference and grouting defects of shield tunnel in rail
transit, it is found that some defects cannot be detected accurately if only the dip radar
is used to detect the grouting defects behind the wall. Therefore, it is particularly
important to combine the dip radar with seismic waves to ensure the grouting quality
of the tunnel.

2 Working Principle of Ground Penetrating Radar
and Seismic Wave Method

2.1 Basic Principle of Ground Penetrating Radar Detection

The principle of geological radar detection is that high-frequency electromagnetic
wave signals with wide band and short pulse are transmitted to the ground through the
transmitting antenna, when the electromagnetic wave encounters the underground
interface with electrical differences (i.e. dielectric constant, electrical permeability,
etc.) or other target bodies (such as hollows, cavities, metals, etc.), electromagnetic
wave phenomena such as reflection and diffraction will occur. The response signal is
picked up by the receiving antenna and recorded on the computer. According to the
time domain and frequency domain characteristic information of electromagnetic
wave, such as waveform, phase, amplitude and frequency spectrum, we can obtain
the distribution of different underground electrical bodies and interpret the internal
structure of the medium [4]. The schematic diagram of detecting the effect of grouting
behind the segment wall by geological radar is shown in Fig. 1.

The nearsightedness expression of electromagnetic wave velocity in medium is:

V= —— (1)

where, c is the speed of light in vacuum; ¢, is the relative dielectric constant; v is the
wave velocity of electromagnetic wave in medium (m/ns).
The formula for calculating the depth of underground interface or target body is:
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Fig. 1 Schematic diagram of detection of grouting effect behind the wall of ground penetrating
radar
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where Z is depth (m); ¢ is the two-way travel time of reflected wave (ns).
According to the propagation characteristics of electromagnetic waves, electro-
magnetic waves will be reflected and transmitted at different electrical interfaces, and
their reflection coefficient R and transmission coefficient T are expressed as follows:

NG

= 3
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NGEING

where, R is reflection coefficient; T is transmission coefficient; &; is the dielectric
constant of the upper layer; ¢; is the dielectric constant of the lower layer.

It can be seen from the above formula that the reflected energy of electromagnetic
waves depends on the difference of dielectric constants of adjacent strata. The greater
the difference, the more obvious the reflection, and the easier it is to identify the
position of interface and target. Similarly, in practical engineering, the detection effect
is influenced by the limited space of shield tunnel, the complex structure of tunnel
segments, the radar wave scattering of field obstacles, non-radar electromagnetic
fields such as wires and cables, various unfavorable factors of radar wave absorption
caused by specific geological surrounding rock media, and the problem that the radar
secondary reflected wave signal of shield segment overlaps with the reflected wave
signal of grouting layer behind the wall, all of which will lead to problems such as
the radar can’t distinguish and identify grouting layer thickness and grouting defect
signal. Therefore, if the ground penetrating radar is used alone to detect the grouting
defects behind the wall, some grouting defects may not be identified.
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2.2 Principle of Seismic Wave Method

Seismic wave method is a method to detect underground engineering geological
problems by using the characteristics of medium transmitting elastic waves. A small
hammer is used as an excitation source to knock on the concrete surface to generate
compression waves, and then a receiving sensor placed near the excitation source
receives the reflected compression waves. During acquisition, the excitation point
and the reception point are always equidistant. When there are bad geological bodies
(cavities, unconsolidations, etc.) under the ground, the seismic waves show anoma-
lies from two aspects of kinematics and dynamics. The in-phase axis is staggered,
the wave group changes, the amplitude increases or decreases, and even diffraction
occurs, and the travel time of elastic waves will also increase or decrease [5]. When
displaying the waveform, the software is used to compress (stretch) the seismic
wave, and the reflected energy is expressed in different and changeable colors, so
as to achieve the effect of visually displaying the shape of underground geolog-
ical bodies. The schematic diagram of seismic wave method is shown in Fig. 2. In
recent years, some scholars have studied the relationship between the reflection law
of seismic waves and the vibration, defect size and defect depth of concrete struc-
tures [6]. Moreover, the seismic wave method has been successfully applied to the
nondestructive inspection of many civil structures, which also does not provide ideas
for scholars who study behind-wall grouting. In 2016, Yao et al. began to study the
grouting of segment wall thickness by using seismic waves [7], and made further
improvements in 2018 [8]. It was found that compared with the ground penetrating
radar (GPR) method, the application of seismic waves in the quality detection of
segment wall grouting is theoretically better than that of GPR. For example, seismic
wave has a better detection ability for unconsolidated grout, because the liquid grout
still has a better elastic coefficient difference with the surrounding soil, which can
produce obvious reflection. However, in the ground penetrating radar method, many
scholars suggest that the grout should be consolidated for a period of time before
a better detection result can be obtained. In addition, if the defects in the grouting
layer are air-filled, the seismic wave method will have better detection results for the
monitoring of the solidified grouting body. The same reason is that the difference of
elastic parameters between the air and the grouting layer is greater than the differ-
ence of dielectric coefficient, which can produce better reflection. Compared with
electromagnetic waves, elastic waves will not be strongly interfered by steel bars,
and signals will not be shielded by steel bars, so they have better detection ability
for targets behind steel bars.

However, this method also has some limitations in detecting the grouting defects
behind the shield wall. For example, the generation of seismic waves depends on
knocking, which leads to the low detection efficiency of seismic wave method, and
can’t achieve scanning detection like ground penetrating radar. The coupling condi-
tion of the sensor receiving signals by seismic wave method on the concrete surface is
also stricter than that of radar, which further limits the detection efficiency of seismic
wave method. At the same time, at present, the impact echo method is mainly based
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on time—frequency analysis, which can only be used as an auxiliary means of other
detection methods, and it is difficult to conduct comprehensive detection indepen-
dently. Therefore, if the ground penetrating radar and seismic wave are combined,
we can complement each other’s advantages to achieve better detection results.

3 Example Analysis of Test Platform Detection

In order to select the appropriate radar parameters and be familiar with the image
analysis of seismic wave detection defects, we will use the method proposed in
this paper to detect the wall thickness grouting defects of test platform of full-scale
shield segment model in advance. This platform is a test platform of shield segment
ring designed and built by Hu et al. [9] in 2016 with a scale of 1:1. The platform
adopts shield segments and synchronous grouting materials of a tunnel in Nanning
Rail Transit Line 1 project. The shield segment ring is composed of one uncapped
block, two adjacent blocks and three standard blocks, with an outer diameter of
6.0 m, an inner diameter of 5.4 m, a wall thickness of 0.3 m, a ring width of 1.5 m,
a concrete strength of C50 and an impermeability grade of P12. By embedding
polyvinyl chloride (PVC) pipe in the gap of the building behind the segment wall to
simulate the grouting cavity behind the wall, and by not grouting in some areas to
simulate the grouting behind the wall. The test platform is shown in Fig. 3.

3.1 Detection Results of Ground Penetrating Radar

Data acquisition of ground penetrating radar (GPR) is carried out for a certain section
of shield segment test platform. In order to highlight the contrast, we use the 400 MHz
and 900 Hz antennas of American radar for data acquisition. After data processing
steps, such as removing DC drift, removing direct wave, adjusting gain, normalizing
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Fig. 3 Test platform for
post-grouting detection of
full-size shield segment

distance, band-pass filtering (100-800 MHz), and moving average, the ground pene-
trating radar image is formed. The comparison between radar image and grouting
defect is shown in Fig. 4.

(L]

(c) Image of 900 MHz antenna of platform ground penetratlng radar

Fig. 4 Schematic diagram of defects in test section and radar images
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Comparing the data images collected by the two groups of radar antennas with
the defects of the test platform, it is found that the ground penetrating radar can
accurately identify the defects, and the set hole defects show typical hyperbolic
strong reflection on the ground penetrating radar image, while the grouting layer
defects show the same phase axis and staggered segments on the ground penetrating
radar image. Both kinds of radars can clearly identify grouting defects.

3.2 Detection Results of Seismic Wave Method

When seismic wave data acquisition is carried out for a certain section of shield
segment test platform, acceleration acquisition is adopted, and the data is played back
to the computer for data format conversion. The format data of each single-channel
column detector is converted into seismic wave data format, and each single-channel
data is spliced into profile data. The comparison between the collected wave train
diagram and the defect diagram are shown in Fig. 5.

By analyzing the seismic wave profile data of the test platform, it is found that the
grouting defects of the test platform can also be accurately identified by seismic wave
method. According to the image analysis, when there are holes or missing grouting
layers in the grouting layer, the seismic wave profile is mainly characterized by the
discontinuity of in-phase staggered segments, and the seismic wave is reflected at
low frequency.

The ground penetrating radar (GPR) method and seismic wave method are used
to detect the grouting defects behind the test platform wall. It is found that both
methods can accurately and clearly identify the defects, and the set cavity defects
show typical hyperbolic strong reflection on the GPR image, and the grouting layer
defects show the same phase axis and staggered segments on the GPR image. Both
kinds of radars can clearly identify grouting defects. However, when there is a cavity

Fig. 5 Comparison between defect schematic diagram of test section and wave train diagram of
seismic wave method
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in the grouting layer or the grouting layer is missing, the seismic wave profile is
mainly characterized by discontinuous in-phase staggered segments, and the seismic
wave is reflected at low frequency. From the analysis of test results, it can be seen
that these two methods can be applied to practical projects.

4 Case Study

In order to further verify the engineering applicability of the method proposed in this
paper, this project relies on a metro line in Foshan, Guangdong Province to carry out
scientific research. The 770-870 ring on the left line of sectionl and the 305-405
ring on the right line of section2 are selected as the experimental sections of this
scientific research project.

Among them, the groundwater in section1 is mainly lateral supplied by river water,
and has a close hydraulic connection. It is a weak-medium water-bearing (permeable)
layer. The buried depth of the groundwater table in the upper muddy soil, muddy silt
and cohesive soil layer is 0.6-3.7 m; The buried depth of confined water in the lower
sand and gravel layer is 0.2-4.2 m, and the buried depth of confined water is close
to that of phreatic water. The tunnel mainly passes through muddy soil, muddy silty
sand, muddy silty soil, silty sand, medium coarse sand, round gravel, pebbles and
strongly weathered argillaceous siltstone. The thickness of shield segment used in
Section] is 350 mm; The design thickness of grouting layer behind shield segment
wall is 125 mm; Grouting material behind shield segment wall is made of cement,
fly ash, bentonite, fine sand and water according to a certain proportion.

The groundwater in the Section?2 is mainly lateral supplied by river water, and has
a close hydraulic relationship. It is a weak-medium water-bearing (permeable) layer.
The stable buried depth of water level is 0.2—6.1 m (elevation—1.24~2.53 m), and the
annual variation range is about 1.5 m. The tunnel mainly passes through fine powder
sand, fully weathered argillaceous sandstone, strongly weathered argillaceous sand-
stone, moderately weathered argillaceous sandstone and moderately weathered
(gravel-bearing) sandstone. The thickness of shield segment used in Section2 is
300 mm; The design thickness of grouting layer behind shield segment wall is
125 mm; Grouting material behind shield segment wall is made of cement, fly ash,
bentonite, fine sand and water according to a certain proportion.

4.1 Setting of On-site Detection Parameters

The actual detection will combine the ground penetrating radar and seismic wave
method to realize the complementary advantages of the two methods. In order to
achieve a better detection effect, the appropriate detection parameters will be selected
according to the research of the test section and the actual geological conditions on
site. Among them, the American SIR series radar with relatively stable performance
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and good measurement effect is selected, and at the same time, the antennas with
center frequencies of 200, 400 and 900 MHz are selected for the detection comparison
test research. The site drawing is shown in Fig. 6.

As for the instrument selection of seismic wave method, according to the nature
and conditions of this task, RSM-EDT(A) column buried depth detector produced
by Wuhan Zhongyan Technology Co., Ltd., which has relatively stable performance,
good measurement effect and deep measurement depth and supports two data acqui-
sition modes of speed and acceleration, is selected for seismic wave method data
acquisition. The site drawing is shown in Fig. 7.

Fig. 6 Field test photos of
ground penetrating radar

Fig. 7 Field test photos of
seismic wave method
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4.2 Detection Results

The on-site detection section is sectionl and section2. The total length of the survey
lines by the ground penetrating radar method and seismic wave method is 13545.5 m
and 44.8 m, respectively. Several representative detection results are analyzed.

Detection Results of Sectionl. The left line of sectionl is located at 7 o’clock
azimuth longitudinal survey line, and the ground penetrating radar method is used
to detect the scene, and the American SIR 400 and 900 MHz radars are used to
collect data. After the data is collected, it is played back to the computer, and after
data processing steps such as DC drift removal, direct wave removal, gain adjust-
ment, distance normalization, band-pass filtering and moving average, the ground
penetrating radar image is formed, as shown in Figs. 8 and 9. The preset radar wave
speed is 0.12 m/ns. Seismic wave method is to collect data from ring 825 to ring
840 by column detector, and speed method is used for data collection. After the
data is played back to the computer, the collected velocity signal is differentiated to
obtain acceleration signal, and the data format is converted. The format data of each
single-channel column detector is converted into seismic wave data format, and the
single-channel data is spliced into profile data, as shown in Fig. 10.

It can be seen from the radar images of two frequencies that the radar reflection
wave at the lower part of the segment with survey line mileage of 90-91.5 m, 94.5—
96 m, 97.5-99 m, 102-103.5 m (corresponding to ring numbers 830, 833, 835, 838)
appears strong reflection at low frequency. It is speculated that the grouting layer in
this range is not dense, and it may be filled with mud locally. From the wave diagram
of seismic data, it can be seen that there are low-frequency reflections and in-phase
staggered sections in multiple data in the 828-830 and 833 rings. It is inferred that
the grouting in this area is not dense, which corresponds to the anomalies reflected
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Fig. 8 400 MHz antenna image of 7 o’clock azimuth radar on the left line of Sectionl

Ring 830 Ring 833 Ring 835 Ring 838

Fig. 9 900 MHz antenna image of 7 o’clock azimuth radar on the left line of Sectionl
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Fig. 10 Normal wave train diagram of seismic wave from ring 825 to ring 840 at 7 o’clock azimuth
on the left line of Sectionl

by the ground penetrating radar method, but fails to correspond one by one. This
shows that the velocity signal is used in data acquisition by seismic wave method,
and then the acceleration signal is differentiated after playing back the computer,
which may result in signal distortion and can’t fully reflect the abnormality. The
ground penetrating radar can avoid this problem.

Detection Results of Section2. The instrument parameters of ground penetrating
radar (GPR) and seismic wave method are consistent with those of sectionl on 3
o’clock longitudinal survey line of the right line of section2. The detected GPR
image and the normal wave train diagram of seismic wave are shown in Figs. 11, 12
and 13.

From the above image results, it can be seen that when the ground penetrating
radar is used, the 400 MHz antenna image shows that the in-phase axis of the radar
reflection wave at the lower part of the segment with 70.5-72 m survey line mileage
(corresponding to the ring number 352) is staggered and discontinuous. It is specu-
lated that the grouting layer in this range is not dense, but the 900 MHz antenna has
no obvious response to this defect due to excessive interference of double-layer steel
bars inside the segment. From the wave train diagram of seismic data, it can be seen

Fig. 11 400 MHz antenna image of 3 o’clock azimuth radar on the right line of Section2
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Fig. 13 Normal wave train diagram of seismic waves from ring 350 to ring 354 at 3 o’clock on the
right line of section2

that there are low-frequency reflections and in-phase staggered sections in many data
in the 351 and 352 rings, and the seismic wave data in the 351 and 352 rings in the
isoline diagram and spectrum analysis diagram are obviously low-frequency, so it
can be inferred that grouting is not dense in this area. From the results of this section,
it can be shown that the electromagnetic wave of the ground penetrating radar will
be interfered by steel bars, and it is easy to produce misjudgment, and the seismic
wave method can make up for this defect. If the signal results detected by the two
radars are inconsistent, the seismic wave method can be used for verification.

5 Conclusions and Suggestions

Non-destructive testing is a very suitable method for detecting the quality of grouting
behind the shield tunnel wall. In this paper, based on a metro line in Foshan, we study
two methods for detecting the quality of grouting behind the shield wall: ground
penetrating radar method and seismic wave method. By comparing the advantages,
characteristics and limitations of each method between the test section and the actual
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project, we have summarized several conclusions of applying the ground penetrating
radar method and seismic wave method to the grouting detection behind the wall.

The ground penetrating radar can accurately identify the grouting defects behind
the shield tunnel wall, and can adjust the corresponding parameters according to
different structures, with high detection efficiency and wide coverage, and can
quickly make a general survey of the grouting defects behind the shield segment
wall. However, the resolution of identification is greatly affected by the difference
of dielectric constants of adjacent strata, and the electromagnetic wave is easily
interfered by shield materials, resulting in misjudgment of identification.

Seismic wave method can also accurately identify the grouting defects behind the
shield tunnel wall. At the same time, seismic waves will not be strongly interfered by
steel bars, signals will not be shielded by steel bars, and there is still a good detection
ability for targets behind steel bars. At the same time, in some media, seismic waves
can produce better reflection than electromagnetic waves. However, this method has
stricter requirements for sensors and signal processing, and its detection efficiency
is low, so it can’t achieve scanning detection.

Combining the advantages and disadvantages of the two methods and the research
results of the test section, it is found that by using the two methods comprehensively,
we firstly use the ground penetrating radar method to scan the shield tunnel, and then
use the seismic wave method to further detect the suspicious defect section according
to the identification results, which can accurately identify various defects of grouting
behind the segment wall.
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Service Performance Evaluation )
of Rubber Floating Slab Track for Metro | @i
in Operation

Qiuyi Li and Wei Luo

Abstract Guangzhou metro line 1 is one of the first to adopt floating slab track in
the Chinese mainland, it has been in operation for more than 20 years up to now. In
order to obtain the vibration reduction performance of the floating slab track after
long service, systematic field test and laboratory test are carried out. The results
show that: (1) The rubber bearing of floating slab track keeps good appearance. (2)
The measurement results of shore hardness and elongation at break show that, the
rubber bearing has a certain degree of hardening after long service. Other mechanical
properties of the rubber bearing still meet the design requirements. (3) The first
natural frequency of the floating slab track is 33.9 Hz, its vibration reduction effect
keeps good, the test result is 12.9 dB. The effective damping frequency band of the
floating slab track is above 35 Hz. (4) The vertical dynamic displacement amplitude
of rail and track bed is lower than the limit value given in relevant specifications. (5)
The test results show that after 20 years of service, the floating slab track is in good
condition, it’s still qualified to maintain normal service.

Keywords Metro - Floating slab track - Vibration reduction + Service
performance - Experimental study

1 Introduction

In 1997, the floating slab track was introduced into China (mainland) and first used
in Guangzhou metro line 1 [1-4]. Up to now, its service time has been more than
20 years, the operation of 6 type A trains. The floating slab track of Guangzhou metro
line 1 uses rubber bearings as vibration isolation elements. Considering the extreme
environment (wet, ozone, etc.) in underground line tunnels, the aging, deformation
and damage that may occur in the long-term service of rubber materials are directly
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Fig. 1 Typical cross section of floating slab track of Guangzhou metro line 1

related to the safe service and vibration reduction performance of the floating slab
track [5-7]. It is necessary to evaluate the performance of the floating slab track
comprehensively and systematically after long service.

The research team to which the author belongs has carried out an experimental
study on the floating slab track of Guangzhou metro line 1.

2 Design Overview of Floating Slab Track

A floating slab track of 1110 m is laid on the main line of Guangzhou metro line 1,
which is a single rubber bearing floating slab track. Each floating slab is 2.95 m in
length, 2.8 m in width, 0.335 m in thickness at the center and 0.3 m at the edge, and
weighs about 6.5 t. The bottom of the standard floating slab is prefabricated with 4
circular grooves, and 4 rubber bearings are installed. The rubber bearings are natural
rubber products, with a diameter of 400 mm and a thickness of 75 mm. The design
static stiffness of the rubber bearing is 12—16 kN/mm, and the lateral static stiffness
of the lateral buffer rubber pad is 3.2-4.2 kN/mm [2]. The single toe spring fastener
is adopted for the section of floating slab track. The typical cross section of the track
is shown in Fig. 1.

3 Field Test and Analysis

3.1 Appearance Detection of Rubber Bearings

Electronic video endoscope was used to detect the appearance of rubber bearings.
As shown in Fig. 2, the electronic video industrial endoscope consists of a display,
a joystick, a cable and a probe, among which the probe is generally composed of
two parts: a light source and a miniature camera. The endoscope works as follows:
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Fig. 2 Electronic video display
endoscope for industrial use

A tiny camera takes pictures of the scene under the light source, and then converts
the images into digital signals that are transmitted by cable to the display screen [8].

By using the sampling method of “separate one and pump one” (separate one
floating slab and pump one floating slab for detection), 50% of the floating slab track
of line 1 was extracted and its rubber bearings were tested. The appearance images of
the rubber bearing obtained on site are shown in Figs. 3 and 4. The main conclusions
of appearance detection are as follows:

(1) No obvious cracks were observed;

(2) No obvious damaged blocks were found;

(3) There was no obvious void or joint between the rubber bearing and the bed slab,
and between the tunnel base;

(4) There is no obvious inclination and deviation of the rubber bearing;

(5) During the test, the rubber bearing is not wet and soaked in water;

(6) Surface cracking and peeling of some rubber bearings, accounting for about
11% of the total amount detected.

Fig. 3 Appearance
detection image 1 of rubber
bearing
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Fig. 4 Appearance
detection image 2 of rubber
bearing

3.2 Laboratory Test of Rubber Bearings

Three rubber bearing samples were obtained from line 1 in the way of “take one for
one”, and then the mechanical property parameters of rubber bearings were tested
in the laboratory. The test items included: appearance size, Shore hardness, tensile
strength, elongation at break, permanent deformation under constant compression,
static stiffness and dynamic stiffness. Figure 5 shows the rubber bearing sample, and
the rubber bearing stiffness testing device is shown in Fig. 6.

The laboratory test results of the mechanical properties of the rubber bearing are
shown in Table 1. The difference between the size of the bearing and the design
size after permanent deformation is less than 1 mm, and the tensile strength and
static stiffness still meet the design requirements. The Shaw hardness value of the
rubber bearing material is about 15% higher than the designed upper limit value,
and the elongation at break is about 9.5% lower than the designed lower limit value,
indicating that the rubber bearing material has a certain degree of hardening after a
long time of service.

Fig. 5 Rubber bearing
sample
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Fig. 6 Rubber bearing
stiffness detection device

Table 1 Laboratory test results of mechanical properties of rubber bearings

Test items Test results Design requirements
Appearance size | Diameter/mm 400.00~400.56 | 400
Thickness /mm 74.20~74.82 75, After 1 x 107 cycles of

load, the change value is no
more than 1 mm

Shore hardness/shore A 52 40£5
Tensile strength/MPa 22.8 > 20
Elongation at break/% 543 > 600
Constant compression permanent deformation 24% -
Stiffness Static stiffness/kN/mm 15.22 10~16

Static and static stiffness ratio | 1.343~1.442 -

3.3 Natural Vibration Characteristics of Floating Slab Track

In this study, the field test of the vibration characteristics of the floating slab track
was completed. The block length of line 1 floating slab track is 2.95 m. Three rows
of measuring points are arranged, as shown in Fig. 7, with 6 measuring points in
each row and 1 vertical acceleration sensor installed in each measuring point. The
rigid force hammer is used as the excitation equipment, as shown in Fig. 8, and the
measuring points 3, 4, 15 and 16 are used as the four hammering points.

The random subspace method is used to identify the modes and modal parameters
of the floating slab track [9]. The natural vibration frequency and damping test
results corresponding to modes 1-7 of line 1 floating slab track are shown in Table
2. The first order natural frequency is 33.9 Hz, and the corresponding structural
damping is 6.866%. Figure 10 shows the mode shape correlation matrix of modes
1-7. The main diagonal elements of the matrix are all 1, and the values of the other
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Fig. 7 Layout diagram of
measuring points for testing
natural vibration
characteristics of floating
slab track

Fig. 8 Field test of free
vibration characteristics of
floating slab gauge bed

Q. Li and W. Luo

SRR

i

l@ T ©

® 13‘
SR @f N ‘

‘@ ,@

L= @/@“

@ 0 @

73 v
et 8’

Tocaton and number

(1) of measuring points



Service Performance Evaluation of Rubber Floating Slab Track ... 117

::;){:afnpilzl:?hgsgﬁgzﬂis Order number Frequency/Hz Damping/%
track of order 1-7 1 33.903 6.866

2 46.235 6.924

3 114.103 3.151

4 143.840 3.734

5 185.530 0.977

6 253.801 1.695

7 263.984 1.397

elements are very small, which indicates that the mode shapes of modes 1-7 obtained
through identification have good orthogonality, and the identification results have
high reliability.

3.4 Damping Effect of Floating Slab Track

Layout of Test Section and Measuring Point. Combined with the data of lines and
running vehicles, this study selected two sections as shown in Table 3 to carry out field
tests. The acceleration measurement point used to evaluate the vibration reduction
effect of the floating slab track is arranged at the side wall of the tunnel 1.5 m away
from the top surface of the rail, as shown in Fig. 9. The acceleration sensor used has
been verified as qualified product by the third party testing institution, with a range
of 10 g and a resolution of 0.0004 m/s.

The Measurement Value. In the Standards of Technical Guidelines for Environ-
mental Impact Assessment for Urban Rail Transit (HJ453-2018), Standard for Envi-
ronmental Vibration in Urban Areas (GB10070-88), and Measurement Method for
Environmental Vibration in Urban Areas (GB10071-88), the measurement value is
the maximum value of VL, vibration level in the process of train passing, which is
shown as VL,m,x in Fig. 11.

The frequency range of the analysis was 1-80 Hz, and the weighting factor was
the whole-body Z-weighting factor stipulated by 1SO2631/1-1985, as shown in Table
4.

Table 3 Profiles of each test section

Section number | The speed of the | Straight/curve | Type of orbit Note
car
Section 1 46 km/h A straight line | Ordinary orbit They are a group of
Section 2 48 km/h A straight line | Floating slab track | COntrast cross
sections
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Fig. 9 Vertical acceleration
sensor on tunnel side wall
installed on site

3350 Hz 46.24 Hz 143.84 Hz 25380Hz 26358 Hx

Fig. 10 Mode correlation matrix

Fig. 11 Typical time history
curve of VL, vibration level 90

Viomax
during train passing 85

VL./dB

time/s
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Table 4 Z-weighting factors stipulated in ISO2631/1-1985

Central/Hz 1 1.25 1.6 2 2.5 3.15 4 5 6.3 8

Weighting factor | 0.5 0.56 |0.63 |0.71 |0.80 090 1.0 |1.0 1.0 1.0
Central/Hz 10 | 125 16 20 25 31.5 40 |50 63 80
Weighting factor | 0.8 0.63 |0.5 0.4 0.315 025 |02 |0.16 |0.125 |0.1

Aiming at the vibration acceleration data of a passing event, it is divided into
several 1 s length data paragraphs (which can consider certain overlap coefficient).
The method of calculating the VL, vibration level of each paragraph data is detailed
as follows.

Fourier transform is performed on the data of time history of vibration acceler-
ation to find out the vibration components in the frequency band corresponding to
each central frequency, and inverse Fourier transform is performed on the vibration
components identified. Then, the effective value of acceleration a,, corresponding to
each central frequency can be obtained according to Eq. (1).

1

T 2

| L 2 (H)dt 1
ay = T/aw() )]

0

where, ay,(?) is the acceleration data whose frequency is in the frequency band corre-
sponding to a certain central frequency, and is the time function; T is the length of
measurement time.

Further, the calculation formula of VLz vibration level is as follows:

[Zﬁzl (W x awj)z]%

ao

where: Wj is the weighting factor corresponding to the Jth central frequency; ay; is
the effective value of acceleration in the frequency band corresponding to the Jth
central frequency. g is the base acceleration, ay = 10~%m/s?

The damping effect A of floating slab track is calculated by the following formula:

A =VL;max1 — VL max2 3)

In the formula, VL5, is the maximum value of VL, vibration level in the passing
process of trains in the ordinary track section, and VL, .o is the maximum value of
VL, vibration level in the passing process of trains in the floating slab track section.

Test Results. When the train passes through, the frequency domain distribution
comparison of vertical acceleration level on the tunnel side walls of Sections 1 and
2 is shown in Fig. 12. Compared with the ordinary track, the vertical acceleration
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Fig. 12 Frequency domain tor —=— sectionl
distribution curve of vertical = 100 —e— section2
acceleration level of tunnel 90

sidewall of Sections 1 and 2
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Table S VLmax ?alculatlon Project Section 1 Section 2 Damping effect A
values of tunnel sidewall of VL VL
Sections 1 and 2 zmax| Zmax2
VL ,max/dB 76.2 63.3 12.9

level of the tunnel side walls is significantly reduced by the floating slab track. The
corresponding frequency is 63 Hz.

VL, max calculation values of tunnel sidewall of Sections 1 and 2 are shown in
Table 5. The test result of damping effect of floating ballast bed is 12.9 dB.

3.5 Dynamic Displacement of Floating Slab Track

At the location of Section 2 in Table 3, the floating slab track is selected to carry out
dynamic displacement test. The measuring points are arranged as shown in Fig. 14,
where the rail displacement is the relative displacement between the rail and the track
bed, and the track bed displacement is the relative displacement between the track
bed and the tunnel backfill layer. The displacement sensor is verified as qualified
product by the third party testing institution, the measuring range is £ 10 mm, and
the accuracy can reach 0.01 mm. The typical time-history curve of the dynamic
displacement of the floating plate track bed at the time when the train passes through
is shown in Fig. 13. The peaks of the dynamic displacement curve reflect the impact of
the wheel when it passes through the test section. The statistical values of dynamic
displacement amplitude of rail and track bed are shown in Table 6. The average
vertical dynamic displacement amplitude of floating plate is 1.32 mm at the end of
the slab and 1.21 mm in the middle of the slab, which is less than the limit value of
3 mm given in Technical Specification for Floating slab track (CJJ/T 191-2012). The
average vertical dynamic displacement amplitude of the rail is 3.5 mm at the end of
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Fig. 14 Plane layout of dynamic displacement measuring points of floating slab track

the slab and 2.5 mm in the middle of the slab, which is less than the limit value of
4 mm given in Technical Specification for Floating slab track (CJJ/T 191-2012).

4 Conclusion

Combined with the laboratory and field tests, the current performance of the
floating slab track of Guangzhou metro line 1 was systematically studied. The main
conclusions were drawn as follows:
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Table 6 Statistical table of dynamic displacement amplitude of rail and track bed (unit: mm)

Sample | Vertical relative Vertical Transverse Vertical absolute
number | displacement of rail | displacement of displacement of displacement of rail
floating slab floating slab
The end | The The end | The The end | The The end | The
of sab middle | of sab middle | of sab middle | of sab middle
of sab of sab of sab of sab

1 -2.1 —1.1 —1.1 -1.0 -0.9 —1.1 -3.2 -2.1
2 22 —-1.1 -13 -1.1 -0.9 -0.9 -35 22
3 2.1 —-1.1 -1.2 —-1.2 -1.0 -1.1 -33 —-22
4 -2.0 —-1.2 —-1.2 —-1.2 —1.1 -1.0 —-3.2 24
5 22 -13 —-14 -13 —-1.1 -1.1 -3.6 —2.6
6 24 -1.2 -1.5 -13 -0.9 —-0.8 -39 -2.5
7 -2.1 -1.1 —-14 —-1.2 -1.0 -0.8 —-34 -23
8 22 —-1.2 —-1.3 —1.1 -0.9 -0.9 —-34 22
9 22 —-1.2 -13 —-1.2 -1.0 -1.0 -35 -23
10 -23 -1.3 -1.3 —-1.2 -0.9 -0.9 -3.5 —2.6
11 -23 -1.3 -1.3 —1.1 -1.0 -0.9 -3.5 2.4
12 22 -13 —-13 —-1.2 —-1.1 -1.1 -3.6 -25
13 24 —-14 -1.5 -13 -1.2 —-1.2 —-3.8 2.7
14 -23 —-14 —-14 -1.3 —-1.2 —-1.2 -3.7 -2.7
15 22 -1.3 —-14 —-1.2 -1.0 -1.0 -3.6 -2.5
16 22 -13 -1.2 —-1.2 -1.0 -1.1 —-34 -2.5
17 -23 —-1.2 —-14 -1.3 -1.0 -0.9 -3.7 -2.5
18 2.6 -1.6 —-1.7 —1.5 -0.8 —-0.8 —4.3 —-3.2
19 -23 —-14 -13 -1.1 -0.9 -0.8 -35 -2.5
20 -2.0 —-1.1 -1.1 -1.0 -0.9 —-0.8 -3.1 2.1
Mean 22 —-1.2 -1.3 —-1.2 -1.0 -1.0 -3.5 -2.5
value

(1) The rubber bearing of the floating slab track is generally in good appearance
except for a few surface cracks and peeling.

(2) The mechanical properties of the rubber bearing of the floating slab track still
meet the design requirements, except that the test results of Shore Hardness and
tensile elongation reflect a certain degree of hardening.

(3) The first natural frequency test result of the floating slab track is 33.9 Hz, and
the vibration reduction effect is maintained well, which is 12.9 dB. Above 35 Hz
is the effective vibration reduction frequency band of the floating slab track.

(4) When the train passes, the vertical displacement amplitude of the rail and track
in the section of floating slab track is lower than the relevant limit given in the
Technical Specification for Floating Slab Track.
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(5) The test results of various indexes show that, after 20 years of service, the state
of the floating slab track is generally good, and it has the conditions to maintain
normal service.
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Study on the Influence )
of the Arrangement of Thermal i
Insulation Floor on the Thermal

Insulation and Mechanical Properties

of Hollow Slab

Yuchen Liu

Abstract In order to study the influence of the arrangement of thermal insulation
floor on the thermal insulation and mechanical properties of hollow slab, ABAQUS
is used to establish the model of thermal analysis and mechanical behavior of hollow
slab. By investigating distribution of temperature, distribution of heat flux, damage
and deformation of floor, deformation of mid-span deflection and other characteristics
of the floor section, it is concluded that although the transmission of heat can be
effectively obstructed by the thermal insulation slab, the heat will be transferred to
the interior of the floor through the gap between the thermal insulation slabs. The
arrangement of thermal insulation slab is not the main factor which affect the thermal
insulation properties of the floor with the same coverage area. Different arrangement
of the thermal insulation slab has a certain impact on the mechanical performance of
floor. It is recommended to arrange the thermal insulation slab in equal sections to
fully improve the contact area between steel bar and concrete, which can effectively
provide the bearing capacity of the floor.

Keywords Thermal insulation properties - Mechanical performance * The
arrangement of thermal insulation floor - Hollow slab - Finite element simulation

1 Introduction

The floor system is an important part in the whole system of prefabricated structure,
in addition to being the main stress component, the floor also undertakes the function
of space separation, insulation and so on. At present, some enterprises and colleges
at home and abroad have carried out researches on the mechanical and thermal
performance of floor, and achieved certain results [1].

In mechanical performance, most of the researches focus on the flexural rigidity
of floor. For example, Lu et al. [2]. explored the influence of different factors on the

Y. Liu (X))

Infrastructure Development Office, Wuhan University of Technology, Wuhan 430070, Hubei,
China

e-mail: 630751260@qq.com

© The Author(s) 2023 125
S. Wang et al. (eds.), Proceedings of the 2nd International Conference on Innovative
Solutions in Hydropower Engineering and Civil Engineering, Lecture Notes in Civil
Engineering 235, https://doi.org/10.1007/978-981-99-1748-8_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1748-8_10&domain=pdf
mailto:630751260@qq.com
https://doi.org/10.1007/978-981-99-1748-8_10

126 Y. Liu

flexural rigidity of composite sandwich slabs. Studies have shown that increasing
the thickness of the concrete pavement, decreasing shear span, the attachment of
the shear screws can increase the post-rigidity (before the slip observed) of the
composite sandwich slabs. Also, they proposed a modified calculation formula of
flexural rigidity. Tian et al. [3]. put forward a kind of large-span composite slab, the
results show that mid-span deflection and crack width of the large-span composite
slab specimen under serviceability limit state meet the requirements of the relative
codes, which shows the obvious bidirectional force transmission characteristics, that
can be designed as two-way slab. Yang et al. [4] proposed a type of composite slab
with additional steel trusses, and carried out static test and numerical analysis on
its bottom slab, which includes that the new type of composite slab can improve
the bearing capacity, increase the bending stiffness and enhance the crack resistance
effectively. In thermal performance such as thermal insulation and fire prevention,
Kovalow et al. [5] used the ANSYS software to study the thermal performance of the
hollow reinforced concrete floor, and compared it with the results of experimental
study. Basing on this, an approach is proposed that allows to take into account all types
of heat transfer by specifying cavities as a solid body with an equivalent coefficient of
thermal conductivity. Zhao et al. [6] studied the thermal performance of composite
slabs comprised of closed profiled steel decking and recycled aggregate concrete
(RAC). Results indicated that the temperatures within composite slabs declined with
the increasing coarse recycled aggregate (CRA) content. Finally, simplified formulas
were developed to predict the cross-section temperature in RAC composite slabs.

It can be seen that although there are researches on the thermal performance
of floor at home and abroad, there are few on the thermal performance of fully
prefabricated floor. In particular, there is barely research on the thermal insulation
performance of the fully prefabricated floor, nearly there is no more systematic and
comprehensive report on it so far. Therefore, this paper intends to use finite element
software to model and calculate a fully prefabricated floor which are applicated in
engineering, and analyze its impact on the thermal insulation and mechanical prop-
erties of hollow slab by changing the arrangement and spacing of thermal insulation
slab, aiming to provide a reference for the engineering application and design.

2 Establishment of Finite Element Model

2.1 Fully Prefabricated Floor Structure

In order to study the influence of the arrangement of thermal insulation slab on
its thermal insulation and mechanical performance, we change the number, size,
spacing and other parameters of its thermal insulation slab on the premise that the
rate of thermal insulation coverage of the fully prefabricated hollow slab is the same
(48.7%). As shown in Table 1, in which board O is the control board. The laying
mode is shown in Fig. 1.
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Table 1 Different forms of cavity floor

Cavity form Size/mm Number Longitudinal Transverse
spacing/mm spacing/mm
0 750 x 500 x 50 10 100 100
750 x 250 x 50 20 44 x 4,48, 44 x | 100
4
2 750 x 300 x 50 + 750 x |16 60 x 3, 40,60 x | 100
350 x 50 3
375 x 500 x 50 20 100 33,34,33
4 500 x 500 x 50 15 100 50, 50
750 x (450, 500, 600, 500, | 10 100 100
450 mm) x 50
6 750*(300, 500, 900, 500, | 10 100 100
300 mm) x 50
7 750 x (150, 500, 1200, 10 100 100
500, 150 mm) x 50

2.2 Finite Element Mesh

In the model of the thermal analysis model in ABAQUS, eight node linear heat
transfer hexahedron element DC3DS8 is used, and two node transfer connection
element DCID2 is used for reinforcement analyzing. In the model of rigidity of
structural, eight node linear hexahedral element C3D8R is selected for concrete
analyzing, and two node linear three-dimensional truss element T3D2 is used for
reinforcement analyzing. The grid element division of the fully prefabricated hollow
slab is shown in Fig. 2.

2.3 Properties of Materials

For the thermal parameters of reinforcement and concrete in the temperature field
in this model, such as specific heat capacity, thermal expansion coefficient, thermal
conductivity and density, can be determined by referring to reference [7]. In the
model of stress analysis, the model of plastic damage in ABAQUS is adopted for
concrete, the curves in specification [8] are adopted in the stress—strain model of
concrete which are under compression and tension, in which the strength grade of
concrete is C30; The stress—strain curve of reinforcement adopts the model of linear
strengthening, and the strength grade of reinforcement is HRB335. Settings of floor
contact constraints are shown in Fig. 3.

The floor is composed of the upper panel, the lower panel and the insulation
material filled in the hollow. The thermal insulation materials are made of extruded
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Fig. 3 Settings of floor
contact constraints

Insulation board

-

Reinforcement cage

Table 2 Temperature of the physical parameters of materials
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'Lower concrete slab

Upper concrete slab

Materials | Dry density (kg/m®) | Thermal conductivity/W(m - | Specific heat capacity/J/(kg -
K) K)

Concrete | 2500 1.74 920

Steel bar | 7800 58.2 480

Steel 7850 16.2 550

XPS board | 35 0.030 1.38

polystyrene foam (XPS). The thermal and physical parameters of the materials are
shown in Table 2.

2.4 Contact and Boundary Conditions

In the model of thermal insulation analysis of floor, the concrete floor and the thermal
insulation slab in it are connected by a surface-to-surface of tie, and concrete slab
and the reinforcement fabric in it are connected by a set-to-surface of tie, which can
effectively transfer the temperature of the joint. The initial temperature of the floor is
uniformly set as 20 °C, the temperature of the upper surface of the floor is uniformly
set as 35 °C, and the temperature of the lower surface of the floor is uniformly set
as 5 °C. The convective heat transfer coefficient of the outer surface of the wall is
23.3 W/(m-K), and that of the inner surface of the wall is 8.7 W/(m-K).

In the model of stress analysis of floor, the concrete slab and the thermal insulation
slab inside are connected by a surface-to-surface of tie, while the concrete slab and the
reinforcement fabric in it are connected by an embedded connection. The boundary
conditions of the floor are simply supported at both ends. One end of the constrained
edge of the floor in the model is Ul = U2 = U3 = URI = UR2 = UR3 = 0, while the
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Fig. 4 Boundary conditions 35°C
of floors 57
(a)Boundary conditions of thermal insulation

(b)Boundary conditions under stress

other is Ul = U2 = URI = UR2 = 0. When uniform load is applied to the surface
of the floor, the boundary conditions are shown in Fig. 4.

3 Results Obtained Through Simulation

3.1 Analysis of Thermal Insulation Performance

(1) Temperature response of floor

With different arrangement of thermal insulation slab, heat nephogram of cross-
section of floor is shown in Fig. 5. It can be seen from the figure: (1) The color of the
upper surface of floor is deeper, that is, the temperature is higher but less than 35 °C.
The color of the lower surface is lighter, that is, the temperature is lower but more
than 5 °C. That is because of the heat is transferred from the higher side to the lower,
thus there is a certain temperature gradient. (2) The temperature on the surface of
the hollow slab is mainly concentrated at the place where the thermal insulation slab
is arranged. There is little difference in color in the middle layer of the floor, that is,
the temperatures are basically similar. From which we can indicate that although the
transmission of heat can be fully obstructed by the thermal insulation slab, the heat
will be transferred to the interior of the floor through the gap between the thermal
insulation slabs. (3) Although the reinforcement fabric runs through the whole floor,
the thermal bridge effect of it is not obvious.

From the heat nephogram of the reinforcement in floor shows in Fig. 6, the temper-
ature distribution of reinforcement is similar to that of floor. It can be seen that, firstly,
the temperature of the upper reinforcement fabric in hollow slab is higher, which of
the lower reinforcement fabric is lower. Secondly, the temperature of the reinforce-
ment at the gap of the thermal insulation slab is lower than that of which in the
thermal insulation slab, which is due to the effective transfer of the temperature of
the floor from the above to the interior.

(2) The heat flux of floor

Figure 7 shows the nephogram of heat flux of floor, from which we can see the heat
flux of floor presents a phenomenon similar to the thenephogram of floor temperature,
that is the distribution of heat flux of floor presents well blocks around thermal
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(a)slab 0 (b)slab 1

(d)slab 3 (e)slab 4 (f)slab 5

(g)slab 6 (h)slab 7

Fig. 5 Heat nephogram of cross-section of floor

(b)slab 1 (c)slab 2

(d)slab 3 (e)slab 4 (f)slab 5

(g)slab 6 (h)slab 7

Fig. 6 Heat nephogram of the reinforcement in the floor



132 Y. Liu
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Fig. 7 Cloud chart of heat flow density of floor section

insulation slab, while the difference is that the heat flux at the gap between the
thermal insulation slab is deeper, which means that the heat is effectively transferred
here. It also indicates that the thermal insulation slab can obviously obstruct the
tranfer of heat in cross sections of the floor. However, the thermal bridge effect will
be formed along the gap. Meanwhile, the vertical reinforcement in the section also
plays the role of thermal bridge, but is not obvious.

(3) Comparison of heat transfer coefficients

Table 3 shows the results of finite element numerical simulation of fully prefabricated
hollow slab. Taking slab O as a reference, the ratio of heat transfer coefficients from
slab 0O to slab 7 is about 1:1.04:1.03:1.03:1.02:1.03:1.04:1.04, and the difference of
heat transfer coefficients between each slab is uniformly less than 5%. It is obviously
that the arrangement of the thermal insulation slab is not the main factor which affect
the thermal insulation properties of the floor with the same coverage area.

3.2 Analysis of Mechanical Performance

(1) Damage and deformation of floor
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Table 3 Numerical results of finite element simulation
Number | Average Average Average | Heat transfer Ratio
temperature of | temperature of | heat flux | coefficient W/(m?K)
inner outer W/m?
surface (°C) surface (°C)
Slab 0 12.1539 3.30430 162.091 18.31610 1.00000
Slab 1 12.0938 3.46031 163.941 18.98896 1.03674
Slab 2 12.1123 3.45644 163.245 18.85948 1.02967
Slab 3 12.1327 3.44963 163.030 | 18.77562 1.02509
Slab 4 12.1391 3.44832 163.053 18.76161 1.02432
Slab 5 12.0884 3.44608 163.615 18.93184 1.03362
Slab 6 12.0645 3.45469 163.912 | 19.03782 1.03940
Slab 7 12.0641 3.45480 163.832 | 19.02965 1.03896

The above research shows that the arrangement of thermal insulation slabs has
little effect on the thermal insulation performance, but may affect the mechanical
performance of floor. Therefore, the static loading of the floor with different arrange-
ment of thermal insulation slab is simulated and the uniform load is applied on the
upper surface. The deformOation form of the floor is shown in Fig. 8.

Fig. 8

(a)slab 0

(d)slab 3

(g)slab 6

(b)slab 1

(e)slab 4

4

(c)slab2
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Cloud chart of floor damage and deformation
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As can be seen from Fig. 8, the deformation forms of the floor with different
arrangement of thermal insulation slabs are basically the same. Mainly showing that
the deformation of mid-span deflection is too large, and the plastic damage of the
floor is mainly distributed in the mid-span section, which also indicates that cracks
are firstly developed here. However, the plastic damage distribution of the floor is
influenced by different arrangement of thermal insulation slab. With more thermal
insulation slabs, and the more uniform the size is, the distribution of plastic damage
of the floor is more uniform. For example, the distribution of plastic damage in the
mid span section of slab 1, slab 2, slab 3, and slab 4 is more uniform than that of
slab 0, slab 5, slab 6, and slab 7. Among them, the uniformity of the plastic damage
distribution of slab 4 is the best, and that of slab 7 is the worst.

(2) Stress of the reinforcement in floor

Figure 9 shows the stress and deformation nephograph of the reinforcement fabric
in hollow slab with different arrangement of thermal insulation slab, which shows
the longitudinal reinforcement of board 7 basically reaches the yield strength, while
that of board 4 still has stresses. It can be indicated that the mechanical behavior
of the floor with the arrangement of thermal insulation slab of 4 is the best, of
which the coordination of the joint deformation between the reinforcement and the
floor is better. This is due to the fact that in the working condition of slab 4, the
reinforcement have full access to the concrete and the force is uniform, while in the
working condition of slab 7, the reinforcement have no access to the concrete, thus
they cannot bear the force together.

(3) Change in the deflection of the floor

Extract the curve of the mid span deflection of the floor with the change of load,
as shown in Fig. 10a, it can be seen that curves in this figure. Basically present a
similar pattern. With the increasing of the load imposed on the floor, the mid span
deflection of the floor also increases, and the rate of increase gradually accelerates.
Taking the corresponding loads of when the mid-span deflection of the floor is 1/20
of the span (175 mm), among them, the load corresponding to plate 4 is the maximum
(252.7 KN), and the plate 7 is the minimum (241.3 KN), which is basically consistent
with the results of the previous analysis.

In order to further explore the magnitude of the influence, when the uniform load
applied to the floor is 0.1N /mm?, the curves of full deflection of the floor along the
longitudinal are as Fig. 10b, in which the deflection of board 4 is the smallest and
the mid-span deflection is 223.1 mm, and the deflection of board 7 is the largest and
the mid-span deflection is 283.6 mm. The difference between them is about 27%.
Therefore, it is recommended that the thermal insulation slabs be evenly divided
as possible when with the same area, so as to fully improve the contact between
reinforcement and concrete which can effectively provide the bearing capacity of the
floor.
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4 Conclusion

Based on the simulating carried by finite element of mechanical performance of the
fully prefabricated hollow slab, the following results are obtained:

The range of temperature is larger at the surface of the floor surface is large, but
smaller within the floor, which means that although the transmission of heat can be
effectively obstructed by the thermal insulation slab, the heat will be transferred to
the interior of the floor through the gap between the thermal insulation slabs.
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The ratio of the heat transfer coefficient of hollows slabs with different arrange-
ment of thermal insulation panels is about 1: 1.04: 1.03: 1.03: 1.02: 1.03: 1.04: 1.04,
it can be seen that the difference of heat transfer coefficient between each board is
uniformly less than 5%. That is, the arrangement of thermal insulation slab is not
the main factor which affects the thermal insulation properties of the floor with the
same coverage area.

Different arrangement of the thermal insulation slab has a certain impact on the
mechanical performance of floor. It is recommended to arrange the thermal insulation
slab in equal sections to fully improve the contact area between steel bar and concrete,
which can effectively provide the bearing capacity of the floor.
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Analysis of Slurry Ratio of Rotary )
Digging Pile in Deep Sand Layer L

Wanjun Zang and Jiang Wen

Abstract Slurry ratio is a crucial link in the construction of bored pile, which
directly determines the quality of bored pile. In order to determine the key perfor-
mance parameters of the slurry required to form piles in the deep sand layer, relying
on Huizhou north station engineering, an orthogonal test of slurry proportioning
was designed and carried out, and SPSS statistical analysis software was used to
carry out bivariate correlation analysis and multivariate stepwise analysis of the
test results, combined with the slurry performance index test regression equation
and using MATLAB software optimization processing, slurry optimal mix ratio and
verify, the research results show that: orthogonal test screening value, software calcu-
lation value, test value is not different. Conclusion: The results show that bentonite
and CMC have significant influence on slurry indexes, while Na;CO3; and PHP can
adjust slurry performance to meet the slurry use standard; the optimal mix ratio is
148 g bentonite, Na,CO3 5.2 g, CMC 3.5 g, PHP 0.05 g; the slurry ratio test analysis
and treatment, and the optimization mix ratio is feasible and reasonable, class I pile
proportion more than 98% to meet the actual engineering requirements.

Keywords Mud - Orthogonal test + Correlation analysis - Regression analysis -
Mix ratio

1 Introduction

With the continuous development of urban construction, high-rise residential build-
ings and large buildings are increasing, and the pile foundation is being promoted
because of its large bearing capacity. The superstructure transfers the load to the
surrounding soil through the pile foundation, effectively reducing the settlement
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of the pile body and meeting the seismic requirements of the building. Circular
excavation bored pile has the advantages of strong adaptability, no noise and high
bearing capacity, and is widely used in pile foundation construction, but in practical
engineering, geology conditions are complex and changeable, and quality problems
emerge in endlessly. The bearing capacity of pile foundation plays a decisive role
in engineering safety, and the slurry quality directly determines the quality of bored
pile foundation [1].

Slurry mainly plays the role of protecting the hole wall, slag discharge and hole
cleaning in the construction. At present, the research on the relationship between hole
forming (pile) and slurry has made some results [2—-6]. However, there is not much
research on the design and analysis of slurry mix ratio, especially the optimization of
different soil layers. Wang X P determined the proportion of the main component of
the pile wall protection slurry suitable for the ultra-thick sand layer through the ratio
test [7]; Wang J et al. determined the optimal quality ratio suitable for the volcanic
ash deposition areas through the slurry performance test [8]; Li et al. adopted the
uniform design test method for the mix ratio test, and obtained the optimal slurry mix
ratio through analysis and optimization [9]. Most of the above scholars determine the
slurry mix ratio through the analysis of the test results, but there are very few studies
to determine the optimal mix ratio through further optimization and comparative
verification.

Slurry preparation is a crucial part of the construction of bored pile. For different
geological conditions, different proportions of slurry should be prepared. Combined
with the station project of Huizhou North Railway Station, the range of bentonite and
additives was determined according to the actual formation conditions, and then the
orthogonal test was designed, and SPSS and MATLAB were analyzed to determine
the optimal slurry ratio.

2 Project Overview

Huizhou North Station Railway is a line side flat station with elevated waiting room,
including station room, platform canopy, underground contact passage, subway
section, elevated ramp bridge, etc., with a total construction area of 49,998 m?2.
The foundation form is bored cast-in-place pile, the foundation design grade is grade
A, and the design grade of the building pile foundation is grade A. The revealed
strata in the proposed site are mainly Quaternary strata, and the conditions of each
stratum are shown in Table 1.

As can be seen in Table 1, the sand layer of the site is deep and thick, and the rotary
excavation into the hole in the deep sand layer can easily cause engineering problems
such as poor hole wall integrity, fast sand precipitation, excessive sediment and
buried drilling. According to the distribution of on-site strata, refer to the Technical
Specification for Highway Bridge and Culvert Construction (JTG/T 3650-2020) and
relevant documents [10—12], The basic performance parameters of the slurry are
determined as shown in Table 2.
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Table 1 Stratigraphic distribution

Order Formation Depth/m Volumetric Cohesive The angle of
number name weight/(kN m~3) forces/kPa internal
friction/(°)
1 Plain fill 1.00~4.80 18.8 13 12
2 Silty clay 1.20~10.90 18.7 20 15
3 Silt 0.60~2.90 19.4 — 10
4 Fine sand 1.00~4.60 19.2 — 18
5 Medium 1.00~7.50 19.2 — 23
sand
6 Thick sand | 1.20~24.20 19.2 — 30
Sandstone 0.60~29.38 23.0 35 25

Table 2 Basic performance parameters of slurry

Proportion | Viscosity /s | Plasticity Yield point/Pa | Water Filter cake
/(g/cm*3 ) viscosity/(mPa - loss/(mL - thickness/mm
s) (30 min)~1)
1.08-1.15 | 22-30 8-13 1.5-3.0 <15 0.5-2.0
3 Trial

3.1 Test Materials

The raw material of the slurry is calcium bentonite with large mesh and strong
stability, and the admixture is selected from Carboxymethyl Cellulose (CMC) which
can increase the slurry viscosity and form a film on the soil surface to prevent the hole
wall from peeling; Sodium Carbonate (Na,CO3), Can control slurry PH, increase the
thickness of hydration film, improve slurry stability, reduce the pollution of slurry
by calcium ions and groundwater; Partially Hydrolyzed Polyacrylamide (PHP), can
make the slurry colloid form a chemical film in fine sand, coarse sand and gravel
soil, close the hole wall, and keep the hole wall stable.
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Table 3 Measurement Proi

L roject Instrument

indicators and related

instruments Proportion N B-1 slurry gravity meter
Viscosity N C-1006
Plastic viscosity Z NN-D6 6-speed rotation viscometer
Yield point
Water loss Z NS-2 slurry for water loss determinator
Filter cake thickness

Table 4 Factor levels table

Horizontal Factor

a b c d
1 128 4.4 2.7 0.05
2 148 4.8 33 0.10
3 168 52 3.9 0.15
4 188 5.6 4.5 0.20

3.2 Test Instrument

The test and measurement content and the required instruments are shown in Table
3.

3.3 Test Design

Orthogonal tests were determined by orthogonal tables, and the results were analyzed
statistically. Among them, the same number of tests is performed at the level of either
or both factors, which makes them very representative according to the orthogonal
table and reduces the number of trials. The orthogonal test method in the ratio design
can avoid unnecessary calculation and optimize the design process. Using four levels
and four factors orthogonal test, the factors and level distribution are shown in Table
4. Among these, a is bentonite, b is Na,COj3, ¢ is CMC and d is PHP.

16 trials were designed according to the orthogonal test table as shown in Table
5.

3.4 Test Method

According to the orthogonal test table, the bentonite, Na,CO3, CMC, PHP in addition
to 1000 mL water in turn, using JJ-1 electric mixer to stir and mix at a speed of 850
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Table 5 Orthogonal test table

Number a b c d
1 2 1 2 2
2 4 3 1 3
3 1 1 1 1
4 3 4 4 1
5 1 3 4 2
6 3 3 2 4
7 2 4 1 4
8 1 2 3 4
9 4 1 4 4
10 2 3 3 1
11 3 2 1 2
12 4 2 2 1
13 4 4 3 2
14 2 2 4 3
15 1 4 2 3
16 3 1 3 3

r/min, hydrate and expand for a certain period of time at room temperature, and test the
data with reference to the measurement method given in the relevant specifications.

4 Analysis of the Test Results

4.1 Test Results

According to the 16 sets of test ratio shown in Table 4, the performance test of each
formula slurry was tested separately, and the calculated mean value of the measured
test data is shown in Table 6. Among them, ¢300 and ¢600 are the readings of
the rotating viscosimeter at 300 r/min and 600 r/min, respectively, and the plastic
viscosity and yield point are calculated from the two sets of data.

N = Q600 — P300 (D

Tq = 0.511(p300 — 1) ()
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4.2 Correlation Analysis

Correlation analysis is one of the very mature basic theories in statistics. The inter-
dependence between various phenomena can be manifested as functional relations
or correlations among variables [13].

SPSS analysis software was used to carry out bivariate correlation analysis on
the test results [14], analyze the correlation degree between each factor and the
performance of the slurry, and obtain the correlation coefficient. In this paper, the
four factors: bentonite, Na,COs, CMC, PHP, slurry six indexes: specific gravity,
viscosity, plastic viscosity, yield point, water loss, filter cake thickness were statis-
tically analyzed, and the correlation coefficient of the factors and each performance
of slurry was obtained, as shown in Table 7.

In correlation analysis, positive correlation: correlation coefficient r > 0; negative
correlation: r < 0; high correlation: | r | 0.8; moderate correlation: 0.8 > | r10.5; low
correlation: 0.5 > | r 1 0.3; weak correlation: | r | <0.3.

As shown from Table 7:

(1) Positive correlation with bentonite: specific gravity, viscosity, plastic viscosity,
yield point, water loss, and negative correlation with bentonite: slurry cake
thickness. Among them, bentonite is weakly correlated with water loss and
slurry cake thickness, moderately related to viscosity, plastic viscosity and yield
point, and highly related to specific gravity, which shows that bentonite can
significantly increase the proportion of slurry and increase the strength of the
internal gel mesh structure when slurry flows. https://baike.baidu.com/item/%
E7%BD%91%E7 %8 A%B6%ET%BB %93 %E6%9E %84/5106492.

(2) Positive correlation with Na,COs5: water loss, slurry cake thickness, and nega-
tive correlation with Na,COs: specific gravity, viscosity, plastic viscosity, and
yield point. Among them, Na,COj; is weakly correlated with viscosity, plastic
viscosity, yield point and slurry cake thickness, is lowly related to specific
gravity and moderately related to water loss, indicating that Na,CO3 energy
decomposes slurry particles, which can reduce the rate of Na,CO3 and improve
the rate of slurry stability.

(3) Positive correlation with CMC: specific gravity, viscosity, plastic viscosity, yield
point, and negative correlation with CMC: water loss, filter cake thickness.

Table 7 Correlation coefficient between various factors and various slurry performance

Factor Project
Proportion | Viscosity | Plastic viscosity | Yield point | Water loss | Filter cake
thickness
Bentonite 0.856 0.595 0.549 0.588 0.139 —0.089
Nap,CO3 | —0.349 —0.191 —0.101 —0.206 0.519 0.037
CMC 0.127 0.803 0.665 0.697 —0.750 —0.861
PHP 0.063 0.278 0.302 —0.062 0.035 0.464
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Among them, CMC is weakly related to the specific gravity of slurry, moder-
ately related to plastic viscosity, yield point, and water loss, and highly related
to viscosity and filter cake thickness, indicating that It shows that CMC can
significantly increase the viscosity of the slurry, enhance the internal friction
between the suspended particles of the slurry and between the slurry particles
and the liquid phase, improve the slag carrying capacity of the slurry, and reduce
the water loss.

(4) Positive correlation with PHP: slurry specific gravity, viscosity, plastic viscosity,
water loss, filter cake thickness, and negative correlation with PHP: yield point.
Among them, PHP is weakly correlated with slurry viscosity, specific gravity,
yield point and water loss, and is weakly correlated with filter cake thickness
and plastic viscosity, indicating that PHP mainly plays the role of flocculation.
In this test, the lifting effect was not obvious, perhaps because the slurry PH
value was not increased to above 10, and the PHP was not fully effective.

4.3 Regression Analysis

As a screening method, the stepwise regression introduces the regression equations
one by one according to the effect of each performance indicator, while the non-
significant factors are always not introduced [15].

The independent variables were bentonite, Na,CO3;, CMC and PHP, and the
specific gravity, viscosity, plastic viscosity, yield point, water loss and slurry skin
thickness of the slurry were the dependent variables. To determine the regression
equation between the respective variables and the dependent variables, the multiple
stepwise regression analysis was conducted using SPSS software, and the results are
shown in Table 8.

Comparing Tables 7 and 8, the magnitude of the significance of the influence of the
independent variable on the dependent variable in the regression equation coincides
with the correlation analysis, e.g., The regression equation of the specific gravity of
slurry is composed of x; (bentonite) and x, (Nay;COj3), which is consistent with the

Table 8 Regression E . .
. actor Regression equation

equations for each factor
Proportion y1 = 1.076 + 0.001x; — 0.014x,
Viscosity y2 = 3.084 + 0.069x142.712x3
Plastic viscosity y3 = —3.658 + 0.056x; + 2.250x3
Yield point ya = —8.423 4+ 0.039x; + 1.554x3
Water loss ys5 = 8.495 + 2.200x7 — 2.117x3
Filter cake thickness v6 = 3.625 — 0.688x3 + 4.45x4

Note 1 x1 is bentonite, x, is NapCO3, x3 is CMC, and x4 is PHP
Note 2y is the specific gravity, y» is the viscosity, y3 is the plastic
viscosity, y4 is the yield point, ys is the water loss, and y is the
thickness of the filter cake
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Table 9 Analysis of variance of the regression equations

Dependent variable R2 Fy P F> P;

Proportion 0.815 18.111 0.000 2.265 0.158
Viscosity 0.854 2910 0.078 4.206 0.032
Plastic viscosity 0.854 2.743 0.148 3.522 0.042
Yield point 0.831 2.466 0.112 3.997 0.035
Water loss 0.832 2.851 0.092 5.700 0.012
Filter cake thickness 0.957 11.524 0.001 2.854 0.098

large correlation coefficient between bentonite, soda ash and slurry proportion in the
correlation analysis. Therefore, the correlation analysis and regression analysis are
suitable for this test analysis and meet the actual requirements.

4.4 Regression Equation Test

To determine the fitting effect of the regression equation and the slurry performance
index, the regression equation test is required. Given the significance level a = 5%, a
one-way ANOVA was performed on the dependent variable versus the independent
variable composing the regression equation. For example, in the specific gravity
analysis, Fy, P;, F», and P, in the table are the results of the variance analysis of
specific gravity and x; (bentonite) and x, (Na;CO3). The cut-off value F is obtained
through the F distribution table F0.05(3,12) = 3.49, the F value obtained in the Table
is compared with the F value found in Table 9, it can be seen that the value of F,
and F; is less than 3.49 but close to the critical value, indicating that the respective
variable had a significant influence on the dependent variable. And the coefficient of
determination R? is close to 1, indicating that the regression equation fits well and
meets the requirements of this experiment.

5 Mix Ratio Optimization

Further, slurry specific gravity, viscosity, plastic viscosity, yield point, water loss,
filter cake thickness six indicators are the standard to measure the performance of
slurry. To determine the optimal slurry mix ratio, the function is optimized and the
following objective function is established:

Z = yn 3)

In formula: n = 1~6. The constraints on y and x in the objective function are:
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1.08 < y; <1.15
22 <y, <30
8<y3 <13
1.5<y,<3.0
ys <15
05<y<20

“4)

128 < x; < 188
44 <x <56
27<x3<45
0.05 < x4 <0.20

(&)

According to the function relationship of y and x determined by the regression
equation, the objective function was optimized by MATLAB software. After calcu-
lation, after calculation, when the material dosage is 148 g of bentonite, 5.2 g of
Na,C0O3, 3.5 g of CMC, and 0.05 g of PHP, the function has an optimal solution, and
each index is tested. The screening results of orthogonal tests (148 g of bentonite,
5.2 g of Na,CO3, CMC 3.9 g, and PHP 0.05 g), software calculation results and test
results are shown in Table 10.

According to the table, the orthogonal test screening value, software calculation
value and test value do not differ much. Taking the test value as a reference, the
smallest difference is the specific gravity: the deviation of the screening value is
1.77%, and the deviation of the calculated value is 0.88%; the largest difference is
the thickness of the slurry: the deviation of the screening value is 21.43%, and the
deviation of the calculated value is 7.14%. All of the above meet the requirements,
indicating that the orthogonal test is the method of finding the principal contradic-
tion and selecting the better scheme in this test. The optimized treatment results of
MATLAB software meet the requirements of various slurry indexes, so this method
is applicable for the optimization analysis of slurry mix ratio.

The slurry ratio is specifically applied to Huizhou North Railway Station project
and detected by low strain and acoustic wave transmission method: 1181 Class I piles,
accounting for 98.504% of the tested piles; 18 class piles, accounting for 1.495%
of the tested piles; There are no III and IV piles. The proportion of pile foundation
integrity testing type I pile has reached more than 98%, which has ensured the
project quality and project progress, achieved good results, and accumulated certain
engineering experience.

6 Conclusion

(1) Orthogonal test screening value, software calculation value and test value are
not much different. With the test value as the reference, the smallest difference is
the proportion: The deviation of the screening value is 1.77%, and the deviation
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of the calculated value is 0.88%; the biggest difference is the thickness of the
slurry skin: the deviation of the screening value is 21.43%, and the deviation of
the calculated value is 14.29%. All the above meet the requirements, indicating
that the orthogonal test, as a method of finding the main contradiction from
multiple factors and multiple levels and selecting better schemes, has achieved
good results in this test.

Bentonite and CMC have a significant impact on various slurry indexes, while
Na,CO3 and PHP can be adjusted as additives to meet the standard of slurry
use. The optimal mix ratios were 148 g of bentonite, 5.2 g of Na,COs3, 3.5 g of
CMC, and 0.05 g of PHP.

Using SPSS statistical software for correlation analysis and regression analysis,
and the optimized treatment through MATLAB software is suitable for slurry
ratio test analysis and treatment, and the optimization mix ratio sought is feasible
and reasonable, which can meet the actual engineering needs.
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Numerical Analysis of Bearing Capacity )
of Basic Stress Unit Frame er
of Socket-Type Wheel Buckle Formwork
Support Frame Body

Heng Liu, Weiwen Xu, Hongtao Xu, and Xuemiao Xiang

Abstract Socket-and-socket wheel-buckle steel pipe formwork support frame is a
new formwork support system, with fixed component specifications and fast erec-
tion speed, which can significantly improve the construction efficiency. Its applica-
tion performance is different from that of fastener-type, bowl-buckle-type and plate-
buckle-type, and there are not enough experimental and numerical analysis results
to consult. Therefore, based on the bearing capacity test of the basic bearing units of
socket-type wheel-buckle steel pipe formwork support, the finite element software
ANSYS is used to conduct numerical analysis of 12 groups of basic bearing units,
and the influence degree of vertical bearing capacity of different specifications of
unit supports is studied by stud spacing and wedge tightness of cross bar plug. It
is pointed out that the stiffness of formwork support in the vertical and horizontal
directions should not be too different in the construction process.

Keywords Formwork support frame + Numerical analysis + Bearing capacity test

1 Introduction

In recent years, with the continuous development of civil engineering in China,
various tall and complex structures have emerged. In the pursuit of efficiency today,
people begin to seek new formwork support systems to solve the disadvantages of
slow construction efficiency such as fastener-type, bowl-buckle-type and pan-buckle-
type formwork support frames. Therefore, various formwork support systems with
new structural forms have emerged as the times require. Xu et al. [1, 2] introduced
a new type of plug-in formwork support frame, which realized the advantages of
axial force transmission of vertical bar, good connection performance, high bearing
capacity and strong applicability. Qiang [3] has studied the practical application
of bolt-type formwork support and the semi-rigid connection of bolt, welding lug,
welding seam and node, etc. The results show that the bolt will self-lock in the
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normal work of formwork support, and its connection performance is good, and it is
suggested that the connection stiffness k of node can be taken as a low value. Through
analysis, itis considered that it is safe and reasonable to take K = 20 kN-m/rad. Huang
[4] carried out horizontal force loading tests of two types of bolt-type plane frames
under four wedge tightness conditions and two groups of basic unit load-bearing
performance tests, and studied the joint characteristics and load-bearing performance
of unit frames. He pointed out that when bolt-type formwork supports are used, the
members are mainly subjected to axial force, and the bending moment is usually
less than 0.2 KN-m. Therefore, the semi-rigid connection stiffness of the joint that
affects the structural performance is the initial connection stiffness of the joint, but
the initial tangent stiffness of the joint. Similarly, socket-and-socket wheel-buckle
steel pipe formwork support frame is gradually applied to various construction sites,
and it has similarities with plug-in type, plug-in type, plug-in type and other frame
bodies in bearing mechanism. However, its structural form is simpler [5], and the
outer diameter of steel pipes is 48 mm. The difference between it and other forms of
steel pipe formwork supports lies in the vertical and cross bar connection joints, and
the connection joints are shown in Fig. 1. There is no bracing hole at the vertical pole
bearing plate, so this form of formwork support needs to use the bar of fastener rack
and rotating fastener to set up bracing. Its installation and disassembly are convenient
and quick, and its stability is easy to ensure, which can shorten the construction period
and improve the construction efficiency. However, its cross bar is disconnected at the
node, so it can’t be applied to the side formwork engineering of vertical members.
Therefore, the load directly borne by the cross bar is mainly a small amount of
materials piled up or the passage of personnel and equipment, and its load is small,
which won’t cause plastic deformation of the bearing plate.

The node size is shown in Fig. 2. The inner diameter of the bearing plate is 48 mm
and the outer diameter is 108 mm. The plug hole is 18 mm long and 12 mm wide,
and four jacks are evenly distributed on the circumference, and the distance between
adjacent holes is 90; The bearing plate thickness is 20 mm. The end of the cross bar
has an arc joint of 16 mm long, 3.5 mm wide and 8 mm thick. A plug of 10 mm wide

T W - ~ = 3 L L
18 0N

Fig. 1 Detail structure of socket-type wheel-buckle steel pipe formwork support frame node
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90

Fig. 2 Detail dimensions of socket-type wheel-buckle steel pipe scaffold node

and 90 mm long is connected to the joint, and the tail of the plug is tapered with a
¢6 mm pin hole.

In this paper, the finite element verification is carried out for the experimental
study of the basic stress unit frame of the socket-and-socket type steel pipe formwork
support frame in reference [6]. The difference of joint stiffness is directly caused by
the unsatisfactory contact surface during the erection of the frame body, so it is
expressed by the wedge tightness of the cross bar plug in different degrees. On this
basis, the variable parameter analysis is carried out with the wedge tightness of the
cross bar plug and the vertical and horizontal spacing of the vertical poles as variables.
During the verification process, the cross section of the pipe rack is still considered
as 48 x 2.75; However, the normal wedge tightness of the cross bar plug corresponds
to 7~10 times during erection in the formwork support project, and the minimum
wedge tightness of the cross bar plug corresponds to 0~3 times during erection in
the formwork support project.

2 Finite Element Analysis Assumption

Combined with the erection and boundary conditions of formwork support system
in engineering application, the finite element software ANSYS is used for numerical
analysis to make the following assumptions.

(1) The components in the formwork support frame are mutually constrained, and
there is no slip at the bottom of the vertical pole, while no other treatment is
done at the top of the vertical pole, so it is assumed that the bottom of the vertical
pole is hinged and the top is free.

(2) When the middle stud is extended, there should be a sleeve to limit the trans-
lational and rotational freedom of each other, while the stud and the crossbar
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transmit shear force and bending moment through the friction at the node, so it
is assumed that the stud is rigidly connected, and the junction between the stud
and the crossbar is semi-rigidly connected.

(3) When checking the ultimate bearing capacity, the material properties are still
based on the reference [5], and the results obtained from the unidirectional
material tensile test are the actual material properties.

3 Numerical Analysis of Bearing Capacity of Different
Specifications of Frame Body

3.1 Definition of Material Parameters

According to the setting of different structural analysis units in the finite element
software ANSYS, Beam188 element with shear deformation is used to simulate the
vertical bar, and Combin39 element is used to simulate the stiffness of the vertical
bar node in the numerical analysis of formwork support. The material parameters are
obtained by uniaxial tensile test: E = 2.21 x 105 MPa, fy = 359 MPa; The definition
of bending moment-turning angle relationship of spring element under two working
conditions of normal wedging degree and minimum wedging degree is shown in
Table 1 [7].

3.2 Establishment of Finite Element Model

Taking the vertical and horizontal spacing of vertical poles and the wedge tightness
of nodes as variables, the influence degree of vertical bearing capacity of socket
formwork support frame is studied. As the vertical pole bearing plate spacing and
cross bar size are fixed, finite element models of formwork support frames with
different specifications are established, and the frame body specifications are shown
in Table 2. The finite element model of each unit frame is established, as shown in
Fig. 3. In the analysis, it is assumed that each vertical pole carries load synchronously,
so the vertical translational degrees of freedom of the top of four vertical poles in
the unit frame are coupled.

3.3 Analysis of Bearing Capacity Results

Non-linear buckling analysis is carried out on each basic stress unit frame model, and
the ultimate bearing capacity of different specifications of frame bodies is obtained,
which is summarized in Table 3. Comparative analysis is made according to the
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Table 2 Summary of unit rack specifications

Number | 1 2 3 4 5 6 7 8 9 10 11 12
L1 06 |06 |12 |12 |09 |09 |09 |09 |09 |09 |12 |12
L2 06 |06 (06 |06 (06 |06 (09 |09 |12 |12 |12 |12
h 12 |12 |12 |12 |12 |12 |12 |12 |12 |12 |12 |12
R Rl |[R2 |RI |R2 |RlI |R2 |Rl |R2 |Rl1 |R2 |Rl |R2
a 036 [0.36 |0.36 036 |0.36 [0.36 |0.36 |0.36 [0.36 |0.36 |0.36 |0.36
b 02 |02 (02 |02 (02 |02 |02 |02 |02 |02 |02 |02

Note L1-longitudinal distance; L2-horizontal distance; H-step distance; R-wedge tightness of nodes;
R1-normal; R2-minimum; A-height of sweeping pole; B-height of free end

Fig. 3 Schematic diagram

of unit frame model : /\

™
B™

difference of bearing capacity caused by the change of vertical pole spacing and
wedge tightness of cross bar plug in each unit frame.

As can be seen from Table 3, the unit frame 1 with small vertical pole spacing
and large wedge tightness of cross bar plug has the largest bearing capacity, whereas
the unit frame 12 with large vertical pole spacing and small wedge tightness of
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Table 3 Nonlinear ultimate bearing capacity of each unit frame

Unit number 1 2 3 4 5 6
Ultimate bearing capacity/kN | 342.724 | 302.970 | 254.549 | 227.410 | 337.308 290.376
Unit number 7 8 9 10 11 12
Ultimate bearing capacity/kN | 292.638 | 263.840 | 262.171 | 229.807 | 233.366 202.032
Contrast formula 1-2)12 | (344 | (5-6)/6 |(9-10)/10 | (11-12)/12
Comparative value/% 13.12 11.93 16.16 14.08 15.51

Contrast formula B-D/1 | (5-D/1 | (7-D/1 | (9-D/1 (11-1/1
Comparative value/% —25.73 | —1.58 | —14.61 | —23.50 —-31.91

cross bar plug has the smallest bearing capacity, and the bearing capacity changes
with the change of vertical pole spacing. According to the difference of vertical and
horizontal spacing of vertical poles, the bearing capacity of unit frame is better when
the stiffness difference in two directions is small; However, the bearing capacity is
low when the stiffness difference between two directions is large. For example, the
ultimate bearing capacity of unit frame 3 and unit frame 4 with 600 mm horizontal
distance and 1200 mm vertical distance is slightly lower than that of unit frame 9
and unit frame 10 with 900 mm horizontal distance and 1200 mm vertical distance,
which indicates that the deformation of unit frame develops earlier when the stiffness
difference between two directions is large. In practical application, attention should
be paid to the vertical and horizontal stiffness of frame body. When the stiffness
difference between the two directions is large, additional pulling and connecting
measures should be added.

In the numerical analysis, the ultimate bearing capacity of cross-bar plugs with
different specifications under normal wedging degree is 11.93~16.16% higher than
that under minimum wedging degree, and the difference is fluctuating and irregular.
The nonlinear load—displacement curve of each unit frame is shown in Fig. 4. From
Fig. 4, it can be seen that the smaller the vertical pole spacing of the unit frame is, the
faster the bearing capacity decreases when it reaches the ultimate bearing state. On
the contrary, when the vertical pole spacing is large, although the bearing capacity is
relatively small, the bearing capacity can continue when the ultimate bearing capacity
is reached. In order to visually compare the ultimate bearing capacity of different
specifications of unit frames, the summary is shown in Fig. 5. It can be seen from
Fig. 5 that, regardless of the joint stiffness, the bearing capacity will be greatly reduced
when the vertical and horizontal spacing of the unit frame exceeds 900 mm. Under
the normal joint wedge tightness, the bearing capacity of the unit frame decreases
obviously when the vertical pole spacing increases; Under the minimum joint wedge
tightness, the bearing capacity of the unit frame decreases slightly less than that of
the normal wedge tightness when the vertical pole spacing is increased; When the
vertical pole spacing is small, the ultimate bearing capacity of the unit frame with
normal wedge tightness is much higher than that of the unit frame with minimum
wedge tightness, but the difference between them is small when the vertical pole
spacing of the unit frame is large.
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Fig. 5 Finite element value
of ultimate bearing capacity
of unit frame

4 Conclusion

W W W
o & O
oo o

300
280
260
240
220
200

Ultimate bearing capacity/kN

- v~ Normal wedge tightness

1 unit frame 12

L s I
GO0=600  GOO0=000 D0 =000 i) =

1200 600x=] 200 1 200=] 200

Vertical and horizontal spacing of the unit frame/mm

In this paper, the general finite element software ANSYS is used to verify the vertical
ultimate bearing capacity of the basic stress unit frame of the socket-type wheel-
buckle steel tube formwork support frame, and the following conclusions are drawn
from the analysis results.
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(1) The wedge tightness of the cross bar plug will affect the vertical bearing capacity
of the socket-type wheel-buckle steel pipe formwork support frame. Under the
support of reliable data, the bearing capacity of the frame with large wedge
tightness is more than 10% higher than that of the frame with small wedge
tightness.

(2) In the socket-type wheel-buckle steel pipe formwork support frame, if the
vertical and horizontal spacing of the vertical poles exceeds 900 mm in one
direction, its bearing capacity will be much lower than that when the vertical
and horizontal spacing of the vertical poles are both < 900 mm, so excessive
erection spacing of the vertical poles should be avoided in application.

(3) The bearing capacity of socket-type wheel-buckle steel pipe formwork support
frame is related to the vertical and horizontal stiffness of the frame body. Exces-
sive difference in vertical and horizontal stiffness will cause the frame body
to lose stability earlier. Therefore, during the construction of long and narrow
concrete members, the weaker side of the frame body should be connected with
the existing structure.
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Investigation of Web Hole Effects )
on Capacities of Cold-Formed Steel oo
Channel Members

Ngoc Hieu Pham

Abstract Cold-formed steel structures have been widely applied in structural build-
ings with advantages in manufacturing, transportation and assembly. Holes can be
pre-punched in the sectional members to allow technical pipes to go throughout such
as electricity, water or ventilation. This affects the capacities of these such members
which have been considered in the design standards in America or Australia/New
Zealand. The paper, therefore, investigates the effects of web holes on the capacities
of cold-formed steel channel members under compression or bending. Their capac-
ities can be determined according to the American Specification AISI S100-16. The
investigated results are the base for analysing the effects of web hole dimensions on
the behaviors and capacities of cold-formed steel channel members. It was found that
the capacity reductions were obtained for compressive members with the increase in
hole sizes, but the flexural capacities were noticeable increase with the increase in
the hole heights.

Keywords Effects - Capacities - Web holes + Cold-formed steel channel members

1 Introduction

Cold-formed steel members have been progressively applied in structural buildings
due to their advantages compared to traditional steel structures [1]. Channel sections
are the common products worldwide for many decades [2]. Holes are pre-punched in
the webs of such members to allow the technical pipes such as water and electricity
to go throughout with the variation of hole shapes. The presence of holes has been
demonstrated to reduce the capacities of these cold-formed steel members and has
been considered in the American and Australian/New Zealand design standards ([3,
41). According to these standards, a new method has been introduced in the design
of cold-formed steel members namely the Direct Strength Method (DSM) which
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has been illustrated to be innovative compared to the traditional design method—the
Effective Width Method [5]. The DSM will be used for the investigation in this paper.

The DSM allows the designer to directly predict the capacities of cold-formed steel
members based on the determination of elastic buckling loads. These buckling loads
can be provided by utilising several software programs for buckling analysis of cold-
formed steel sections such as CUFSM [6] or THIN-WALL-2 [7]. The application of
these software programs in the design is reported in the works of Pham [8] or Pham
and Vu [9]. For cold-formed steel sections with perforations, the determination of
elastic buckling loads was studied and subsequently proposed by Moen and Schafer
([10-16]). Their research results were the base for the development of a module
software program CUFSM funded by the American Iron and Steel Institute ([17,
18]). This module software program will be introduced and applied in the buckling
analysis of cold-formed steel sections with perforations in this paper.

The paper presents the application of the DSM in the determination of capacities
of cold-formed steel channel members with perforations according to the American
Specification AISI S100-16 [3]. The rectangular hole shapes are considered and are
arranged evenly with the variation of the hole sizes. The hole heights vary from 0.2
to 0.8 times of the investigated sectional depths whereas their lengths are from 0.5 to
2.0 times of the depths. The material properties are regulated in the American Spec-
ification [3]. The boundary conditions are varied to obtain different buckling modes
of the investigated cold-formed steel members under compression or bending. The
investigated results will be used to analyse the influence of hole sizes on the capaci-
ties of cold-formed steel channel members with perforations under compression or
bending.

2 Determination of Capacities of Cold-Formed Steel
Members Under Compression or Bending According
to the American Specification AISI S100-16

The provisions for the design of cold-formed steel members are presented in Chapter
E for compression and Chapter F for bending according to the American Specification
AISIS100-16 [3]. The DSM for the design of cold-formed steel members is presented
in this paper.

2.1 Member in Compression

The nominal axial strength (P,) is the least of three following strength values
including global buckling strength (P,,.), local buckling strength (P,;), and distor-
tional buckling strength (P,).

Global Buckling Strength (Pye)



Investigation of Web Hole Effects on Capacities of Cold-Formed Steel ... 163

P = (0.658A3>Py ific <15 (1)
0.877
P, = <T>Py ifAc > 1.5 2

where A = /Py/Pere;

P, Is the yield strength of the gross section;
P... Is the elastic global buckling strength, is taken as the smaller of the following

values.
_ 7°El, 3)
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The sectional properties (I, Iy, J, Ag, X0, Yo, ¥o) are determined on the basis of
the gross-section. These properties for perforated sections can be determined using
the “weighted average” approach as presented in table 2.3.2-1 of the specification
[3] based on the ratio between the segment length of the gross-section and the net
section, as follows:

Ing + Inethet . ] Jng + Jnethet

Iavg

I » Javg = I
_ 2 2 Ix,aug + Iy,avg <A _ Ang + Anethet
Fo,avg = xo,avg + yo,avg + A s avg — 414
avg
xo,ng + xo,nethet . yo,ng + yo,nethet
Xo,avg = 2 5 Yo,avg = 7

C\ner 18 the net warping constant assuming the hole height £y, as determined
in Eq. (5), where h;,. is the actual hole height and D is the sectional depth

0,2
Fiotes = e + ~(H — o) 2121 (5)
holex — hole P hole H

Local Buckling Strength (P ;)
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Pre fOV M <0.776
_ 0.4 0.4
Fa [1 —0.15(%2) }(h) P, for i > 0.776 ©

Phe P

where ; is the slenderness factor for local buckling, A; = </ Pye/ Peri;
P, is the elastic local buckling load of the gross section or perforated section
that can be determined using elastic buckling analyses.

Distortional Buckling Strength (P,4)

P, for iq <0.561

e [1 B 0'25(%)0.6](%)0‘6% foriq > 0.561 (7

where A is the slenderness factor for distortional buckling, Ay = /Py / Pera;

P..q is the elastic distortional buckling load of the gross section or perforated
section that can be determined using elastic buckling analyses. For the perforated
section, if Ay < A4, where A4 is determined as in Eq. (10) then:

P - Pynet fOF )"d < )‘dl (8)
= Pyer — (%)()\d —XAa1) forhg1 < Ad < A
Pyer Is the axial yield strengths of the net section;
M1, g2 Are the slenderness factors of distortional buckling;
P Is the nominal axial strength of distortional buckling at \qp,
P
Aa1 = 0.561( W’) )
P,

0.4
— 13] (10)

1 1.2
@ e

P,
)\.(12 = 0.561 14( -
Pynet

|
el

2.2 Memberin Flexure

The nominal moment of a beam (M) is the least of three values including global
buckling moment (M,,), local buckling moment (M,;), and distortional buckling
moment (M ;).
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Global Buckling Moment (M)

M,e = M, ifM., > 2.78M, (12)
10 10M, _
M, =—/[1- M, if0.56F, < M., < 2.78 M, (13)
9 36Mere)
Mye = Mere if Mere < 0.56M, (14)

where M, is the yield moment of the gross sections; M, is the elastic global buckling
moment that can be determined as follows:

N T
KL

My,

2EC,
EI, (GJ +Z )

(K.L)®

The sectional properties are defined and determined as presented in Sect. 2.1 for
the gross section and the perforated section.

Local Buckling Moment (M,,;)

My, fOl" M <0.776
_ 0.4 04
My [1 —0.15( %) }(%—) M, forn > 0.776 (13)

My ne

where ; is the slenderness factor for local buckling, A; = /M. /M1
M ., is the elastic local buckling moment of the gross section or perforated section
that can be determined using elastic buckling analyses.

Distortional Buckling Moment (M, )

M, foriqg <0.673
M = 0.5 0.5 1
nd |:1 — O.ZZ(M) i|<M> M, for g > 0.673 (16)

M,

where A, is the slenderness factor for distortional buckling, Ay = /M, /M_.q4;

M .,y is the elastic distortional buckling moment of the gross section or perforated
section that can be determined using elastic buckling analyses. For the perforated
section, if Ay < A4, where A is determined as in Eq. (19) then:

A7)

Mynei —Ma>

Moo — Myner Jforia < iai
nd — Mynet — (W)O\.d — )‘-dl) for )‘-dl < )‘d < }‘-d2

M e Is the yield moment of the net section;
Aq; and A4 Are the slenderness factors of distortional buckling;
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M 4 Is the nominal moment of distortional buckling at A 4.
rar = 0,673 ( Maner 3 (18)
a1 = 0. M,
M, 27
Ag = 0.673(1.7 - 0.7 (19)
Mynet

1 1
My = [1 - 0.22(/\—[12)] (A—d)My (20)

3 Elastic Buckling Analyses for Cold-Formed Steel
Channel Members with Perforations

Elastic buckling analysis is a compulsory step to apply the DSM in the determi-
nation of capacities of cold-formed steel members. Section C20015 taken from the
commercial sections is selected for the investigation, as illustrated in Fig. 1, where
“C” indicates the channel section; the nominal dimensions include the depth D =
203 mm, the width B = 76 mm, the lip length L = 19.5 mm, and the thickness t
= 1.5 mm. Rectangular hole shape is considered in this investigation with the hole
heights varying from 0.2 to 0.8 times of the sectional depth (D), and the hole lengths
varying from 0.5 to 2.0 times of the depth (D).

3.1 Elastic Sectional Buckling Analyses

The elastic sectional buckling analyses are carried out with the support of the module
software program CUFSM [18]. This program requires simple input and directly
provides output results including the local buckling and distortional buckling loads
of both gross-section and perforated sections, as illustrated in Fig. 2. It was found
that elastic local buckling loads only depend on the hole heights whereas they are
hole lengths for distortional buckling loads [10]. The material properties regulated
in the American Specification [3] include the strength Fy = 345 MPa, and Young’s
modulus E = 203,400 MPa. The elastic buckling loads, therefore, are determined
and reported in Table 1.

Table 1 shows that the elastic loads are seen as an increasing trend for local
buckling modes, and the opposite trend is obtained for distortional buckling modes
when the hole sizes increase. The distortional buckling loads of perforated sections
are always less than those of the gross section. Meanwhile, the local buckling loads of
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Fig. 1 Nomenclature A

D

hhole

the net section are even higher than those of this gross section (see the hole heights of
0.5D and 0.8D for compression, or 0.8D for bending). This means that local buckling
modes will occur at the net section for small hole heights and at the gross section
areas between holes for large hole heights. The reason for this has been explained
in previous studies [19]. Therefore, the elastic local buckling loads (P, M) of
the perforated sections can be taken as the smaller of these load values of the gross
section and the net section for the design.

3.2 Global Buckling Analyses

The C20015 section is chosen for the investigation with the length of 2500 mm.
There are 05 symmetrical and even holes in the web of the investigated section as
shown in Fig. 3. The variations of hole sizes have been presented above.



168

N. H. Pham

File
Sde 08

Critical mmoyldamidaring the hole effect

Buckling wio holes:

Criscal ads.

Parl for M) = [N
Perd (or Merd) = SN

Lo =[ Lod- S

Buckling w. holes

Crticsl bads:

Porl (or Mad) = IS
Perd (or Merd) = SN
Fataeeegmy

Lot =M Lod- NS

Gross secton

Ag Bl B
Py= [ My B Mz
Net section

Ao [ Lo [ oo
Pyn [ My S0 Myz [

Citical Load

Fig. 2 The CUFSM software program

Table 1 Elastic buckling loads of C20015 section

Hole dimensions | Local buckling Distortional buckling
Compression (kN) | Flexure (kNm) | Compression (kN) | Flexure (kNm)

No hole 33.01 10.49 76.67 10.31
hpole 0.2D 31.93 5.65

0.5D 66.47 8.01

0.8D 114 10.98
Lhole 0.5D 71.55 9.71

D 66.29 9.04

1.5D 60.85 8.32

2D 55.18 7.53

500

500

500

o

'
'
'
'
I

]

S,

Fig. 3 The web hole locations of the specimen C20015
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The specimen will be investigated under compression and bending. For compres-
sion, two different boundary conditions are applied to obtain two different global
buckling modes. The first configuration allows the specimen to freely rotate about
the strong axis (x-x) to obtain the flexural-torsional buckling mode (see Fig. 4)
whereas the free rotation is for the weak axis (y-y) in the second configuration to get
the flexural buckling mode (see Fig. 5). Warping displacements are restrained at two
ends for both two configurations. The effective lengths, therefore, can be taken as
follows: Ly =L, Ly =L, = 0.5L for the first configuration; Ly =0.5L,L, =L, =
0.5L for the second configuration, where L is the specimen length. For bending, the
specimen can freely rotate about both the strong axis (x-x) and the weak axis (y-y),
and free warping displacements are applied at two ends as illustrated in Fig. 6. The
effective lengths in all axes are equal to the specimen length (L). The elastic global
buckling loads are determined as presented in Sect. 2 and are given in Table 2.

Table 2 shows that the buckling loads of flexural-torsional buckling modes under
compression are the most significant impacts due to the appearance of web holes
with the 50% capacity reduction compared to those of the gross section specimen,
whereas they are about 30% reduction for the other buckling modes.

Both elastic sectional and global buckling loads calculated in this section will
be used for the determination of the capacities of the investigated specimen with
perforations in Sect. 4.

Fig. 4 The first configuration for compression and flexural—torsional buckling mode

X

Fig. 5 The second configuration for compression and flexural buckling mode
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Fig. 6 The configuration for bending and flexural—torsional buckling mode

Table 2 Elastic global buckling loads of the C20015 specimen under compression or bending

hpole/D Liole/D Compression (kN) Bending (kNm)
F-T A% F A% F-T A%
0 389.32 100 137.98 100 12.61 100
0.2 0.5 370.2 95.09 136.06 98.61 12.27 97.30
1 364.04 93.51 134.15 97.22 12.18 96.59
1.5 357.89 91.93 132.24 95.84 12.09 95.88
2 351.75 90.35 130.32 94.45 12 95.16
0.5 0.5 329.13 84.54 132.16 95.78 11.49 91.12
1 314.06 80.67 126.35 91.57 11.23 89.06
1.5 299.21 76.85 120.53 87.35 10.96 86.92
2 284.53 73.08 114.71 83.14 10.68 84.69
0.8 0.5 266.49 68.45 126.11 91.40 10.19 80.81
1 244.78 62.87 114.24 82.79 9.68 76.76
1.5 224.18 57.58 102.36 74.18 9.15 72.56
2 204.46 52.52 90.49 65.58 8.59 68.12

F, F-T stand for flexural and flexural-torsional buckling modes; A% stands for the deviations
between the elastic global buckling loads of the perforated section members and the gross section
members

4 Investigation of Capacities of Cold-Formed Steel Channel
Members with Perforations Under Compression
or Bending

The obtained elastic buckling loads in Sect. 3 are used to directly determine the
capacities of C20015 specimen with its length of 2500 mm and the variation of end
boundary conditions by applying the Direct Strength Method design as presented
in Sect. 2. There are three component strength values including global buckling
strengths (P,., M,.), local buckling strengths (P,;, M,;), and distortional buckling
strengths (P4, M ,4) as listed in Tables 3,4 and 5, respectively. The member capacities
of the investigated specimens are the least of the above strength values as given in
Table 6 and illustrated in Fig. 7.
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Table 3 Global buckling strengths of the C20015 specimen under compression or bending

Configurations Hole dimensions Lhole

0.5D D 1.5D 2D
Config. 1 under No holes 158.200
compression (kN) |, 0.2D 156.712 | 156.128 | 155.526 | 154.905

0.5D 152449 | 150.641 | 148706 | 146.623
0.8D 143797 139935 135703 | 131.009
Config. 2 under No holes 108.037
compression (kN) [, * 0.2D 107.139 106224 105291 | 104.339
0.5D 105253 | 102296 | 99.148 | 95.793
0.8D 102.171 95509 | 87.897  |79.147

Bending (kNm) No holes 9.831
hpole 0.2D 9.728 9.699 9.670 9.640
0.5D 9.465 9.367 9.262 9.149
0.8D 8.935 8.689 8.403 8.063

Table 4 Local buckling strengths of the C20015 specimen under compression or bending

Configurations Hole dimensions | Lpge
05D |D 15D 2D
Config. 1 under compression (kN) | No holes 77.732

hhole 0.2D 76.352 |76.171 |75.985 |75.792
0.5D 75.924 |75.351 |74.734 |74.067
0.8D 73.155 |71.898 |70.505 |68.941
Config. 2 under compression (kN) | No holes 60.945
hpole 0.2D 59.914 |59.586 |59.250 |58.906
0.5D 59.932 |58.846 |57.676 |56.413
0.8D 58.801 |[56.306 |53.372 |49.875
Bending (kNm) No holes 8.525
hhole 0.2D 6.883 6.870 6.856 6.842
0.5D 7.611 7.559 7.502 7.441
0.8D 8.122 7.970 7.791 7.575

In terms of global buckling strengths (see Table 3), the effects of web holes
are insignificant with less than 5% reductions for small hole heights of 0.2D in
comparison with those of the gross section members, but they become noticeable
with more than 20% reductions for large hole heights of 0.8D.

In terms of distortional buckling strengths (see Table 5), the hole impacts are
unchanged for the hole heights of 0.2D and 0.5D, and have minor changes for the
hole heights of 0.8D, whereas the effects of hole lengths become noticeable. The
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Table 5 Distortional buckling strengths of the C20015 specimen under compression or bending

Configurations Hole dimensions | Lygle
05D |D 15D 2D
Config. 1 under compression (kN) | No holes 95.098

hole 0.2D 92.321 |88.815 |85.003 |80.805
0.5D 92.321 |88.815 |85.003 |80.805
0.8D 80.304 |78.738 |76.909 |74.723
Config. 2 under compression (kN) | No holes 95.098
hole 0.2D 92.321 |88.815 |85.003 |80.805
0.5D 92.321 |88.815 |85.003 |80.805
0.8D 80.304 |78.738 |76.909 |74.723
Bending (kNm) No holes 8.908
hhole 0.2D 8.768 |8.533 8.263 | 7.946
0.5D 8.768 | 8.533 8.263 | 7.946
0.8D 8.430 8309 |8.162 |7.946

Table 6 Member buckling strengths of the C20015 specimen under compression or bending

Configurations Hole dimensions | Lpge
05D |D 15D 2D
Config. 1 under compression (kN) | No holes 77.732

hhole 0.2D 76.352 |76.171 |75.985 |75.792
0.5D 75.924 |75.351 |74.734 |74.067
0.8D 73.155 |71.898 |70.505 |68.941
Config. 2 under compression (kN) | No holes 60.945
hpole 0.2D 59.914 |59.586 |59.250 |58.906
0.5D 59.932 |58.846 |57.676 |56.413
0.8D 58.801 |[56.306 |53.372 |49.875
Bending (kNm) No holes 8.525
hhole 0.2D 6.883 6.870 6.856 6.842
0.5D 7.611 7.559 7.502 7.441
0.8D 8.122 7.970 7.791 7.575

reductions of distortional buckling strengths are about 20% for compression and
about 10% for bending in comparison with those of gross section members.

In terms of member capacities, it is found that the member failure modes are
governed by local buckling modes for both cases due to the small thickness of the
investigated specimen (see Tables 3 and 6). For compression, they are seen as down-
ward trends for both two configurations if the hole dimensions increase. The capacity
reductions are insignificant for small and intermediate hole heights (hyqe = 0.2D and
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Fig. 7 The capacities of C20015 section members

0.5D), but they are significant for large hole heights (4., = 0.8D), especially in the
second configuration. For bending, it is found that the impacts of hole lengths are
negligible, as seen in the minor deviations of member capacities with the variation
of hole lengths. The novel point herein is the member capacities become higher
for larger hole heights as seen in Fig. 7c. As seen in Table 1 for sectional buck-
ling analyses, the local buckling moments of net sections are less than those of the
gross section, which means that local buckling modes governed the member failures
occurring at the net sections. Therefore, the member capacities are seen as an upward



174 N. H. Pham

trend with the increase in the hole heights due to the increasing trend of elastic local
buckling moments as discussed in Sect. 3.

5 Conclusions

The paper investigated the effects of web hole dimensions on the capacities of cold-
formed steel channel members under compression or bending. Variations of boundary
conditions were used for the investigation to obtain different global buckling modes.
The Direct Strength Method applied for the investigation was regulated in the Amer-
ican specification AISI S100-16. The CUFSM software program was used to support
the elastic buckling analyses of the investigated section. The obtained strengths were
the base for the analysis of the member behaviors. The several remarks are given as
follows:

(1) For global buckling strengths, the impacts of web holes are negligible for small
hole heights, but become significant for large hole heights.

(2) For distortional buckling strengths, the influence of web holes remains
unchanged for hole heights of 0.2D and 0.5D, and has minor changes for hole
heights of 0.8D compared to those of the rest of hole heights, whereas the
impacts of hole lengths are found to be more significant.

(3) Member buckling failures are governed by local buckling modes due to the
small thickness of the investigated section.

(4) For member buckling strengths, the compressive capacities undergo decreasing
trend if the hole sizes increase, whereas the flexural capacities are found to
significantly increase with the increase in the hole heights although they have
negligible reductions due to the effects of hole lengths.

(5) These remarks provide the base understanding of the behavior and strength of
cold-formed steel channel members due to the effects of the web holes.
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A Method for Determining the Pile )
Location of Pile Based on the Point Safety <=
Factor Distribution of Reinforced Slope

Shengjun Hou, Gaojin Zhao, Yongfeng Yang, Fengjiao Fu, and Qilin Li

Abstract Anti-slide pile is one of the supporting structures commonly used in land-
slide treatment, while the determination of pile location is empirical. A highway
landslide in Yunnan Province was selected as a study case, this paper proposes a
method to determine the anti-slide pile location based on the point safety factor
distribution of sliding surface. The study found that the local sliding surface has
a large value of point safety factor in the anti-slide section. With increase of the
proportion of the anti-slide section, the anti-sliding ability of the slide surface can be
fully utilized, and the reinforcement effect of the anti-slide pile will be great. Using
the point safety factor to determine the pile location is a quantitative method, which
enriches the design theory of landslide support structure.

Keywords Point safety factor - Anti-slide piles + Optimal reinforcement position *
Landslide soil

1 Introduction

Within a certain thickness of soil layer from the ground surface to a certain depth,
there will be full and strong weathering soil layers in the shallow layer. The surface
rock and soil mass is generally loose in structure and poor in mechanical properties
[1, 2] and the rock-mass deformation modulus is also decreased relative to Young’s
modulus [3]. In order to ensure the stability of the highway [4] and the railway track
[5], the surface rock and soil mass needs to be removed before subgrade filling [6].
When the thickness of the surface rock and soil mass is not large, the removal method
can be adopted [7, 8]. Otherwise, the foundation needs to be reinforced. For example,
pile and borehole pressure grouting technique were adopted to reinforce the silty clay
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overlying the shallow-buried tunnel section, according to Zhong et al. [9], and then
fill the subgrade of highway [10, 11]. If the surface rock and soil mass is not treated
properly, the weak interlayer will form between the subgrade fill and the lower stable
rock mass. Zhao et al. [12—14] proved that the existence of the weak interlayer will
affect the integrity and creep failure model of the rock mass. During the operation of
the project, the groundwater will seepage along the weak interlayer, further softening
the rock and soil mass, which will lead to the instability of the subgrade fill, and then
a landslide will occur, afterwards the weak interlayer becomes the sliding belt in the
landslide [14-16].

As acommonly used landslide control and reinforcement measure, anti-slide piles
are flexible in design, simple in construction and good in anti-sliding effect [17—
19]. The selection of the anti-slide pile location is very important. The appropriate
reinforcement location can not only give full play to the performance of the anti-
slide pile [20], but also save the project cost, ensure the safety of the project, and
achieve the optimal economic and technical ratio [21]. Therefore, the choice of its
layout location is a very important issue in the scheme design [22]. For this reason,
many researchers have conducted research and analysis on this issue using different
research methods. Nian et al. [23] used the comparative analysis method to find that
the optimal reinforcement location of the anti-slide pile is located in the middle of
the slope; Tan et al. [24] thought of using energy analysis method to determine the
best location for re-reinforcing slope with piles should be located in the lower slope.
Li et al. [25] proposed a method based on the stress level distribution characteristics
of the sliding zone and draw the following conclusions, that anti-slide piles should
be placed in areas with higher stress levels in the sliding zone. Pan et al. [26] used
the finite element software ABAQUS to analyze the stability of soil slope, the result
shows that when the ratio of the distance from the pile to the toe to the horizontal
distance of the toe is 0.6, the safety factor is the largest. Fang et al. [27] used the finite
element strength reduction method to study the multi-slip belt slope, the anti-slide
piles are always set in the middle and lower part of the slip zone. In addition, based
on the relationship between slope deformation and slope stability. Yang et al. [28]
proposed a method to determine the optimal reinforcement location of anti-sliding
piles based on the slope deformation field, and found that the anti-sliding piles set
up in places with large slope displacements have better reinforcement effects.

Although relevant research has been able to provide some reference opinions for
engineering design, due to the diversity of landslide types, the occurrence of land-
slides and the location of landslides are quite different, resulting in large differences
in the optimal reinforcement positions of anti-slide piles for different types of land-
slides. At present, the choice of the location of the landslide anti-slide pile is still
based on experience in most cases, and there is no unified quantitative method. As
a quantitative index that can describe the sliding mechanism of the landslide, the
safety factor of the landslide point can describe the stability of different parts of the
landslide, and it is widely used in the research of landslide stability [29]. However,
there needs more research on the application of point safety factor in the design
of landslide support structures. Taking a typical roadbed slope as an example, this
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paper discusses the guiding role of point safety factor distribution on the setting of
anti-sliding piles for landslides, and provides suggestions for engineering design.

2 The Point Safety Factor

Generally, the instability sliding of a landslide begins locally, and the process from
stabilization to instability is a process of asymptotic development, which can be
described by sliding mechanism. After summarizing a large number of landslide
cases, the engineering community has reduced the sliding mechanism of landslides
to three categories: traction, translational, and pushing. The sliding mechanism clas-
sification describes the asymptotic failure process of landslide from local instability
to overall sliding from a qualitative point of view, but this qualitative description
method is relatively rough and is not easy to apply in engineering design. In order
to quantitatively describe the sliding mechanism of landslides, Yang [29] proposed
the concept of the point safety factor at landslide and derived the corresponding
calculation formulas.

Using numerical methods to obtain the stress state, sliding surface normal vector
and sliding direction of sliding belt elements, according to the theory of elasticity, the
normal stress of the sliding belt element and the shear stress in the sliding direction
can be obtained, and the point safety factor of the sliding belt element can be defined
by Eq. 1,

FE:E:c+antan¢> 0
T T
In formula, c is the cohesion of the slip belt material, ¢ is the internal friction
angle of the slip belt material.
A weighted average of the area of the slip belt unit yields the overall safety factor
for landslides in Eq. 2,

2 FiSt
Fa == @)
> Sk

i=1

In formula, ne is the total number of slip belt units, Fé is the safety factor of unit
i, S is the area of the slip belt represented by unit i.

For slope engineering, the potential sliding surface needs to be identified first.
Yang et al. [30] believed that the strength reduction method was used to make the
slope reach the limit equilibrium state, and the displacement contour of the potential
sliding zone represents the potential sliding surface. According to this, the slope
stress field can also be decomposed to obtain the normal stress and shear stress on
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the displacement isosurface, calculating the safety factor of the slope point and the
overall safety factor according to formulas (1) and (2).

3 Layout of Anti-slide Pile for Landslide of the Subgrade
Fill

3.1 General Situation of Roadbed Landslide Project

A highway in Yunnan Province was constructed and opened to traffic in December
2017, and the K32+780~K32+860 subgrade was built above the slope. The length of
the filling slope is 80 m, the width is 12.75 m, the maximum filling height is 32.44 m,
and the maximum center height is 15.45 m, which is located at the K32+840 section.
On July 12, 2021, due to continuous rainfall, the subgrade suddenly underwent
landslide, and the highway surface formed a pull crack. Since then, the landslide has
continued to develop, and by August 20, the width of the highway crack has reached
24 cm, the hind edge of the landslide has been wrong by 53 cm, and the subgrade
slope has been seriously damaged and needs to be remediated, as shown in Fig. 1.
After on-site investigation and analysis, it was determined that the cause of the
subgrade landslide was that the shallow loose soil on the original ground was not
thoroughly cleaned during the subgrade filling construction, and a weak interlayer
with an average thickness of about 1.0 m was formed between the subgrade filling
and the lower rock layer. The groundwater formed by rainfall infiltrates downward
along the weak interlayer, softening the weak interlayer and forming a landslide.

Fig. 1 Subgrade plan (left) and subgrade profile (right)
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3.2 Computational Model and Parameters

Firstly, the landslide is numerically calculated and the distribution of point safety
factor on the sliding surface is obtained [31]. According to the typical section of
subgrade slope shown in Fig. 1, a numerical calculation model of subgrade slope
is established. In order to reflect the control effect of the original highway on the
stability of the subgrade slope, the overburden layer with thickness of 1.0 m was
built. Accordingly, the calculation model consists of three materials, subgrade filling,
original ground cover and underlying rock foundation. The unit width of the model
is longitudinally stretched to form a quasi-three-dimensional calculation model, so
as to obtain the spatial stress state of the slope body. The models are all discretized
with hexahedral elements, and the element size is less than 0.4 m to improve the
calculation accuracy. The divided model calculation grid is shown in Fig. 2.

The finite difference software FLAC3D 6.0 is used for numerical calculation, and
the yield criterion is the Mohr—Coulomb yield criterion. The calculation parameters
are shown in Table 1.

Zone Group
Defaul=0vginal ground cover
Default=Roadbed fill
_ Defauk=The rock foundation

Fig. 2 Numerical computation model networks

Table 1 Rock mass calculation parameters

Rock mass | Volumetric Cohesive The angle of | Elastic Poisson’s

categories weight/kN/m?® | forces/kPa | internal Modulus/10° Pa | ratio
friction/(°)

Subgrade 19.2 25.5 28.2 125.5 0.30

filling

Barrier 18.8 18.6 15.6 65.0 0.34

covers

Rock 21.5 300.0 325 1000.0 0.25

foundation
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3.3 Computational Model and Parameters

The displacement field of slope limit state before reinforcement is calculated as
shown in Fig. 3. Among them, the range of 0.05-0.6 m contour line better shows the
range and location of the potential instability slip zone of the slope body, which is
consistent with the actual deformation cracks on site, as shown in Fig. 4. The potential
slip zone consists of two sections, the front section develops along the overburden,
and the rear section develops in the subgrade fill.

The slope stress field in its natural state is introduced, and the safety factor of
the slip belt point is calculated according to Eq. (1), and its distribution is shown in
Fig. 4. Equation 2 calculates the overall safety factor of the slope is 1.217. It can be
clearly seen from the distribution of the safety factor of the sliding belt points that
the landslide presents an obvious composite sliding mechanism of front traction, rear
pushing, and middle anti-sliding, which is consistent with the current development
characteristics of landslides.

According to the distribution characteristics of the point safety factor on the sliding
surface, the sliding surface can be divided into three sections with the design safety
factor of 1.30 as the standard. Those are, the section less than 1.30 in the rear fill is the
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Fig. 3 Displacement field in the ultimate state

Calculated by: Constant
1.4099E+00
1.4000E+00
1.3500E+00
1.3000E+00

51 1.2500E+00
1.2000E+00
1.1500E+00

I 1.1000E+00

1.0500E+00
1.0000E+00

Fig. 4 Point safety factor distribution
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Fig. 5 Anti-slide piles placed on the shoulder of the road (position®) calculate the results of the
model
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Fig. 7 Anti-slide pile calculation model results placed on a secondary platform (position®)
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main sliding section, the section with the leading edge less than 1.30 is the traction
section, and the section with the middle section greater than 1.30 is the anti-slip
section. It can be seen that in the subgrade fill, the main sliding section has nearly
penetrated the entire filling body, which is consistent with the poor slope stability.
However, the central anti-slip section still exists, and the length is about 1/2 of the
entire slip surface, which plays a good anti-slip effect, so that the slope of the roadbed
has not yet occurred overall instability.

3.4 Reinforcement Location of Anti-slide Piles

According to the calculation results of the point safety factor, considering the stability
of different positions of the slope, it is proposed to carry out the calculation and
analysis of the pile in three positions. The three pile positions are located at the
road shoulder (location®), the first-level platform (location®) and the second-level
platform (location®), as shown in Fig. 4. In order to constrain the displacement of
the pile head, a row of anchor cables is arranged at the pile head, and the form of a
pile and an anchor support structure is adopted. The diameter of the anti-slip pile is
1.5 m x 2.0 m, the anchor cable tonnage is 500 kN, the angle between the anchor
cable and the horizontal surface is 20°, and the anchorage length in rock is 8 m. The
pile length is determined according to the different thickness of the slider at each pile
position, and is determined according to the method that the length of the anchoring
section and the free section is the same. In addition, in order to ensure the safety of
the project, the anti-slip ability of the slider before the pile is not considered in the
calculation, that is, the anti-slip pile is considered as cantilever pile.

3.5 Analysis of Reinforcement Effect of Different Pile
Positions

The reinforcement effect evaluation method of anti-slip pile is as follows: (1) Estab-
lish a calculation model according to Figs. 5, 6 and 7, assign the corresponding model
parameters, and calculate to the initial balance of the model. (2) The displacement of
the model is cleared to zero, and the shear strength parameter is reduced according to
formula (3). At the same time, a uniform load of 30 kPa is applied to the road surface
to simulate the long-term traffic load. Recalculate formula (3) to balance, analyze
the displacement field of the fill slope, and judge the quality of the pile position.

Ce = %
3
{ @. = arctan(tan ¢/ k) 3)

In formula: C.,—cohesion of the reduced belt material.
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p.—internal friction angle of the reduced belt material. The reduction coefficient
k is taken as 1.3.

It can be seen from the calculation results shown in Figs. 5, 6 and 7 that due
to the reinforcement of the anti-slide piles, the stability of the embankment slope
can be guaranteed, and the overall instability and damage will not occur. However,
there will be a certain degree of deformation of the subgrade, which is reflected in
the vertical settlement and the horizontal displacement along the direction of the
free surface, which is comprehensively reflected as the combined displacement of
the filled subgrade. Therefore, in this paper, the combined displacement of the filled
roadbed is used as the evaluation index of the reinforcement effect of the anti-slide
pile. The calculation results are shown in Table 2.

It can be seen that different pile positions have obvious effects on the reinforcement
effect of the landslide.

(1) Set anti-slide piles at the road shoulder, the cantilever section is long, about
20 m, and the maximum combined displacement is 10.2 mm; when the anti-
sliding piles are set on the first-level slope, the maximum combined displace-
ment is 8.2 mm; when the second-level slopes are set with anti-sliding piles, the
cantilever section is shorter, but the maximum combined displacement reaches
15.2 mm.

(2) The anti-sliding pile is set at the shoulder of the road (location®). Although the
pile is located in the anti-sliding section of the sliding surface, the proportion
of the anti-sliding section is only 1/3 of the sliding surface behind the pile, and
most of the sliding surface points have a safety factor, less than 1.30. After the

Table 2 Comparison of supporting effect

Pile position | Cantilever pile Anchor cable Maximum Sliding point safety
length (m) length (m) combined factor characteristics
displacement of
roadbed (mm)

@ Shoulder | 19.4 45 10.2 Located in the
anti-slip section, the
anti-slip section
accounts for about
1/3 of the rear sliding
surface of the pile

@ Level 1 15.2 33 8.2 Located in the
platform anti-slip section, the
anti-slip section
accounts for about

3/5
® Level 2 6.5 25 15.2 Located in the
platform leading edge traction

section, the anti-slip
section accounts for
about 1/2
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shear strength parameter of the sliding belt is reduced, the landslide is further
unstable, which increases the landslide thrust of the anti-slide pile. In addition,
the cantilever section of the anti-sliding pile is long and the lateral displacement
is large, so the combined displacement of the sliding body behind the pile is
obvious.

(3) The anti-sliding pile is set at the first-level platform (location®), the pile is
located in the anti-sliding section of the sliding surface, the proportion of the
anti-sliding section is 3/5 of the sliding surface behind the pile, and the shear
strength parameter of the sliding surface is folded. After the reduction, the point
safety factor of the anti-slip section is still greater than 1.0, and it still has anti-
slip capability. The anti-sliding ability of the anti-sliding pile and the anti-sliding
section of the sliding surface is fully exerted, so the displacement of the slope
body is relatively small.

(4) The anti-sliding pile is set at the secondary platform (location®), although the
pile length is very short (6.5 m), the potential instability section of the sliding
surface is long. After the shear strength parameters of the sliding surface are
reduced, the main sliding section of the trailing edge and the traction section
of the leading edge will be unstable at the same time. Reinforcement effect of
anti-slide piles.

(5) In general, the reinforcement effect of anti-sliding piles at different positions
depends on two aspects, one is the length of the pile, and the other is the propor-
tion of the anti-sliding section behind the pile. The longer the pile length is,
the more obvious the deformation of the sliding body behind the pile is. The
larger the proportion of the anti-slip section, the more the anti-slip ability of the
sliding belt can be fully exerted, and the better the reinforcement effect is. The
proportion of the anti-sliding section of the sliding surface behind the pile is
more important. In actual engineering, this can be the main basis to determine
the pile location.

4 Conclusion

By applying the calculation method of the point safety factor of landslides and side
slopes, the distribution of the point safety factor of the sliding surface in the landslide
can be obtained, and the anti-sliding section of the landslide can be determined
accordingly. The proportions of the anti-sliding sections of the three pile positions
are 1/3, 3/5 and 1/2, respectively, and the maximum displacement of the sliding body
after the shear strength parameters of the sliding surface are reduced are 10.2 mm,
8.2 mm and 15.2 mm, respectively.

The proportion of the anti-sliding section of the sliding surface behind the pile
is an important factor affecting the reinforcement effect of the anti-sliding pile. In
actual engineering, the selection of anti-sliding pile positions should be based on a
combination of various engineering factors, make full use of the anti-sliding effect
of the anti-sliding section of the sliding surface as much as possible, and increase
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the proportion of the anti-sliding section of the sliding surface behind the pile. The
method in this paper provides a quantifiable standard for the selection of anti-slide
pile positions and enriches the design theory of landslide support structures.
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Abstract In order to improve the comprehensive performance of pervious concrete,
nano-silicon and polypropylene fiber were added to pervious concrete to study the
change of performance of pervious concrete. Firstly, the effect of single doped nano-
silicon on the properties of cement slurry and pervious concrete was studied, and the
optimal water-binder ratio and nano-silicon content were determined. Based on this,
mixed polypropylene fiber with different proportions of length of 18 mm to determine
the reasonable amount of polypropylene fiber. The results showed that the compres-
sive strength of pervious concrete was the highest when the nano-silicon content
was 0.5% and the water-binder ratio was 0.32. Based on this ratio, the maximum
compressive strength can be obtained by adding 1.0 kg/m? polypropylene fiber, and
the compressive strength of 7d and 28d increased by 29.9% and 42.2%, respec-
tively. Adding 1.5 kg/m? polypropylene fiber was the most beneficial to improve the
freezing resistance of pervious concrete. For example, after 300 freeze—thaw cycles,
the compressive strength residual rate was 62%. That’s much higher than the 40
percent that was found when nano silicon was mixed alone.
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1 Introduction

Pervious concrete is a kind of multi-air mixed material, which is widely used in
sponge city construction because of its advantages such as permeability, air perme-
ability and noise absorption. Due to its many connected voids, its strength is low,
which limits its application in the field of practical engineering. Therefore, many
scholars began to add admixture materials such as fibers and nanomaterials [1, 2] into
pervious concrete to achieve the purpose of improving the performance of pervious
concrete.

Nano-silicon is an inorganic material with small particle size and has strong
pozzolanic activity, nucleation and micro-aggregate filling effect, which is conducive
to improving macro mechanical properties and durability of pervious concrete [3, 4].
For example, Tarangini [5] added nano-silicon with 3% cement mass to pervious
concrete to study the durability of pervious concrete. The results showed that
compared with ordinary pervious concrete, the freeze—thaw resistance of pervious
concrete modified by nano-silicon had been effectively improved, and the dura-
bility coefficient was up to more than 70%. Fiber can improve the performance
of pervious concrete to a certain extent [6—9]. Under the action of external forces,
fibers will be in different stress states such as stretching, pulling out and breaking,
thus consuming part of the energy transferred under the action of external forces,
restraining the expansion of cracks, and making concrete structures have certain
flexibility. For example, Banthia [10] studied the relationship between shrinkage
cracks and polypropylene fiber size, and the study showed that the incorporation of
fine fibers was more effective in suppressing cracks than that of coarse fibers, while
the incorporation of long fibers was more effective in suppressing cracks than that
of short fibers. In order to comprehensively utilize admixture materials to improve
the performance of pervious concrete, many scholars began to study the influence
of admixture materials on the performance of pervious concrete. Ali [11] added
volcanic ash and fiber into the permeable concrete structure, and the results showed
that the mechanical properties of the concrete structure were effectively improved
and basically met the requirements of practical application without changing the
permeability.

To sum up, when different admixtures are added to the pervious concrete structure,
the comprehensive performance of pervious concrete will be significantly improved
if the advantages of each additive material can be brought into play. Therefore, nano
silicon and polypropylene fiber were added to pervious concrete in this paper to
explore the effect of composite additive on the performance of pervious concrete.
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2 Test Raw Materials and Forming Methods

(1) Test raw materials

The cement used for the permeable concrete was ordinary Portland cement P42.5R,
the water was local tap water, the water reducing agent was high efficiency poly-
carboxylate concrete water reducing agent, the aggregate was basalt aggregate, the
gradation is 4.75~9.5 mm (80%): 9.5~13.2 mm, (20%). The nano silicon is Degussa
A380 vapor phase nano silica, and the fiber is 18 mm polypropylene fiber.

(2) Test block forming method

The test block of pervious concrete was compacted by Marshall automatic compactor.
The weight of the instrument drop hammer was 10.21 kg. According to practical
experience, the striking times were set to 100 times.

3 Effect of Single Doped Nano Silicon on Cement Slurry
and Pervious Concrete

3.1 Effect of Nano-Silicon on Water Consumption
of Standard Consistency of Cement Paste

Take the cement weight of 500 g for the test, added nano silicon at the same time,
reduced the same weight of cement. The concrete cement paste test mix was divided
into eight groups, as shown in Table 1.

It can be seen that with the increase of nano-silicon content, the water consumption
of the standard consistency of the cement paste increases significantly. When the
nano-silicon content was 3%, the water consumption of the cement paste was 192 mL,
47.7% higher than the water consumption of the cement paste without the nano-
silicon content. Therefore, from the perspective of cement slurry to reach the standard
consistency, there should be different water-binder ratio under different nano-silicon
content.

Table 1 Experimental results

Serial number | Cement/g | Nano silicon/% | Water consumption/g | Water-binder ratio
1 500 0 129.6 0.26
2 497.5 0.5 141.6 0.28
3 495 1 154.6 0.31
4 492.5 1.5 167.5 0.34
5 485 3 191.5 0.38
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3.2 Effect of Nano-Silicon on the Performance of Pervious
Concrete

From the perspective of cement slurry to reach the standard consistency, there should
be different water-binder ratio under different nano-silicon content. The strength
and porosity of pervious concrete with different nano-silicon contents (0%, 0.5%,
1%, 1.5%, 3%) were tested under the condition that the cement slurry reached the
standard consistency. Considering that the aggregate has certain absorbability, after
the preliminary test, the water-binder ratio under different nano-silicon content was
slightly larger than the value in Table 1 and the specific water-binder ratio was (0.28,
0.30, 0.32, 0.36, 0.4). The influence of water-binder ratio on compressive strength
and voidage is shown in Figs. 1 and 2.

That the compressive strength of both 7d and 28d increased firstly and then
decreased with the increasing of nano-silicon content. The compressive strength
of 0.5% nano-silicon concrete at 7d and 28d was the highest, which increased by
12.66% and 7.14% compared with that of ordinary concrete, respectively. As can be
seen from Fig. 3, the variation law of nano-silicon pervious concrete was higher than
that with ordinary concrete. For example, the maximum total voidage occurred when
the nano-silicon content was 1.5%, which increased by 24%. The maximum effective
void fraction occurred when the nano-silicon content was 0.5%, which increased by
25.8%. Analysis the reasons: when the content of nano-silicon is appropriate, the
surface effect plays a dominant role, which promotes the hydration reaction and
improves the distribution state of cement slurry in the vertical direction of pervious
concrete. With the increase of the content, the flocculation effect plays a domi-
nant role, and the hydration reaction begins to be hindered. In conclusion, from the
perspective of strength and voidage, nano-silicon content of 0.5% is optimal.
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Based on the nano-silicon content of 0.5%, the influences of different water-binder
ratios (0.28, 0.30, 0.32, 0.34) on the compressive strength and porosity of concrete
were studied. The results were shown in Figs. 3 and 4.

It can be seen that the 7d compressive strength first increases and then decreases
with the increase of water-binder ratio from the test results. When the water-binder
ratio is 0.28, the strength was 16.6 MPa the lowest, which was the lowest. This is
because the water-binder ratio is too small, resulting in insufficient water required for
hydration reaction and low adhesion between aggregate particles. With the increasing
of water-binder ratio, the overall compressive strength of pervious concrete gradually
increased. When the water-binder ratio was 0.32, it reached the extreme value of
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18.7 MPa, which increased by 12.7% compared with the compressive strength of
concrete with the water-binder ratio of 0.28. When the water-cement ratio exceeded
0.0.32, the overall compressive strength of concrete began to decrease gradually due
to excessive moisture, which was not conducive to the uniform coating of aggregate
by slurry. At this time, the total void fraction and effective void fraction of pervious
concrete had an obvious downward trend with the increasing of water-cement ratio.
In conclusion, from the perspective of improving the comprehensive performance
of nano-silicon pervious cement concrete, the best water-binder ratio is 0.3~0.32.

4 Pervious Concrete Modified by Nano-Silicon +
Polypropylene Fiber Composite

In this section, polypropylene fiber with length of 18 mm was mixed on the basis
of 0.5% nano-silicon content concrete, to explore the effect of nano-silicon + fiber
composite modification on the performance of concrete. The fiber content ranges
from 0 to 2 kg/m?. Considering that the amount of water used by adding fiber increases
further, the water-cement ratio of 0.32 was adopted for the experimental study.

4.1 Physical and Mechanical Properties

The variation law of compressive strength and voidage of nano-silicon pervious
concrete with polypropylene fiber is shown in Fig. 5 and 6. The voidage first decreases
and then increases with the increase of fiber content, while the compressive strength
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is on the contrary. For example, when the dosage was 1.0 kg/m3, the decrease of total
void fraction and effective void fraction was 2% and 1.8%, which was the lowest
respectively, and the compressive strength was the highest, which was increased by
29.9% and 42.2% respectively. When the content exceeds 1.0 kg/m?, the void fraction
began to increase and the compressive strength began to decrease. This is because the
appropriate fiber content and cement slurry formed a fiber network, and the surface
effect of nano silicon can enhance the strength of the network structure and reduce
the porosity. However, with the addition of too many polypropylene fibers, the fiber
is too dense and easy to cluster, thus weakening the compressive strength, and the
porosity began to rise.
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4.2 Frost Resistance

It can be seen from the results of Figs. 7 and 8 that the incorporation of polypropylene
fiber greatly improves the frost resistance of pervious concrete. After 75 freeze—
thaw cycles, the compressive strength of pervious concrete in each group decreased
less. For example, the compressive strength of nano-silicon pervious concrete mixed
with 1.0 kg/m? polypropylene fiber decreased by 0.6 MPa, only 2%. After 150
freeze—thaw cycles, the decline in compressive strength began to accelerate. After
225 freeze—thaw cycles, the compressive strength of nano-silicon pervious concrete
mixed with 1.5 kg/m? polypropylene fiber was larger than that of the nano-silicon
pervious concrete mixed with 1.0 kg/m? polypropylene fiber pervious concrete, and
the compressive residual rate was 84% and 75%, respectively. After 300 freeze—
thaw cycles, the residual rate of compressive strength of pervious concrete doped
with nano-silicon stabilized at about 40%. The nano-silica permeable concrete mixed
with 1.5 kg/m® polypropylene fiber had the highest compressive strength and the
compressive residual rate was 62%.

5 Conclusion

(1) Nano-silicon content directly affects the water consumption of cement slurry at
standard consistency, and different nano-silicon content corresponds to different
water-binder ratio.

(2) By comparing the compressive strength and porosity of pervious concrete, the
optimal content of nano-silicon is determined to be 0.5%. On this basis, the
influence of water-binder ratio was further analyzed, and the optimal water-
binder ratio range was determined to be 0.30-32.
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(3) When the nano-silicon content is 0.5% and a certain amount of 18 mm
polypropylene fiber is mixed, the porosity of pervious concrete changes little,
and the compressive strength is significantly improved, especially the late
compressive strength, compared with the nano-silicon concrete only mixed
0.5%, the strength is increased by 42.2%.

(4) After mixing 18 mm polypropylene fiber on the basis of 0.5% nano-silicon
content, the freezing resistance of concrete can be effectively improved. The
compressive residual rate of the composite fiber concrete is stable at about
50~60%, which is higher than the single nano-silicon concrete compressive
residual rate of 45%.
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Experimental Study on Mechanical )
Properties of Seawater Sea-Sand oo
Recycled Concrete Under Sulfate Attack

Xiangsheng Tian, Yijie Huang, Jingxue Zhang, and Li Dong

Abstract The preparation of seawater sea-sand recycled concrete (SSRAC) by
combining seawater, sea-sand and recycled coarse aggregate is of great significance
for the utilization of marine resources and environmental protection in China. The
sulfate corrosion test in this paper uses dry wet cycle to simulate the alternating dry
wet environment, and compares the ordinary concrete (OC) and freshwater river sand
recycled concrete (RAC) to study the mechanical property deterioration character-
istics of SSRAC in dry—wet cycle (30d, 60d, 90d, 120d). The results show that with
the increase of the dry—wet cycle, the apparent damage of SSRAC gradually extends
from the diagonal to the periphery, and finally the cracks spread all over the whole.
The mass, strength and strength corrosion resistance coefficient of SSRAC show the
same law as OC and RAC, which increase first and then decrease. The resistance
of SSRAC to sulfate attack is lower than OC and slightly higher than RAC, and the
strength corrosion resistance coefficient is lower than 75% at 120 times of dry—wet
cycle.

Keywords Seawater sea-sand recycled concrete * Sulfate attack - Wet-dry cycles

1 Introduction

With the rapid development of the construction industry, a large amount of construc-
tion waste occupies land resources and causes environmental pollution. As a new
type of green concrete, SSRAC has good working and mechanical properties [1-3].
In addition, seawater and sea-sand in Marine resources is used to replace traditional
freshwater and river sand, which is conducive to alleviating the problem of increas-
ingly exhausted sand resources. Recycled coarse aggregate obtained from broken
waste concrete is used to replace gravel, which is a good solution to the subsequent
treatment of waste concrete.
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On the other hand, the soil and groundwater in the eastern coastal areas of China
contain high concentrations of sulfate, and the service life of the project is reduced
due to the superposition of external environment such as long-term sulfate attack
and dry—wet cycle. However, so far, the research on SSRAC by domestic and foreign
scholars is not perfect, and the research on its durability is also rare. Therefore, it is
of great engineering significance to study the deterioration mechanism and rule of
seawater sand reclaimed concrete under sulfate attack environment to improve the
durability of Marine reclaimed concrete structure and prolong its service life.

2 Experiment Materials and Methods

2.1 Materials and Mix Ratio

Three different types of concrete (OC, RAC, SSRAC) are used in the test. The cement
is P-O 42.5 ordinary Portland cement. River sand and sea-sand are selected as the
fine aggregate. The coarse aggregate includes gravel and recycled coarse aggregate
(RCA). The physical properties of coarse aggregate and fine aggregate are shown in
Tables 1 and 2 respectively. The purity of anhydrous sodium sulfate shall be Grade
II analytical pure (AR). The reference water cement ratio of each concrete is 0.57,
the strength grade is C30, and the mix of concrete materials is shown in Table 3. The
water absorption of RCA is much higher than gravel, so an appropriate amount of
additional water should be added when placing RAC and SSRAC.

Table 1 Physical properties of coarse aggregates

Material | Size (mm) |Bulk Apparent Water Crushing
density (kg-m~3) | density (kgzm~> | absorption (%) |index (%)

Gravel 5.0~25 1572 2585 0.8 8.52

RCA 5.0~25 1415 2495 6.8 11.73

Table 2 Physical properties of fine aggregates

Material Size (mm) | Apparent Clay Cl- Shell
density (kg-m_3) content (%) | content (%) content (%)
Sea-sand 0.15~4.75 2560 0.82 0.096 1.08

River sand | 0.15~4.75 2610 2.91 - -
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Table 3 Concrete mixture ratio

Specimen | Material usage (kg-m~>)
Freshwater | Seawater | Cement |River |Sea-sand | Gravel | RCA | Additional
sand water
oC 188 - 32982 | 727 |- 1137 |- 0
RAC 188 329.82 | 727 |- - 1137 | 22.74
SSRAC - 188 329.82 |- 727 - 1137 |22.74

2.2 Test Piece Production and Methods

Dry—wet cycle was used to simulate dry wet alternate environment in sulfate attack
test. The performance of SSRAC in sulfate attack (30d, 60d, 90d, 120d) under dry—
wet cycle conditions was studied by comparing OC and RAC. According to the
Standard for Test Methods of Long term and Durability of Ordinary Concrete (GB/T
50082-2009) and considering the sulfate content in coastal areas of China. Determine
to use 5% Na,SOy solution, and the dry—wet cycle system is determined, as shown
in Fig. 1.

The size of test piece is 100 mm x 100 mm x 100 mm test piece. Weigh the
mass of the test piece every 10 dry—wet cycles, test the compressive strength (f,)
and splitting tensile strength (fs) of the test piece every 30 dry—wet cycles, And the
mechanical property test shall be carried out on the specimens with standard curing
at the same age. Specific test data are shown in Tables 4 and 5.

Immerse the
test piece in 5% Drain and air
sodium sulfate dry for 1h
solutionlfor 15h

One dry-wet cycle is
1d

Put it in the
drying oven
and bake it at
80 °C for 6h

Cooling for 2h

Fig. 1 The dry—wet cycle system
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Table 4 Cube compressive strength (f,) at different erosion ages
Specimen | fc, (MPa)

0d 30d 60d 90d 120d

w \ SS \ SS w SS w SS
oC 4041 |43.08 |43.20 |4495 |4595 |46.18 |41.80 [47.41 |30.39
RAC 33.63 |34.83 |35.26 |[35.62 |[36.25 |3631 2881 |36.80 |14.85
SSRAC 35.04 |35.78 |36.79 |[36.53 |[37.77 |36.88 |30.78 |37.23 |16.22

Table 5 Splitting tensile strength (fs) at different erosion ages
Specimen fis (MPa)

0d 30d 60d 90d 120d

w \ SS w SS Y SS W SS
oC 3.48 3.67 3.81 3.75 4.11 3.96 3.01 4.14 2.46
RAC 2.82 3.10 2.97 3.24 3.10 333 2.07 3.34 1.29
SSRAC 2.97 3.12 3.19 3.27 3.40 3.38 2.46 3.41 1.45

Notes 0d means that the test blocks have been standard cured for 28 days but have not yet eroded.
W stands for standard curing. SS stands for sulfate attack. Definition SSRAC-SS-60 represents 60
dry—wet cycles of seawater sea-sand recycled concrete under sulfate attack

3 Test Results and Analysis

3.1 Apparent Damage to Concrete

The apparent damage characteristics of concrete are shown in Fig. 2. The surface
of the concrete specimen is complete and the edges and corners are clear when the
dry-wet cycle is not carried out after 28 days of standard curing; After 30 dry—wet
cycles, many small holes appear on the surface of the concrete specimen. When
60 dry—wet cycles are performed, some of the cement slurry on the surface of the
specimen appeared spalling, and microcracks appeared at the edges and corners and
gradually sanding. When the cycles were 90 times, the OC edges and corners were
sanding and spalling, the surface cement slurry spalling, and the edges and corners of
RAC and SSRAC were spalling. The cracks at the corners continue to extend along
the corners and become more obvious. When 120 cycles are performed, OC corners
are peeled off, Slender cracks appear along the corners, RAC and SSRAC cracks are
all over the whole.
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oc RAC SSRAC oc RAC  SSRAC oc RAC  SSRAC
(a) Noteroded (b) 30 dry-wet cycles (c) 60 dry-wet cycles

oc RAC  SSRAC oc RAC  SSRAC
(d) 90 dry-wet cycles (e) 120 dry-wet cycles

Fig. 2 Apparent changes

3.2 Mass

To a certain extent, the mass change can reflect the development law of performance
deterioration of sulfate erosion concrete, and the change rule of specimen mass with
the number of cycles is shown in Fig. 3. The mass change law of OC, RAC and
SSRAC is similar, and it is mainly divided into two stages. In the first stage, the
mass of concrete rises. Among them, the mass of OC, RAC and SSRAC reached a
maximum value at 60 dry—wet cycles. This is due to the reaction of sulfate ions with
cement hydration products to form expansive substances in the early stage of erosion,
which improves the compactness of the concrete, and leads to the continuous growth
of concrete mass. In the second stage, the mass of the concrete specimen deteriorates.
This is due to the gradual decomposition and dissolution of hydration products such as
calcium hydroxide and calcium silicate in concrete specimens, which causes surface
ablation, and at the same time, as the ettringite expansion specimen appears cracks,
with the increase of the number of dry—wet cycles, the cracks at the corners of the
concrete continue to develop and appear peeling.

7.4
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3.3 Strength

The change rule of cube compressive strength (f,) of different types of concrete
with the number of cycles are shown in Fig. 4. With the increase of the number
of dry—wet cycles, the compressive strength of OC, RAC and SSRAC showed a
change law of first increasing and then decreasing, and all reached the maximum at
60 dry-wet cycles. Among them, OC-SS-60 increased by 13.28% compared with
OC-W-0, RAC-SS-60 increased by 7.65% compared with RAC-W-0, and SSRAC-
SS-60 increased by 7.68% compared with SSRAC-W-0 for the cubic compressive
strength. This is due to the fact that sulfate ions react with cement hydration products
to form expansive substances in the early stage of erosion, which fills the pores inside
the concrete, resulting in the continuous growth of concrete strength [4]. With the
increase of the number of dry—wet cycles, the erosion products ettringite and gypsum
continue to generate, the pores of the concrete are filled, and its interior continues to
expand, accelerating the formation and development of microcracks, resulting in a
decrease in the strength of concrete.

The change rule of splitting tensile strength (f ) of different types of concrete with
the number of cycles is shown in Fig. 5. Similar to the change law of compressive
strength, the f; of OC, RAC and SSRAC first increased and then decreased with
the number of dry—wet cycles, and all reached a peak at 60 times, among which
OC-SS-60 increased by 17.09% compared with OC-W-0, RAC-SS-60 increased by
9.66% compared with RAC-W-0, and SSRAC-SS-60 increased by 14.05% compared
with SSRAC-W-0. In the early stage of erosion, the erosion products improve the
compactness of the concrete, which in turn improves the tensile strength of the
splitting. The expansion stress generated by the erosion products in the later stage
of erosion makes the concrete lose its tensile capacity due to the compression of
the invaded layer, so that the surface of the layer not subject to sulfate erosion
will generate tension, which is superimposed with the tension generated under the
splitting load, resulting in a significant decrease in the tensile strength of concrete
splitting in the later stage of erosion [5].

Fig. 4 The change rule of = OoC
feu s0t —8- RAC
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Fig. 5 The change rule of fs 0 -& OC
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3.4 Strength Corrosion Resistance Coefficient

In order to analyze and evaluate the deterioration of concrete mechanical properties
caused by sulfate attack, according to formula (1), defines the cube compressive
strength corrosion resistance coefficient (K.) and split tensile strength corrosion
resistance coefficient (K).

_f
I

where, K represents the strength corrosion resistance coefficient; f( represents the
strength of concrete at the same age without sulfate attack (MPa); f), is the concrete
strength after n times of sulfate attack dry—wet cycles (MPa).

As can be seen from Fig. 6, the strength of OC, RAC and SSRAC is lower than
that of not attacked concrete after 90 times of dry—wet cycles, and the corrosion
resistance coefficient is lower than 75% at 120 cycles. It can be seen that after 120
dry—wet cycles of erosion, the K. and K; of OC are higher than those of SSRAC and
RAC, and the K. and K; of SSRAC are slightly higher than RAC. This is because
there are chloride ions in seawater sea-sand, and the transport rate of chloride ions is
greater than that of sulfate ions, resulting in chloride ions entering the concrete first,
which can react with the AFm to form Friedel salt [6-8], and due to the reduction
of the AFm, the formation of ettringite is reduced, thereby alleviating the degree of
damage of sulfate to SSRAC.

K D

4 Conclusion

(1) With the increase of the number of dry—wet cycles, the apparent damage grad-
ually expanded from the diagonal to the periphery. The apparent damage of OC
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Fig. 6 The change rule of strength corrosion resistance coefficient with the number of cycles
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was significantly lower than that of RAC and SSRAC, and the apparent damage
of SSRAC was slightly lower than that of RAC.

The mass, compressive and tensile strength of the three types of concrete
increased first and then decreased rapidly with the number of dry—wet cycles.
Among them, the compressive strength and splitting tensile strength of SSRAC
increased by 7.8% and 14.5%, respectively, and then decreased by 57.1% and
57.4%, respectively.

Under the same number of dry—wet cycles, the mass, compressive strength and
splitting tensile strength of SSRAC were higher than those of RAC and lower
than those of OC. Among them, the strength of OC, RAC and SSRAC at 90 dry—
wet cycles is lower than that of uneroded concrete, and the corrosion resistance
coefficient of each strength is lower than 75% at 120 times of dry—wet cycle.
Under the action of dry—wet cycle and sulfate attack, OC has higher sulfate
attack resistance than SSRAC and RAC. Due to the influence of chloride ions
in seawater and sea-sand, the sulfate corrosion resistance of SSRAC is slightly
better than that of RAC.
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Experimental Investigation )
of Effectiveness of FRP Composite L
Repair System on Offshore Pipelines

Subjected to Pitting Corrosion Under

Axial Compressive Load

Chang Jia Wei, Ong Zhen Liang, and Ehsan Nikbakht Jarghouyeh

Abstract The application of FRP composite is quite well demonstrated in strength-
ening on RC structures but on strengthening of steel structures is still being investi-
gated by many researchers. The aggressive marine environment can cause corrosion
to the offshore pipelines which would affect the structural performance such as pitting
corrosion which could be considered as the most destructive corrosion was simulated
in this research. This study had attempted to carry out experimental investigation of
effectiveness of FRP composite repair system on offshore pipelines subjected to
pitting corrosion under axial compressive load. 3 groups of specimens have been
categorized such as intact, corroded and repaired. Results such as compressive peak
load, failure modes and load—displacement behavior were concerned in this study.
The pitting corrosion has been investigated and proved that it has significant effect
on the ultimate strength of pipelines. Number of CFRP layer such as 3 layers has
been investigated which the results showed the FRP composite repair system capable
of strengthening of corroded offshore pipelines. However, more detailed studies are
required to be conducted in the future such as consideration of internal pressure in
order to expand the understanding of this composite repair system.

Keywords FRP composite + Strengthening - Offshore pipelines - Pitting
corrosion + Axial compressive - Structural behavior

1 Introduction

1.1 General

Inrecent decades, the development and application of fiber reinforced polymer (FRP)
composite has been accelerated and widely used due to its advantages such as light
weight, high tensile strength, and good durability. Fiber reinforced polymer (FRP)
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is a composite material that made of a polymer matrix reinforced with fiber for
added strength. The fibers are usually glass, carbon, aramid, or basalt and each
of the materials has its own applicability. For example, Carbon-Fiber Reinforced
Polymer is applied on the strengthening of steel structures due to higher elastic
modulus and tensile strength [1]. On the other hand, Glass-Fiber Reinforced Polymer
is usually applied on strengthening of Reinforced Concrete (RC) structures due to
higher ductility and lower cost [2].

The effectiveness of these composite on repairing of steel structure members such
asrisers and pipelines has been proven by several researcher. However, there is several
problems regarding the behavior and performance of this composite repair systems
are required further investigation to avoid any incomprehensible on the capability
of this repair system. Furthermore, buckling problem might be happened on the
corroded risers or pipelines under axial compressive load which induced from the
internal and external pressure [3, 4]. Therefore, restoration of the ultimate strength
of the members under axial compressive loads by utilizing FRPs repair system is
critical to ensure the superior performance. There are various parameters such as
geometry of corrosion and number of layers for this study have been adopted to
assess the repair system in term of ultimate strength under axial compressive load.

From the previous research, there are several various parameters have been inves-
tigated. For example, the FRPs bonding length, level and type of defection, type
of FRPs, type of loads and number of FRPs layers. A gap in knowledge has been
identified based on the previous studies which is the number of FRPs layers required
to restore the ultimate strength of offshore pipeline subjected to pitting corrosion
which this type of corrosion is one of the most destructive corrosion which would be
affecting on the effectiveness of this repair system. Therefore, further investigation
is required to study the effectiveness of FRP composite repair system on offshore
pipelines subjected to pitting corrosion under axial compressive load in order to
understand more on the capability of this repair system.

The effectiveness of FRP composite repair system on corroded steel members
is the main aim of this study to be investigated. The effect of pitting corrosion on
the API 5L Grade B steel pipe under axial compressive load is investigated and the
failure modes of the steel pipes by carrying out a series of axial compression tests are
explored. A quantitative assessment of the structural behavior of the FRP repaired
steel pipes is carried out through axial compression tests.

2 Previous Experimental Studies

2.1 Effect of Pitting Corrosion on the Buckling Strength
of Thick-Wall Cylinder Under Axial Compression

Pitting corrosion is one of the most destructive corrosion due to the difficulty to
be detected and predicted [5]. The effect of uniformly and randomly distributed
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pitting defects on the buckling strength of thick-wall cylindrical structures under
axial compression have been investigated by using experiment and numerical method.
The collapse pressure, F., has been determined and the results within + 3.0% error
are acceptable. The collapse pressure was decreased in a range of 1.13-17.5%. The
collapse of a cylinder is governed by a critical feature such as the location of pits;
as the pits approach closer to the cylinder’s center, the collapse pressure lowers
[6]. Besides, pitting diameter also affects significantly on the collapse pressure. The
buckling mode is closely related to the pitting defects in a randomly distributed
corroded model. In the case of a few pits, the collapse mode and pressure are not
significantly affected. As the number of pits increases, the collapse pressure falls
precipitously, and the cylinder collapses in the corroded region. A cylinder with
perforated pits collapses in a very different way than one with unperforated pits, and
out of plane bending pressure is mostly responsible for this.

2.2 Effect of Pitting Corrosion on the Buckling Strength
of Thick-Wall Cylinder Under Axial Compression

As the application of FRPs repair system focuses on integration into offshore risers,
the axial load which is exerted on steel pipe due to internal and external pressure
needs to be concerned in order to prevent buckling issue. According to ASME repair
system, the repair laminate’s design thickness must extend beyond the component’s
damaged region by Lgyer [S].

Lover = 2.5/ D1/2 (1)

where Loy is the overlapping length, D is the outside diameter of the pipe (mm), t
is the nominal wall thickness (mm) and L., shall be at least 0.05 m. Furthermore,
the total axial length of the repair, L, can be calculated as shown in Eq. (2).

L= 2Lover + Ldefect + 2Ltapper (2)

where Lyefec; is the defect length, Liaper is both end taper length.

2.3 Relationship Between Axial Load and Number of FRP
Layers

The relationship of axial and number of FRP layers have been investigated. The axial
strength for retrofitted specimens has been improved ranges from 26 to 84% [7]. The
retrofitted specimens showed greater strength than the control specimens, as well
as a greater early slope. This indicates that the CFRP layers have improved their
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structural behavior. Furthermore, it had proved that the number of CFRP layers has
a direct relationship with the increase in axial load.

3 Methodology

In this research, few parameters such as geometry of corrosion and number of CFRP
layers are studied in order to find out the effect of pitting corrosion on offshore steel
pipelines and the effectiveness of FRP composite repair system. The methodology
of the research is explained as follow.

3.1 Specimens

API 5L grade B steel pipe with nominal yield strength of 240 MPa and tensile
strength of 415 MPa according to ASTM-al06 Standard was used in this study
(Outer Diameter, OD = 42.2 mm and Thickness, t = 3.56 mm). All the specimens
had a length of 900 mm with a slenderness ratio of 65.6. Pitting corrosion was
simulated by milling out $20mm with at least 2.5 mm thickness at the middle part of
the pipe. Pitting corrosion was selected as the corrosion type for this study because it
is one of the most destructive corrosion due to the difficulty to be detected, predicted,
and designed against. Total number of 6 pits for each corroded sample which had
considered perforated and un-perforated pits and the schematic geometry of the
samples with pitting corrosion were showed in Fig. 1.

A total number of 4 specimens were tested in this study. Specimens were prepared
and categorized into 3 groups such as intact, corroded and repaired. Intact specimens
are bare steel pipe without any corrosion and would be as control specimen in this
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Table 1 Summary of the specimens’ details

Serial No. Label Specimen groups Number of CFRP Geometry of pits
layers (nos)
11 Intact - -
2 Cl1 Corroded - 1 row unperforated
Cc2 Corroded 1 row with 1-sided
perforated
4 RIL3 Repaired 3 1 row with 1-sided
perforated

study. The specimens which the pitting corrosion had been simulated at the middle
part of the pipe can be categorized as corroded specimens. Last but not least, the
corroded specimens which had been repaired by using FRP composite sheet were
categorized as repaired specimens. The minimum bonding length was calculated
as 175 mm by using Eqgs. (1) and (2). The summary of the specimens’ details has
shown in Table 1 where I = Intact specimen, C = Corroded Specimen, R = Repaired
Specimen and L = number of CFRP layers.

3.2 Repair Process

Steel surface preparation was the first and most important step in the repair proce-
dure. Chemical and mechanical adhesion form a bond between the FRP layer and
the steel surface. Chemical adhesion was derived from the epoxy system used to
wrap the fibers, while mechanical adhesion was ensured by surface preparation. This
had been done by using sandpaper and then later cleaned with acetone. The FRP
layers were wrapped in the second stage. A resin-impregnated glass fiber reinforced
polymer (GFRP) was wrapped around the prepared steel surface in order to prevent
the galvanic corrosion occur between carbon fiber and steel surface. Then the carbon
fiber reinforced polymer (CFRP) was wrapped afterwards as shown in Fig. 2. Stric-
ture bands were placed on the specimens during the curing process and removed after
the soft curing period. For the curing procedure to complete, the repaired specimens
are kept idle for a day.

Fig. 2 Details of wrapping
of FPR layers 2 layers of CFRP

1 layer of GFRP- Steel Pipe

Strain Gauges Corroded Surface
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Fig. 3 Testing setup

3.3 Testing Setup

The testing setup was displayed in Fig. 3. Steel jigs had been fabricated to hold
the specimens in order to prevent any accident happen during testing such as the
specimens slide while they are being tested. The Amsler loading machine (500 kN)
used as the testing apparatus for the study. The specimen is then inserted into the
testing apparatus, where the axial force is first introduced, then raised gradually until
the specimens fail altogether.

4 Results and Discussion

A series of axial compressive testing had been carried out in order to investigate
the effectiveness of FRP composite repair system on offshore pipelines subjected to
pitting corrosion. Results such as compressive peak load, failure modes and load—
displacement behavior were concerned in this study.

4.1 Compressive Peak Load

Based on the results obtained, it can be observed that the peak load for the intact
specimens is 106.71 kN. The compressive peak load of 1-sided perforated is 85.06 kN.
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Table 2 Summary of the Specimens label Specimens group Compressive peak
testing results load (kN)

I1 Intact 106.71

Cl1 Corroded 98.65

C2 Corroded 85.06

RIL3 Repaired 118.79

It can be observed that the peak load has been reduced 22.16% when the sample is 1-
sided perforated compared to intact sample. Furthermore, the compressive peak load
for 1 row un-perforated is 98.65 kN which has showed a reduction of 7.55%. This
showed that the un-perforated defects with 2.5 mm thickness and 20 mm milled out
have less significant effect on the compressive peak load of steel pipe.

According to ASME repair standard, the calculated minimum repair length is
175 mm for this study. The repaired specimens are wrapped 1 layer of GFRP at
first to avoid galvanic corrosion between steel and carbon. Based on the results
obtained, the repaired specimen, R1L3 with 3 layers of CFRP have restored its
original compressive peak load which is 106.71 kN and even improved 8.71% and
14.19% to 118.79 kN. The summary of the testing results as shown in Table 2.

4.2 Failure Modes

Several failure modes are observed which included both end deformation, bending,
global buckling and FRP cracking and crushing. Figure 4a shows both end defor-
mation which the top and bottom of pipe has been deformed from the original outer
diameter, 42.2 mm to the range of 42.5-42.9 mm. All specimens are exhibited this
failure mode. Bending failure mode as shown in Fig. 4b are happened on specimens
I1 and C1. Specimens C2 and R1L3 exhibited global buckling as shown in Fig. 4c.
Last but not least, FRP cracking and crushing failure has been exhibited on the spec-
imens which were repaired with 175 mm bonding length of FRP such as specimens
R1L3 as shown in Fig. 4d.

4.3 Load-Displacement Behavior

The comparison of load—displacement curves has been plotted as presented Fig. 5.
The displacement is measured in axial direction from top to bottom of the specimen.
Based on the curve, the overall reaction of the load—displacement curve was observed
that it was approached typical buckling behavior. The initial slope was the elastic
phase and reached a peak ultimate buckling load then followed by load drop which
the structural collapse. Besides, the curve for C2 which was the 1-sided perforated
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(d)

Fig. 4 a Both end deformation, b bending failure, ¢ Global buckling and d FRP cracking failure

specimen showed a smooth peak while the rest were showed sharp peak. The failure
was associated to buckling at the middle part and local deformations at top and bottom
of the specimens. The ultimate load in all specimens was connected to a combination
of overall buckling and member yielding. More details about the behavior of the
specimens were revealed by the load displacement behavior than by the ultimate
strength.

When repaired specimens reached the compressive peak load, crack sounds were
heard and then the load started to drop. These crack sounds indicated that the various
failures in the repair process such as FRP layers crushing and cracking. The compar-
ison plots also demonstrated the structural recovery of the repaired specimens to
their original condition. The load displacement behavior of each repaired specimen
proved that, for the most part, the corroded specimens could be brought into the levels
of the intact specimens. Buckling failure, which caused some areas of the structural
collapse (post peak) curve to fall below the intact levels, was also seen in the restored
specimens. A sudden or drastic drop in the slope of the structural collapse curve
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can be used to determine whether buckling failure has occurred in a specimen. The
buckling failure in repaired specimens occurred at a larger displacement than it did
in the similar corroded specimens, but once local buckling started, the repair could
not keep up with the behavior of intact specimens.

5 Conclusion

The effectiveness of FRP composite repair system on offshore pipelines subjected
to pitting corrosion was experimentally investigated by carrying out a series of axial
compression tests. Previous studies had not looked into the application of FRP wraps
for the repair of offshore pipelines subjected to pitting corrosion which is one of the
most destructive corrosion type. However, limited technology was being used in this
study. Future studies should focus on enhancing our knowledge of how these repairs
work in long term in order to develop a suitable design technique for FRP-based
structural retrofitting of offshore steel structures. This study can be concluded in the
following:

1. Several failure modes have been observed such as top and bottom deformation,
bending failure, global buckling as well as FRP cracking and crushing.

2. The corroded specimen with geometry of 1-sided perforated pits has the greatest
effect on the ultimate strength of the offshore pipelines which has been decreased
22.16%. The specimens with un-perforated pits have showed less significant
reduction in ultimate strength which was only 7.55%.

3. The repaired specimens with 3 layers of CFRP have been restored to intact
condition. A maximum increase of 14.19% in ultimate strength was observed in
these specimens. However, the repair could not keep up with the intact behavior
once buckling failure had started.
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Research on Safety Risks )
and Countermeasures of Super L
High-Rise Steel Structure

Cuihua Ji, Yong Yin, Jianyu Yin, and Hong Zeng

Abstract Judging from the development status of most super-high-rise building
industries in China, “outer frame + core tube” is basically adopted. The appear-
ance of this core tube structure design concept puts forward higher requirements for
the construction safety of the main structure. Combined with practical engineering
projects, we analyze the safety risks and countermeasures of the outer frame column
of the super high-rise steel structure, the safety risks and countermeasures of the
cantilever steel beam, the safety risks and countermeasures of the waist truss, the
safety risks and countermeasures of the waist truss, the safety risks and counter-
measures of the outrigger truss, the safety risks and countermeasures of the tower
crown structure are discussed one by one. It ensures the organic combination of
engineering safety measures and engineering construction technology. The proposed
safety measures are highly targeted and feasible, ensuring the safe construction of
the project. The comprehensive application of this project confirms the feasibility of
relevant countermeasures, so as to provide reference and help for subsequent similar
projects.

Keywords Super high-rise - Steel structure - Safety - Risk - Measures

1 Introduction

The steel structure of this project is mainly distributed in the second phase tower,
the surrounding podium and the main structure of the third phase tower. Total steel
consumption is about 73340 t. The second phase tower has ninety-nine floors on the
ground, with a total height of 468 m, and the height of the main structure (i.e. frame
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structure) on the ground is 440 m, which is an outer frame with waist truss, core
tube (steel support) and outrigger truss structure Among them, the number of waist
trusses is 6, which are located on floors 15 to 17, 31 to 33, 47 to 49, 63 to 65, 79 to 81
and 98 to 99, respectively. The steel structures around the skirt building are mainly
rigid steel reinforced concrete beams and columns, steel beams, steel columns and
trusses structure. The engineering schematic diagram is shown in Fig. 1.

2 Analysis of Key and Difficult Points in Overall Safety
Protection of the Project

The main safety injury forms in the steel structure construction of this project [1] are
falling from a high altitude, object impact, electrical injury, fire, mechanical injury
and poisoning. According to the statistical data of safety accidents in the construction
industry, the accidents of falling from a high altitude and objects hitting account for
90% of the total safety accidents, which shows that the risk level of falling from a
high altitude and objects hitting is extremely high.

(1) Safety risks of falling and falling objects

a. When working at heights, you must wear your seat belt and safety helmet
as required.

b. When working at heights, tools should be loaded into tool bags, which can
be taken with you.
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When working at heights, the tool handle must wear a rope and put it on the
safety belt or wrist.

When working at heights, the removed connecting plates and other wastes
shall be cleaned up to the ground in time, and shall not be thrown at will.

(2) Safety risks of using electrical equipment

a.
b.
c.

Workers use electricity illegally.

Illegal use of electric welding machines or other electrical equipment.
When the electric welding machine is used, it is required that the welding
handle wire and the ground wire should be in place, and the welding handle
wire [2] should not exceed 30 m. The length of the primary connection
between the welding machine and the welding machine is not more than
5 m. If the welding wire is broken, it must be wrapped in insulating tape for
three times.

(3) Safety risks of hot work

a.

b.

Before welding and cutting operations, clean up flammable and explosive
materials around and below the operations.

For welding operation at high places, special personnel should be assigned
to monitor the welding operation below, and fire connection or isolation
measures should be taken.

It is forbidden to smoke in the operation area of the construction site,
especially around inflammable and explosive materials.

The hot work [3] can only be started after the hot work application is allowed.
The caretaker and fire control measures should be implemented, the surrounding
conditions of hot work should be checked, and inflammable and explosive articles
should be cleaned up. Smoking is strictly prohibited when entering the operation
area of the construction site, especially around inflammable and explosive materials.
Welding and cutting operations are not allowed above flammable and explosive
materials such as paint and thinner. When welding at high places, special personnel
should be assigned to supervise the welding below, and fire connection or isolation
measures should be taken.

(4) Safety risks of lifting operations

a.
b.

Workers operate illegally, command illegally or violate operating rules.
Safety risks of hoisting dangerous areas. In hoisting dangerous areas, there
must be a special person to supervise them, and non-construction personnel
are not allowed to enter the dangerous areas. Dangerous areas for hoisting
should be designated as warning areas and protected by warning ropes. No
one can stand under the lifting object.

Safety risks of operating cranes in violation of regulations. About lifting
heavy objects, the hook should be 90° with the ground, and it is forbidden
to hang obliquely; Horizontal lifting is strictly prohibited.
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d. Safety risks of using hoisting equipment. At the crane station, ensure that
the foundation has sufficient bearing capacity; The rotating part of the crane
should have a space distance of not less than 1 m from the surrounding
fixtures.

Poisoning safety risks

a. When welding the steel reinforced column in the outer frame column, set
a fume extractor on the top of the column or open a fume window on the
outer frame column to remove toxic gas.

b. Welders must wear masks to enter the column for welding construction, and
assign special personnel to take care of them. In case of poisoning, stop the
construction immediately.

c. When the welder is working in the column, if there is dizziness, vomiting
and other phenomena, immediately stop the operation and have a physical
examination.

Safety Risks of Columns and Countermeasures

Security risks:
Large-scale component hoisting, falling prevention from high altitude, welding
poisoning and welding fire prevention.

Response measures:

a.

The outer frame column component is large in volume, with the maximum weight
of 53 t. Before hoisting, the hoisting lug plate must be tested for damage, and if
it is damaged, the hoisting lug plate must be welded again.

When hoisting the hook [4], check whether the wire rope of the hook is worn
or damaged, and check and calculate whether it meets the hoisting requirements
according to the hoisting manual. If it does not meet the requirements, the wire
rope must be replaced.

Before the outer frame column is hoisted, the steel column must be equipped
with an installation operation platform, a ladder and safety protection measures,
and the anti-falling rope must be welded, and the ladder must be tied up and dirt
cleaned.

In the process of hoisting, the lifting of components must be smooth, and the
components must not be dragged on the ground, and stay for one minute imme-
diately after they leave the ground; When turning, you need to have a certain
height. Hooking, rotating and moving are carried out alternately and slowly, and
when in place, they will fall slowly to prevent the components from swinging
and oscillating greatly.

When the outer frame is installed at high altitude, the temporary bolts must be
fastened and installed, and the double-splint and self-balancing double-splint
butt joint technology should be used to ensure the stable connection of steel



Research on Safety Risks and Countermeasures of Super High-Rise ... 223

columns. Operators must hang safety belts on the operating platform to operate,
temporarily fix the components with connecting plates, and pull three cable wind
ropes. Two cable wind ropes are fixed on the ear plates of the two pillars next to
the next floor, and the other cable wind rope is fixed on the embedded parts of
the next core tube.

f. When welding in the outer frame column, set a fume hood on the top of the
column or open a fume window on the outer frame column to remove toxic gas
and prevent poisoning incidents.

4 Safety Risk and Countermeasures of Cantilever Steel
Beam

Individual H-beam [5] parts of cantilever steel beams are manufactured in the factory
and assembled into units on site, and the units are installed on site. During installation,
a hanging basket shall be installed at the node of cantilever beam. On the ring beam
(main beam) hanging between the steel pipe columns of the outer cylinder, an inverted
chain is set at the cantilever section of the cantilever beam to adjust its levelness. Its
form is shown in Fig. 2.

Safety risks: falling prevention from high altitude and welding fire prevention.

Response measures:

a. Cantilever steel beams are hoisted with snap rings, and the snap rings must be
locked when tying hooks.

b. During hoisting and installation, the installer must hang up the seat belt according
to the regulations to prevent falling from the building.

c. The bottom and periphery of the hanging basket are covered with dense mesh
steel wire mesh, and asbestos cloth is laid at the bottom to seal.

Fig. 2 Cantilever steel beam
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5 Safety Risk of Waist Truss and Countermeasures

Waist trusses are located in towers 15F-17F, 31F -33F, 47F -49F, 63F-65F, 79F-
81F and 98F-99F. Except for floors 98F-99F, other waist trusses are of two structural
floors, which are connected with outer frame columns to form an outer frame. Typical
waist truss installation is carried out by sections according to parts and K-shaped
units. The schematic diagram of waist truss is shown in Fig. 3.

Safety risks: hoisting of large components, falling prevention at high altitude,
welding at high altitude.

Response measures:

a. Some nodes of the waist truss are assembled for K-byte point hoisting, which
is large in size, high in installation precision and difficult to tie hooks. Before
hoisting, the hoisting lug plate must be tested for damage, and if it is damaged,
the hoisting lug plate must be welded again [6].

b.  When hoisting the hook, check whether the wire rope of the hook is worn or
damaged, and check and calculate whether it meets the hoisting requirements
according to the hoisting manual. If it does not meet the requirements, the wire
rope must be replaced.

c. In the process of hoisting, tower crane commanders must operate in accordance
with relevant hoisting regulations.

d. When the waist truss diagonal web bar is installed, the upper operating surface
is below the operating platform, and the operator must hang the safety belt. Use
scaffolding operation platform, and use three wooden springboard as walking

Fig. 3 Schematic diagram of waist truss
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road. During welding construction, lay fire-proof asbestos cloth on the wooden
springboard and cover it with wind-proof cloth.

e. During the installation of diagonal web members of waist truss, stirrups must be
set up for support due to the long members and heavy weight. Stirrups are set
up on the upper surface of the outer frame steel beam on the floor level, below
the center point of the diagonal web member. When the diagonal web member is
welded into a stable structure, the stirrup is cut off and transported to the ground
for the installation of the next waist truss.

6 Safety Risks and Countermeasures of Outrigger Truss

The outrigger truss connects the outer tube column with the core tube, and the chord
runs through the web wall of the core tube. The cross sections of the upper and
lower chords and web members are H-shaped, box-shaped and steel plate composite
cross sections. There are four types of outrigger trusses: OT1, OT2, OT3 and OT4.
The outrigger trusses are distributed at 31F -33F, 47F -49F, 63F-65F, 79F-81F. The
installation diagram of outrigger truss is shown in Fig. 4.

Security risks: hoisting of large components, assembling of jig and assembling of
parts.

Response measures:

When the outrigger truss is a loose part, there are many hoisting times. Before
hoisting, it is necessary to detect whether the hoisting lug plate is damaged. If it is
damaged, it is necessary to weld the hoisting lug plate again.

a. When hoisting the hook, check whether the wire rope of the hook is worn or
damaged, and check and calculate whether it meets the hoisting requirements

Fig. 4 Installation diagram of outrigger truss
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according to the hoisting manual. If it does not meet the requirements, the wire
rope must be replaced.

b. In the process of hoisting, tower crane commanders must operate in accordance
with relevant hoisting regulations.

c. Because the outrigger truss is installed in pieces, the lower suspension rod of the
truss must be supported by a jig.

7 Safety Risk of Tower Crown Structure
and Countermeasures

The top structure of the tower is composed of steel frame and peripheral structure.
The outer structure is parabola-shaped, which is composed of thirteen vertical trusses
and connected steel beams between trusses. The total steel consumption of the top
structure is about 300 t, and the main sections of members are H-shaped steel and
steel pipes, with the largest sections of H800 x 400 x 25 x 40 and CHS300 x
15. The floor top structure has a bottom elevation of 439.750 m, a top elevation of
468.000 m and a total height of 28.250 m. The schematic diagram of steel structure
at the top of the tower is shown in Fig. 5.
Safety risks: falling prevention from high altitude and welding fire prevention.

Fig. 5 Schematic diagram of steel structure at the top of the tower
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Response measures:

a.

The horizontal network of the floor [7]. During the construction of the steel
frame inside the roof steel structure, horizontal protection is carried out by laying
horizontal nets layer by layer. The steel frame inside the roof is composed of four
interlayers. During the construction of each layer of steel frame, the steel beams
of each part are basically installed in place and then closed with horizontal nets.
Then, the installation progress is followed gradually until the whole floor is
closed.

Outside the edge of the net. When the roof structure is hoisted, an external hook
net is set at the periphery of the bottom of the roof structure. A total of two floors
are set up at the outside of the safety net for 3 m, a horizontal net is laid at the
bottom of the outside net, a dense mesh net is laid on the horizontal net, and a
steel wire net is laid under the horizontal net to form three layers of protection.
The external net support frame is made of ¢ 48 x 3.5 scaffold steel pipe, which
is fixed on the peripheral steel column by welding and wire rope.

Operating platform. The peripheral structure is installed in two layers, and the
channel operation platform is set up at the top of the first layer structure. The
operation platform is made of steel pipes, safety nets are hung on both sides of
the platform, and scaffolding boards are laid at the bottom of the platform. The
platform is connected with the steel beam through a snap ring welded on the
surface of the steel beam, which is mainly used for welding the upper and lower
peripheral structures, and also serves as a high-altitude passage.

8 Conclusions

We studied the overall safety risks and main structural safety risks of super-high-rise
steel structure construction, put forward specific safety measures, and applied them
to engineering practice, and achieved good results.
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servo support axial force, PLAXIS 3D is used to carry out numerical analysis on
the coherence of the axial force applied by the construction and compare with the
field test results; Field tests were conducted on the diaphragm wall joint deformation
during the axial force application based on the principle of the generation of axial
force coherence. The results show that the farther away from the active axial force,
from which suffered get the smaller influence, and the size of the applied axial
force’s effect on the support in other directions in the order of horizontal, vertical,
and oblique. Moreover, the higher the application position of the active axial force
of the servo support, the greater the lateral axial force loss rate generated by other
supports, while the opposite in vertical axial force loss rate is true. The maximum
axial force loss rate is 19%. The deformation of the diaphragm wall joint in the servo
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1 Instruction

Urban economic growth and population expansion have led to the vigorous devel-
opment of underground transportation systems. In underground space development,
safety issues occupy a more critical position. The active deformation control of the
foundation pit retaining structure has become the primary goal of construction safety
control [1-4]. The steel support system is widely used in deep foundation pit support
systems because of its high efficiency and pre-axial force [5, 6]. Many studies have
given various setting methods to determine the axial force of the support. Still, the
conventional steel support will cause prestress loss due to on-site construction, envi-
ronmental changes, and other factors, significantly reducing the ability to control
deformation [7-9]. The servo system is applied to the steel support in the engi-
neering field to meet the increasingly stringent safety control requirements. Through
real-time monitoring and automatic compensation of axial force, remarkable results
have been achieved in the lateral deformation control of retaining structures in many
engineering cases [10, 11]. However, the retaining structure is often continuous, and
the supporting axial force acting on the retaining structure will be transmitted through
the excellent integrity of the structure itself or the rigid connection between the struc-
tures, thus affecting each other, which is the axial force coherence. If the coherence
between the axial forces is ignored, it may lead to conflict disorder in the automatic
regulating system and cause safety accidents. The existing research only considers
the change of axial force of uniaxial steel support and does not consider the influence
of transverse axial force coherence [12, 13]. In the study of transverse correlation,
the fitting formula of axial force coherence under multi-point synchronous loading
is given by numerical method. Still, it is not compared with the field measurement,
and the deformation at the connection of retaining structure is not considered [14].
When the transverse coherence occurs, the deformation will also happen at the joint
of the retaining structure. The deformation problem at the retaining structure joint
in the axial force transmission cannot be ignored.

In order to achieve the refinement of servo axial force control and reduce a series
of problems caused by axial force loss, it is necessary to conduct in-depth research
on the law of axial force coherence. Based on the foundation pit project of the No. 2
entrance and exit of Pudong South Road Station of Shanghai Metro, this paper uses
PLAXIS 3D software to analyze the axial force coherence numerically. Compared
with the field test results, the axial force coherence and the deformation of the joint of
the retaining structure when the servo steel support active control system is applied
are discussed, which can be used for reference in similar projects.
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2 Engineering Background and Model

The foundation pit of Shanghai Pudong South Road Station No. 2 entrance is located
in the core area of Lujiazui, adjacent to essential facilities and structures. Micro-
deformation active control is needed to ensure the safety of foundation pit and
surrounding environment. The outsourcing size of the foundation pit is 60.4 m X
36.7 m, and the maximum excavation depth is 18.3 m. There are five supports in
the foundation pit. The first is concrete support, and the other four are servo steel
support. The thickness of retaining structure is 0.8 m. The foundation reinforcement
method is high-pressure jet grouting pile sticking and strip reinforcement, and the
facade is shown in Fig. 1. The servo steel support elevation layout is shown in Fig. 2.
The parameters used in the calculation are given in Table 1. In the hardening model
of soft soil, the dilation angle v is 0, the unloading—reloading Poisson’s ratio vy, is
0.2, the power exponent m related to the modulus stress level is 0.8, the reference
stress P™f is 100 kPa, the damage ratio Ry is 0.9, and Rjy, is 0.7.

To eliminate the external influence factors, the load of the existing station building
and the south district is not considered in the numerical analysis. The simulated axial
force is the actual axial force applied by the field servo steel support. The 3D model
is shown in Fig. 3. The excavation simulation condition is consistent with the field
test condition, which is given in Table 2.
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Metro Pudong South Road Station
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Fig. 2 Diagram of foundation pit support layout at No. 2 entrance and exit of Pudong South Road
Station of Shanghai Metro

Table 1 Parameters of soil model

Geotechnical y/(kN m™3) | Cref/kPa o/° | Ko Es/MPa | Eso/MPa | EyyMPa
category

@ brown-gray silty | 18.2 20 175 1047 | 9.7 9.7 48.5
clay

®, gray mucky silty |17.5 12 195 |046 | 9.2 9.2 46.5
clay

®, mixed with sandy | 18.6 6 29 045 | 7.5 7.5 37.5
silt

@® muddy clay 16.7 14 12 0.58 |21.6 21.6 107.8
® gray silty clay 18 16 17 054 | 58 5.8 28.8
® silty clay 19.5 46 16 046 | 8.2 8.2 41.1
@ sandy silt 18.5 2 31.5 [0.37 | 13.7 13.7 68.6
silt 18.8 1 33 034 |253 253 126.6

3 Result and Analysis

In the process of foundation pit excavation, according to the requirements of defor-
mation control, single or multi-channel servo steel support is used to apply axial
force to achieve ideal results. Since each steel support acts on the same envelope
structure, the vertical coherence is bound to be generated when the axial force is
applied to the single or multi-channel servo steel support, and the axial force of the
steel support acting on the envelope structure will also transfer the lateral coherence
through the adjacent underground continuous wall. This section will explore the
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Y

Fig. 3 Schematic diagram of numerical 3D model

Table 2 Cases adopted for numerical simulation and field test

Working condition | Content

Case 1 Influence on other support axial force after excavating to the second steel
support and erecting servo steel support 3-3, 3—4

Case 2 Influence on other support axial force after excavating to the third steel
support and erecting servo steel support 4-3, 4—4

Case 3 Influence on other support axial force after excavating to the fourth steel
support and erecting servo steel support 5-3, 54

Note Supports 3—1 and 3-2 were erected in case 1; Supports 4—1 and 4-2 were erected in case 2;
Supports 5-1 and 5-2 were not erected in case 3

influence of axial force application on the existing axial force according to various
working conditions in numerical simulation and field test, and analyze the influence
of prestressed steel support area and servo steel support area on the joint of retaining
structure under different axial force application conditions of the same steel support.

3.1 Effect of Steel Support Axial Force Coherence

Figures 4 and 5 are the schematic diagrams of the influence of numerical simulation
and field test on other steel supports under condition 1, respectively. Figure 6 is
the comparison diagram of numerical simulation and field test under condition 1.
Figures 7 and 8 are the schematic diagrams of the influence of numerical simulation
and field test on other steel supports under condition 2, respectively. Figure 9 is
the comparison diagram of numerical simulation and field test under condition 2.
Figures 10 and 11 are the schematic diagrams of the influence of numerical simulation
and field test on other steel supports under condition 3, respectively. Figure 12 is
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the comparison diagram of numerical simulation and field test under condition 3.
From Figs. 4, 5, 6, 7, 8, 9, 10, 11 and 12, it can be seen that both the numerical
simulation and the measured results show that the axial force of the second servo
steel support (i.e.3-3, 3—4 support) has a significant influence on the axial force of
the same support, and the vertical influence is small. The farther the support is apart,
the smaller the influence on the axial force is. The field measurement results are
consistent with the numerical simulation results. When the axial force of the third
servo steel support (i.e.4-3, 4—4 support) and the fourth servo steel support (i.e.5-3,
5—-4 support) is applied, it dramatically influences the vertical support axial force,
and the horizontal support axial force has little influence. The farther the support is,
the smaller the influence on the axial force is. The field measurement results are also
relatively consistent with the numerical simulation results.

According to Figs. 6, 9, and 12, the axial force loss rate of servo steel support
is further analyzed. The axial force loss rate obtained by the actual measurement
is mostly higher than that of the numerical simulation. The axial force loss rate of
horizontal support is the largest, followed by vertical support. The axial force loss
rate of oblique support is the smallest. According to the analysis, the applied support
axial force has the most significant influence on the horizontal support axial force,
followed by the vertical steel support. The oblique steel support has the most minor
influence.

The higher the application position of the active axial force of the servo support,
the greater the lateral axial force loss rate generated by other supports, while the
opposite in vertical axial force loss rate is true. Among them, the maximum lateral
axial force loss rate generated by the second servo steel support is 19%, the third is
18%, and the fourth is 12%. This phenomenon is similar to the relationship between
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Fig. 4 Diagram of axial force coherence under numerical simulation case 1
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3-6

deformation and depth of diaphragm wall during excavation. The maximum vertical
axial force loss rate generated by the second servo steel support is 12%, the third is
14%, and the fourth is 16%. It might be that the axial force of support close to the

concrete support is less vulnerable.
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3.2 Study on the Deformation of Diaphragm Wall Joints
with Axial Force Coherence
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The vertical coherence of the axial force of the servo steel support is mainly produced
by the overall stiffness of the diaphragm wall to transfer the force. The integrity of
a single diaphragm wall and the connection between the diaphragm walls together
form the stiffness of the enclosure structure. Therefore, this section focuses on the
change of the joints between the diaphragm walls when the axial force of the steel
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Fig. 12 Comparison between numerical simulation and field test under case 3

support is applied and studies the deformation of the joints between the diaphragm
walls when the axial force of different steel supports is applied, which is helpful fine
control of the axial force of the support.

In order to explore the influence of prestressed steel support and servo steel support
on the displacement of underground continuous wall joints, the depth of servo steel
supports joint gauge and prestressed steel support joint gauge is 11.5 m. The test
conditions of the underground diaphragm wall joint meter are shown in Table 3,
and the corresponding axial force is the same as that in Sect. 3.1. The horizontal

deformation of the wall joint after the axial support force is applied as shown in
Fig. 13.
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Table 3 Cases adopted in the joint meter test of diaphragm wall

Working condition Content

Case 1 Excavation to the third steel support, prestressed steel supports Y4-1,
Y4-2 erected and applied axial force

Case 2 Excavation to the third steel support, servo steel supports 4-3, 4—4
erected and applied axial force

Case 3 Excavation to the fourth steel support, servo steel supports 5-3, 5—4
erected and applied axial force

Case 4 Excavation to the fourth steel support, prestressed steel supports Y5-1,
Y5-2 erected and applied axial force

support
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Fig. 13 Horizontal deformation of diaphragm wall joint

According to the working conditions, the above diagram is divided into four areas:
A, B, C, and D. A pre-stressed steel support crack gauge in area A has been installed.
Before it installs, pre-stressed steel support axial force of Y4-2 has been applied, and
the other one has not been done. After the other one axial force of the pre-stressed
steel support is applied, the crack deformation of the diaphragm wall in pre-stressed
steel support area increases from 0 to 0.46 mm. Besides, the servo steel support area
joint meter was not installed then.

The crack deformation of the diaphragm wall in area B gradually decreases, and
the change is small. The servo steel support crack gauge is installed. Before it installs,
the servo steel support axial force of 4-4 has been applied, and the other one has not
been done. After the other one axial force is applied, the crack deformation of the
diaphragm wall in servo steel support area increases from 0 to 0.41 mm. Area C shows
that the deformation of pre-stressed steel support crack gauge does not change. After
the 5-4 servo steel support axial force is applied, the deformation shown by servo
steel support crack gauge increased from 0.41 to 1.04 mm. In area D, the axial force
of the pre-stressed steel support is applied. The crack deformation of the diaphragm
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wall in pre-stressed steel support area is linearly decreasing. The relative deformation
in the servo steel support area increases from 1.04 to 1.21 mm, but then converges.

There is a noticeable increase in the horizontal deformation of the joint in the
servo steel support area. After the axial force of the servo steel support is applied, the
horizontal deformation at the joint position of the diaphragm wall in the servo area
continues to increase, and the axial force of the servo steel support will increase the
joint crack of the diaphragm wall. The horizontal deformation of the wall joints in the
pre-stressed steel support area is small. The horizontal deformation between the wall
joints does basically not increase after the prestressed steel support is applied. The
above results show that the horizontal deformation of the wall joint in the servo steel
support zone is greater than that in the prestressed steel support zone. Applying the
axial force of the servo steel support will affect the diaphragm wall joints. Therefore,
it is necessary to combine the corresponding axial force application method to reduce
the horizontal deformation of the diaphragm wall joints during the use of the servo
steel support to prevent it from being too large and causing engineering hazards such
as water leakage.

In addition, according to Figs. 6, 9, and 12 in Sect. 3.1, it can also be obtained
that the axial force loss rate of the actual measurement is mostly higher than the
axial force loss of the numerical simulation. We infer that the relative deformation
between the diaphragm wall is not considered in the Plaxis 3D software. According
to the data obtained from the actual construction site, there is an apparent horizontal
deformation at the joint position in the servo zone. The deformation of the diaphragm
wall leads to a change in the length of the steel support, resulting in a higher loss
rate of the axial force than the axial force loss rate obtained by numerical simulation.
That is, the deformation of the wall joints crack will in turn affect the axial force.

4 Conclusion

Based on the concept of axial force coherence of steel support in servo system, the
influence of coherence on support in different directions and distances is analyzed
according to the consistency between numerical simulation and field monitoring.
Combined with the deformation of the joint of underground diaphragm wall measured
on site, the influence of axial force coherence of steel support is analyzed, which
provides theoretical for fine deformation control of foundation pit. The following
conclusions can be drawn:

(1) The axial support force can affect other support axial forces of the retaining
structure at different depths and distances. The farther away from the active
axial force, the smaller the influence. The axial force of the support has the
most significant influence on the axial force of the horizontal steel support,
followed by the vertical steel support, and the influence on the oblique steel
support is the smallest.
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The higher the application position of the active axial force of the servo support,
the greater the lateral axial force loss rate generated by other supports, while the
opposite in vertical axial force loss rate is true. The maximum lateral axial force
loss rate generated by the second servo steel support is 19%. The maximum
vertical axial force loss rate generated by the fourth servo steel support is 16%.
The deformation of the diaphragm wall joint in the servo steel support zone
is more significant than that in the pre-stressed steel support zone. The defor-
mation of the joint will, in turn, affect the axial force, which is an interactive
relationship. The relative displacement between diaphragm walls caused by a
single application of servo axial force is 1.41 mm.
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Analysis of the Discriminability )
of High-Temperature Performance i
Indices of Modified Asphalt Mixtures

Mengjun Gu

Abstract Different indices have various capabilities to evaluate the high-
temperature performance of modified asphalt mixtures. This study aims at inves-
tigate the discriminability of high-temperature performance indices. The values of
five indices were determined from wheel tracking test, Marshall test and uniaxial
penetration test, including dynamic stability (DS), comprehensive stability index
(CSI), maximum rutting depth (RD), Marshall stability (MS), and uniaxial penetra-
tion strength (UPS). The discriminability of five indices was further examined by
entropy weight method and CRITIC method, respectively. The results show that DS,
MS and UPS are not appropriate to evaluate the high-temperature performance of
modified asphalt mixtures, but CSI and RD show preferable distinguishing ability
to evaluate the high-temperature performance. As a consequence, RD is recom-
mended to be employed as secondary index to supplement the CSI in wheel tracking
test. The findings of this study will contribute to the optimization of evaluation on
high-temperature performance of modified asphalt mixtures.

Keywords Road engineering - Modified asphalt mixture + Discriminability -
Entropy weight method + CRITIC method

1 Introduction

The high-temperature performance of asphalt mixtures is of great significance to
the service of asphalt pavement, which directly determines whether it will occur
serious bleeding, slippage, rutting and other distresses. To prevent adverse rutting
distress, many types of additives were utilized to prepare modified asphalt mixtures,
including SBS, rubber powder, polyethylene, etc. [1]. Obviously, those modified
asphalt mixtures have remarkable and excellent high-temperature performances,
whereas their evaluation methods remain to be enhanced because existing laboratory
tests show high discreteness, poor uniformity, and low accuracy [2].
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Engineering practice has proved that the asphalt mixtures meeting the dynamic
stability requirements in the specification could also occur severe rutting distress in
the actual pavement [3]. The contradiction often occurs when the dynamic stability
is large but the actual rutting depth is large. The possible reason for this is that the
conditions of wheel tracking test cannot completely consider actual temperature,
speed, and loads of the pavement. It is also believed that the wheel tracking test
can only distinguish the rutting resistance of asphalt mixtures with relative small
stiffness, but cannot successfully evaluate the rutting resistance of mixtures with
high modulus [4].

In order to overcome the issues mentioned above, many researches attempt to
upgrade the existing indices to improve their performance. Peng et al. [5] proposed a
new concept of rutting coefficient WRI based on the limitation of dynamic stability,
which considers cumulative deformation and maximum deformation, thus improved
the evaluation efficiency of anti-rutting indices. Du and Dai [6] held the view that
the dynamic stability only incorporated the growth rate of shear flow deformation in
the stable consolidation period, but ignored the deformation in transition period. So
comprehensive stability index (CSI) was developed to evaluate the rutting resistance
of asphalt mixtures. Zhou et al. [7] found that the maximum rutting depth performed
well correlation with the creep slope of asphalt mixtures, so it is recommended to
employ the maximum rutting depth as supplementary evaluation index in wheel
tracking test.

It is concluded that these findings aim at establishing new indices or simply
validating their performance, but rarely compared their discriminative ability on
high-temperature performance, in particular modified asphalt mixtures. In order to
enhance the discriminability of high-temperature indices with higher preciseness, the
DS, CSI, RD, MS and UPS of different modified asphalt mixtures were obtained by
conducting wheel tracking test, Marshall test, and uniaxial penetration test. Further
discriminability study on those five indices were compared by entropy weight method
and CRITIC method. The outcomes of this study can offer recommendations on
electing indices for evaluating high-temperature performance of modified asphalt
mixtures.

2 Materials and Experimental Program

2.1 Test Materials

The PR PLAST.S (hereinafter referred to as PR) anti-rutting additive produced by
a French company was used to modify asphalt mixtures, which presented as black
solid particles with a particle size of about 4 mm. Relying on its inter-locking,
reinforcement and cementation effects, the high-temperature performance of asphalt
mixture can be greatly improved by directly mixing PR into asphalt mixture. Total 10
types of asphalt mixtures were designed in accordance with Technical Specification
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Table 1 Volume parameters of asphalt mixtures

Mixture | VFA/% |VMA/% |VV/% |VA/% |Theory maximum Bulk relative
3 | density/g cm~3

relative density/g cm™
AC13 75.0 16.4 4.1 12.3 2.639 2.531
AC20 71.6 14.8 42 10.6 2.573 2.465

for Construction of Highway Asphalt Pavements (JTG F40-2004), including AC13,
0.2% PR-AC13, 0.4% PR-AC13, 0.6% PR-AC13, 0.8% PR-AC13, AC20, 0.2% PR-
AC20, 0.4% PR-AC20, 0.6% PR-AC20, 0.8% PR-AC20. The gradations of AC13
and AC20 were shown in Fig. 1. SK-70# asphalt, limestone mineral powder, and
aggregates were used to prepare PR-AC13 mixtures and PR-AC20 mixtures with
different content of PR modifiers. The PR content refers to the mass ratio of modifiers
to asphalt mixtures. The optimal asphalt contents of AC13 and AC20 were 4.7%
and 4.1%, which were determined via Marshall method. The volume parameters of
asphalt mixtures were shown in Table 1.

2.2 Experiments

The wheel tracking test was generally used to evaluate the high-temperature stability
of the asphalt mixture for its simplicity and good relationship with real pave-
ment. Wheel tracking test has the relatively comprehensive process of consolidation,
shearing, and flow deformation, thus the above mixtures were examined by wheel
tracking test under 0.7 MPa wheel-pressure and 60 °C. Finally, dynamic stability
(DS) was determined.

In addition, another index comprehensive stability index (CSI) was proposed to
consider the transition and stable phase of consolidation, showing good relationships
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with other indices [6, 8, 9]. CSI was described as:

(tr —1)NC1Cy
CS[=———"F" "= (D
di(dy — dy)

where N is the rolling speed of wheels; C| and C, are coefficients related to machine
type and specimen. d, d, are deformations corresponding to time 1, t,, respectively.

Relative to DS, d; is brought into the calculation of CIS again, thus the transition
and stable stage during consolidation deformation is taken into account. On the
other hand, the maximum rutting depth (RD) was also selected as an evaluation
index. Marshall stability (MS) was also taken to evaluate high-temperature of asphalt
mixtures.

The uniaxial penetration test was conducted by universal testing machine to eval-
uate the high-temperature stability of the asphalt mixtures under 60 °C. The uniaxial
penetration strength was accordingly determined as below.

o,=P/A 2)

UPS = ko, 3)

where o, denotes penetration stress, MPa; UPS denotes the uniaxial penetration
strength; P denotes the maximum penetration load, N; A is the cross-sectional area
of indenter, mm?; and k denotes strength coefficient.

Based on the experiments above, the indices DS, CSI, RD, MS, and UPS were
selected as indices to evaluate the high-temperature stability of modified asphalt
mixtures. Moreover, in order to verify the consistency of different indices that
characterize the high-temperature properties of mixtures, the Pearson Correlation
Coefficient was further calculated to indicate the correlation of five indices.

3 Analysis of High-Temperature Performance of Mixtures

Figure 2a—e are the results of different types of asphalt mixtures, and five indices are
compared in the bar chart, including DS, CSI, RD, MS, and UPS. Relative to AC13
and AC20 mixtures, the incorporation of PR modifier causes five high-temperature
performance indices of asphalt mixtures to increase with varying degrees. The high-
temperature stability of 10 types of mixtures generally improves with the increase
of PR content. It is notable that the high content (0.8%) of the PR modifier results
in a considerable increase in both DS and CSI, as well as remarkable decrease in
maximum rutting depth. Whereas the MSs of 10 types of asphalt mixtures varied
slightly, even for higher content of PR modifier. Thus it implies that the PR modifier
shows different synergistic effects on five indices, thus the applicability of five indices
is expected to be verified regarding high-temperature stability of asphalt mixtures.
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Fig. 2 Results of high-performance tests for different types of asphalt mixtures

The correlation between each index was evaluated with Pearson’s Coefficient,
as shown in Table 2. It is found that the DS, CIS, and MS have a strong correla-
tion between each other, because their Pearson’s Coefficients are greater than 0.9.
However, this kind of result is not consistent with the above findings via bar charts.
The poorest correlation occurs between CSI and RD, and the absolute value of their
Pearson’s Coefficient is 0.706, which means the comprehensive stability index (CSI)
cannot completely reflect the deformation properties of modified asphalt mixtures
under high-temperature conditions. It deduced that the introduction of d, adversely
influenced the correlation between CSI and RD compared with DS.

Consequently, the results of the correlation analysis have several differences from
the findings in the bar chart. So the discriminability of these indices remains to
be examined through more advanced methods in need, thus determining the most
appropriate index to evaluate high-temperature stability of modified asphalt mixtures.

Table 2 Pearson’s coefficients between different indices

Pearson’s coefficient DS CSI RD MS UPS

DS 1 0.9554 —0.8245 0.9495 0.8611
CSI 0.9554 1 —0.706 0.9014 0.8184
RD —0.8245 —0.706 1 —0.8277 — 0.8957
MS 0.9495 0.9014 —0.8277 1 0.8223
UPS 0.8611 0.8184 —0.8957 0.8223 1
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4 Determination of Discriminability

4.1 Calculation with Entropy Weight Method

The entropy weight method was widely used to distinguish the discriminability of
indices for its simplicity and objectiveness. Entropy weight method was used to
calculate the weight of each index.

An initial matrix composed of m evaluated objects and n indices A = (a;j)uxn
was constituted, where a;; was the value of the jth index of the ith evaluated object.
And the column formed by RD belonged to the inverse index, so the elements in the
column were processed with isotropization transformation. After that, the matrix X =
(ij)m=n Was determined. Then the normalization of data was conducted to eliminate
the influence of dimension, as given by:

8ij = Xij/zxij “)
i=1

Entropy value E; and entropy weight W; of index j were calculated as:

m

Ejz—Z(S,-jlnS,»j/lnm (5)
i=l
Wy=1-E;/Y 1-E, (6)
j=1

Finally, discriminability of index j is calculated in accordance with Eq. (8).

Dj = Wj (mag&j —migﬁij) (7)

i=1 i=1

4.2 Calculation with CRITIC Method

Entropy weight method simply considers the discrete degree of data without
accounting their conflicts. Criteria importance though inter-criteria correlation
(CRITIC) method is an objective method to determine the weight of indices based
on the contrast intensity and conflicts between indices, which is applicable for the
evaluation of multiple-index. Standard deviation was used to indicate the contrast
intensity, as given by:
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i( = 5;)/m = 1) @®)

The conflicts between indices were characterized based on their correlation, as
given by:

=X (1-m) ©)

where rjj was the correlation coefficient of index i and j, and Pearson’s Coefficient
was adopted.

Furthermore, the relative significance of index j was described by information-
carrying capacity C;. The higher C; means larger amount of information, which
implied that the corresponding index had the higher significance, as described by:

m

CjZO‘jZ(l—Vij)ZO'jfj (10)

i=1

Thus, the objective weight of index j was determined by:

W; :cj/ZC, (11)

4.3 Analysis of Discriminability

Tables 3 and 4 present the key results from the entropy weight method and CRITIC
method, respectively. It clearly shows that the discriminability (D;) determined by
entropy weight method and CRITIC method is particularly different. For entropy
weight method, the D; of CSI is the greatest value among four indices, which is
0.2561. It implies the index CSI has a satisfactory ability to distinguish the high-
temperature performance of modified asphalt mixtures. However, the D; of CSI is
close to 0, which means the good and poor performance of modified asphalt mixtures
cannot be well separated. In addition, the sequence of discriminability of five indices
in descending order is CSI > DS > RD > UPS > MS.

With regard to CRITIC method, the discriminability of five indices differs from
that of entropy weight method. The sequence of discriminability of five indices in
descending order is RD > CSI> DS > UPS > MS. In particular, the RD has the biggest
D; among five indices, even up to 0.6679. Consistent with the results determined by
entropy weight, the MS still has poor ability to distinguish the high-temperature
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Table 3 Results determined from entropy weight method

Items DS CSI RD MS UPS

Entropy (Ej) 0.8257 0.6401 0.9146 0.9983 0.9645
Entropy weight (W;) 0.2654 0.5479 0.1301 0.0026 0.0540
Discriminability (Dj) 0.0748 0.2561 0.0290 0 0.0065

Table 4 Results determined from CRITIC method

Items DS CSI RD MS UPS

Information-carrying capacity (Cj) 0.0263 0.0542 0.0972 0.0037 0.0248
Entropy weight (W) 0.1275 0.2628 0.4713 0.018 0.1203
Discriminability (Dj) 0.0359 0.1228 0.6679 0.0005 0.0146

performance of modified asphalt mixtures due to extremely low D; (approaching to
0). CSI has relative acceptable discriminability compared with DS, MS, and UPS,
which reaches as high as 0.1228.

It was concluded that the D; of RD remarkably varied when calculating by entropy
weight method and CRITIC method. The major reason is attributed to the correla-
tion between RD and other indices (especially for CSI) is rather poor, as examined
in previous sections. The poor correlation causes large conflicts between indices,
resulting in the increase of RD’s significance on high-temperature performance.
Nonetheless, RD is still an important index to reflect the deformation properties of
modified asphalt mixtures under high-temperature.

It is notable that the CSI was always an acceptable index to evaluate the high
temperature of modified asphalt mixtures, which is consistent with the findings
obtained by Fang et al. [9]. The DS always shows weak performance on evalu-
ating the high-temperature stability of modified asphalt mixtures even though it has
been widely used for design and construction of asphalt pavement. The MS and
UPS are not acceptable indices to evaluate the high-temperature stability due to
their low discriminability. However, the RD can be employed as secondary index to
supplement the CSI in wheel tracking test due to their good discriminability.

5 Conclusions

(1) High modifier content lead to a considerable increase in both DS and CSI of
modified asphalt mixtures, but the MS varied slightly for 10 types of asphalt
mixtures. Five indices have different variation trend for different modified
asphalt mixtures.

(2) Fiveindices generally have relative strong correlation between each other except
for CSI and RD, thus CSI cannot comply with the deformation properties of
modified asphalt mixtures.
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(3) The sequence of discriminability of five indices in descending order deter-
mined by CRITIC method is RD > CSI > DS > UPS > MS. And the sequence
of discriminability of five indices in descending order obtained from entropy
weight method is CSI > DS > RD > UPS > MS.

(4) DS, MS and UPS are poor in evaluating the high-temperature performance
of modified asphalt mixtures. CSI is recommended to evaluate the high-
temperature performance of modified asphalt mixtures. And RD is expected
to be employed as secondary index to supplement the CSI in wheel tracking
test.
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Curvature Ductility of Confined HSC )
Columns i

Haytham Bouzid (®, Benferhat Rabia, and Tahar Hassaine Daouadji

Abstract To avoid brittle collapse of reinforced concrete (RC) structures, RC
elements such as beams, columns, and shear walls are invited to ensure a minimum
level of ductility. In this paper, an analytical method for predicting the curvature
ductility factor of confined RC columns is developed. The stress—strain model of
confined concrete provided by Eurocode 2 is adopted, and the effective lateral
confining pressure is calculated according to the Eurocode 8. The curvature ductility
factor is defined by the ratio of ultimate to yield curvature. In this context, a new
hypothesis is adopted to calculate the yield curvature while the ultimate curvature
is calculated based on axial load and the mechanical ratios of tension, web, and
compression reinforcement. The results showed that the developed method has an
excellent performance compared to the experimental results collected from previous
researches, where the mean value and the standard deviation of the ratios predicted to
experimental factors are equal to 1.02 and 0.17, respectively. Moreover, the calculated
coefficient of determination is very close to 1.

Keywords Ductility - Columns - Reinforced concrete - Confinement + High
strength concrete

1 Introduction

Ductility is a vital parameter in seismic design. The ductility of reinforced concrete
(RC) structure depends on the ductility of its elements such as columns. In addition to
their great potential in restoring the load-bearing capacity, high ductile RC columns
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provide adequate ductility to the overall structure [1]. From here, it appears the great
importance of RC columns ductility. In this field, the study of RC columns ductility
requires a deep analysis at the limit states, where it is essential to know the behavior
of materials such as concrete and steel [2]. Practically, the RC column cross section
is subjected to lateral pressure resulted from the transverse reinforcement, named
confinement [3, 4]. Under confinement, significant enhancements are occurred on
concrete behavior, where higher strength and higher critical strains are achieved
[5, 6]. These changes on concrete characteristics affect the overall behavior of RC
elements, so it is necessary to take into account these new characteristics in structural
elements studying [7].

Most of the research carried out on the flexural behavior of RC columns are exper-
imental works, where the curvature ductility factor was obtained from the moment—
curvature (M—¢) diagram. The yield curvature was measured when the tension rein-
forcement yielded in tension while the ultimate curvature was measured when the
concrete strain reaches its ultimate value. In this field, experimental researches proved
that the increase of lateral pressure enhances the curvature ductility of RC columns
[8,9].

On the other hand, a few theoretical researches were conducted on the curvature
ductility of RC columns. The lack of theoretical researches in this field pushed the
researchers to undertake the current study. A new hypothesis is introduced in order to
calculate the yield curvature while the ultimate curvature is calculated according to
the proposition of Fardis [10]. In this context, the model of confined concrete given
by Eurocode 2 [5] is adopted for the present study. Finally, experimental data are
collected in order to show the reliability of the developed model in predicting the
curvature ductility factor of confined RC columns made with normal strength (NSC)
and high strength concrete (HSC).

2 Stress—Strain Relationship for Confined Concrete Under
Compression

Similar to unconfined concrete, Eurocode 2 [5] provides a parabola-rectangle
diagram for confined concrete under compression as shown in Fig. 1. Compared
to unconfined concrete, an increase in stress (o) and strain (g.) can be noticed. This
amelioration is due to the effective lateral confining pressure (o5).

The compressive strength of confined concrete (f..) is given by the following
expression:

£(1.125 +2.50% ) for oz > 0.0,

fe=1 ; / ()
(1.0 +5.0%) for oz < 0.05;

where ' = compressive strength of unconfined concrete.
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Fig. 1 Stress—strain (o.—¢.) model for confined concrete [5]

The strains at reaching the maximum strength (gq.) and at ultimate (g, ) are given

as follows:
£.\2
0c = €0 <%) ()

C

02
€ouc = €cu + 02? (3)

C

where ¢y and g, = strains at reaching the maximum strength and at ultimate of
unconfined concrete, respectively.

On the other hand, the effective lateral confining pressure (o,) is calculated as
follows:

Oy = 0.5a (,L)Wdf; (4)
where wyg = mechanical volumetric ratio of confining hoops within the critical

region and a = confinement effectiveness factor. These two parameters can be
calculated according to Sect. 5.4.3.2.2 of Eurocode 8 [11].

3 Curvature Ductility Factor

The curvature ductility factor () is calculated by dividing the ultimate curvature
(¢u) by the curvature at yielding (¢y):

.

= 5
Mo @ @)
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3.1 Curvature at Yielding

The yield curvature (¢y) is calculated when the tension reinforcement reaches their
yield strength. As shown in Fig. 2b, the web reinforcement (Agy) creates a rigid
region in the middle of the column cross section, where they prevent the increase of
the tension region depth. In this context, the neutral axis depth (kd) is assumed to be
greater than (h/2), where it is taken as follows:

kd= (Db 6
_<5+7> ©)

Hence, the yield curvature is written as follows:

i g
- E+ %)

where h = height of column cross section; 1, = length of the rigid region created
by web reinforcement; €5, = f,/Eg = strain corresponding to yield strength of steel
reinforcement; d = distance measured from the extreme compression fiber to the
centroid of the tension reinforcement; f, and E; = yield strength and modulus of
elasticity of tension steel reinforcement; b = width of column cross section; d;
= distance measured from the extreme compression fiber to the centroid of the
compression reinforcement; A, A’s and Ay, = areas of tension, compression, and
web reinforcement.

3.2 Curvature at Ultimate

The ultimate curvature is calculated when the strain in the extreme compression
fiber of the confined zone reaches the ultimate value (g ). Figure 3 shows the strain
distribution at this stage. Based on this figure, the ultimate curvature is written as
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Fig. 3 Column cross section -a- -b
at ultimate

follows:

= e )
cC—¢

where ¢ = neutral axis depth at ultimate and e = distance measured from extreme
compression fiber of concrete to confined zone extremity.
In this case, the neutral axis depth (c) was given by Fardis [10] as follows:

¢ (1=3)(v—os+ o)+ (1 +8)wew ©)
d (1 - 81)(1 — %) + 204w

where

- ¥ =di/d

— v = N/bg dy f..: ratio of the axial load (N)

— s = Adfy/by do fee, 0’y = A'sfy/by do fee, wew = Agwfy/bg do fec: mechanical
reinforcement ratios of tension, compression, and web reinforcement, respectively

— hg=h —2(eg + dpn/2), by = b — 2(eg + dpn/2), dg = d — 2(eg + dpn/2)

— dpp: diameter of transverse reinforcement

— €p: concrete cover.
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4 Method Verification

In this section, the performance of the presented method is tested against large exper-
imental results collected from the literature. In this field, 30 experimentally tested
columns are selected from previous researches. The details and properties of the
selected specimens are shown in Table 1.

The predicted curvature ductility factors (g pre) Of the selected specimens are
presented in Table 2 with those obtained during experiments (L ¢exp). The comparison
shows a good agreement between the predicted and the experimental values, where
the mean value (MV) and the standard deviation (SD) of the errors (L ¢ pre/|4 g,exp) aT€
equal to 1.02 and 0.17, respectively. In the same context, Fig. 4 shows the predicted
and the experimental results head-on. The dispersion of the points affirms the good
agreement between the predicted and the experimental results. Moreover, the value
of the coefficient of determination (R* = 0.90) confirms this deduction, where it is
very close to 1. Consequently, these statistical results indicate the good performance
of the proposed method in predicting the curvature ductility factor of NSC and HSC
columns.

5 Conclusion

The current research presented a detailed method in order to predict the curvature
ductility factor of confined RC columns made with NSC and HSC. Eurocode 2
[5] and Eurocode 8 [11] were used to calculate the strength and strains of concrete
under confinement, i.e., under lateral pressure due to transverse reinforcement. In this
field, the results obtained by using the proposed method were compared with those
extracted from experimental researches. The statistical comparison showed that the
proposed method has a good performance and accuracy in predicting the curvature
ductility factor of confined RC columns with concrete strength up to 100 MPa.

On the one hand, the present study provided a simple method that can be used with
high accuracy. On the other hand, it can be a starting point for studying the ductility
of RC columns confined with other types of materials or under active confinement.
Moreover, it motivates researchers to undertake other studies on different confined
RC elements such as beams.
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Table 1 Properties and details of the selected beams
Research | Columns | f'c (MPa) | -b o1 (%) | fy (MPa) | N/f' A | dpp/Sp (mm/mm) | fy, (MPa)
(}r;m)
Sheikh | E2 314 305 | 244 | 414 061 |3/114 490
??S]Yeh F4 322 305 0.60 | 10/95
F6 272 075 | 13/173
E10 263 077 | 10/64
El3 272 074 | 13/114
D5 31.2 2.58 046 | 10/114
DIS 269 075 | 10/114
Sheikh |FS-9  |32.4 305 244|414 076 | 10/95 507
and ES-13 325 305 076 | 13/114 464
Khoury
[13] AS-17 313 077 | 10/108 507
AS-18 | 328 077 | 13/108 464
AS-19 323 047 | 10/108 507
Sheikh | AS-18H | 54.7 305 | 244 | 414 0.64 | 13/108 464
ﬁ:}l AS-20H | 53.7 305 064 | 13776 464
AS-17H | 59.1 0.65 | 10/108 507
Hoand |R6 726 325 086 | 250 0.11 | 6/100 460
Pam [15] | g 74.6 325 8/175
RI10 724 10/220
RI2 77.8 12/85
Pamand | B1 50 325 |61 | 460 061 | 12770 531
Ho[8] gy 833 325 124 033 | 12770 531
B3 77.8 0.9 012 | 12/85 339
B4 80.6 24 031 | 12/105 531
BS 56.1 6.1 059 | 12/110 531
B6 96.4 24 034 | 12/90 531
B7 94.7 6.1 035 | 12/100 531
BS 85 6.1 0.63 | 12/120 572
Karen | NI 64,1 150 | 1.74 | 500 036 | 8/100 500
etal. [9] | np 71,7 260 034 | 8/50
NI2 33.57 038 | 8/100

where p; = ratio of longitudinal reinforcement; A, = concrete area (b x h); S, = center-to-center
spacing of transverse reinforcement; fy, = yield strength of transverse steel reinforcement
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Table 2 Comparison
between predicted and
experimental results

H. Bouzid et al.

Columns M g.exp W ¢,pre g pre/Wg.exp
E2 54 5.64 1.05
F4 6.8 6.24 0.92
F6 4.8 3.92 0.82
E10 39 5.84 1.50
El3 5.5 542 0.99
D5 10.6 9.32 0.88
DI15 5.5 6.96 1.27
FS-9 7.5 7.54 1.01
ES-13 6 6.20 1.03
AS-17 10.5 8.00 0.76
AS-18 14.5 12.24 0.84
AS-19 10 8.94 0.89
AS-18H 11 9.16 0.83
AS-20H 13.5 14.13 1.05
AS-17H 5 4.49 0.90
R6 7.3 9.25 1.27
R8 7.2 8.07 1.12
R10 7.7 8.84 1.15
R12 12.8 14.03 1.10
Bl 2.37 2.36 0.99
B2 2.94 4.08 1.39
B3 3.72 3.66 0.98
B4 8.1 7.79 0.96
B5 10.1 9.60 0.95
B6 13 13.04 1.00
B7 9.1 9.25 1.02
B8 10.1 9.84 0.97
N1 9.8 10.88 1.11
N2 10.6 8.90 0.84
N12 7.1 6.53 0.92
MV 1.02
SD 0.17
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Buckling Behaviour of Locally Dented )
GFRP Cylindrical Shells Under External | <&
Pressure—A Numerical Study

Neda Fazlalipour ®, Robab Naseri Ghalghachi,
and Saeed Eyvazinejad Firouzsalari

Abstract Structural applications of composite materials are used in various struc-
tures of the oil and gas industry, water supply and sewage systems and a wide range
of industries, such as marine, aerospace, and military industries. This paper aims to
numerically investigate the influence of local dent caused by an indenter on the buck-
ling behaviour of glass fabric-reinforced polymer cylindrical shells when subjected
to external pressure. For this purpose, 24 finite element numerical models with five
layers and a stacking sequence [30/-30/30/-30/30] were simulated in ABAQUS. The
effect of dent depth (2, 4, 6 and 8 mm) and orientation (0 and 90 degrees) that was
created at the mid-height, the 1/3rd and the 2/3rd of the shell height on the buckling
behaviour of the composite cylindrical shells were evaluated. The results underscored
that whilst the location of the local dent and the depth affected the shells’ buckling
capacity, the dent’s orientation had minimal effect on the buckling capacity of the
cylindrical shells.

Keywords Composite structures *+ Buckling + Local geometric imperfection -
Dent - GFRP cylindrical shells

1 Introduction

Thin-walled cylindrical shells are extensively used as various industrial structures
such as oil tanks, offshore platforms and silos, with these structures being suscep-
tible to buckling when subjected to the hoop or axial compressive stresses. Fibre-
reinforced polymer (FRP) composites are increasingly used in various structural
applications, with the main reason for this being the high strength-to-weight and
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stiffness-to-weight ratios of FRP composites when compared to conventional struc-
tural materials. Several studies have been performed on the modelling and analysis
of composite laminated cylindrical shells. The theories used in these analyses mainly
extend the theories developed for isotropic shell models. Fully anisotropic laminated
cylindrical shells have recently attracted the attention of researchers to achieve an
optimum design of composite laminated shell structures [1-7].

In cylindrical shells, mechanical damages may occur due to the physical con-tact
of shells with various vehicles travelling close to shell locations. Additionally, the
overturning of adjacent shells can cause mechanical damage to the shells. Among
various types of mechanical damage, the dent is regarded as the most crucial damage
[8], which leads to local stress/strain concentration.

The cylindrical shells are subjected to external pressure when the shell is
discharged; consequently, a vacuum is developed inside the shell [9]. Various
researchers have investigated the buckling response of shell structures under uniform
external pressure. Tsouvalis et al. [10] reported that initial imperfections had
less effect on the buckling capacity of composite cylindrical shells subjected to
external pressure when compared to counterpart cylindrical shells manufactured
from isotropic materials. Considering the effects of nonlinear pre-buckling deforma-
tions and initial imperfections, Hui-Shen [11] proposed a boundary layer theory to
predict the buckling and post-buckling response of anisotropic laminated thin-walled
cylindrical shells under external pressure. Seong-Hwa Hur et al. [12] experimentally
and numerically investigated the buckling and post-buckling behaviour of composite
laminated cylindrical shells subjected to external hydrostatic pressure and showed
the difference between numerical models and the associated experiments was limited
to 15.5% if the initial imperfections were not considered. Lopatin [13, 14] proposed
an analytical solution to predict the buckling capacity of composite cylindrical shells
with various boundary conditions. Shen and Pan [15] reported considerable load-
bearing capacity of geometrically imperfect composite cylindrical shells beyond the
buckling when subjected to uniform external pressure.

There is a paucity of research concerning the effect of local geometric imperfec-
tions on the buckling behaviour of glass fibre-reinforced polymer (GFRP) cylindrical
shells subjected to external pressure. This paper aims to numerically investigate the
effect of local dents caused by external interferences on the buck-ling behaviour of
GFRP cylindrical shells when subjected to external pressure. For this purpose, 24
finite element numerical models were developed in ABAQUS [16] then the effect of
dent depth made at the 1/3rd, half, and 2/3rd of the shell on the buckling response of
the cylindrical shells was investigated.
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T

(a) Modelled indenter (b) Indenter and shell model

Fig. 1 Details of cylindrical shell and indenter models

2 Finite Element Analysis

2.1 Finite Element Modeling

Four-node quadrilateral element (S4R) was used to model five layers of the composite
cylindrical shells [14]. The layers of the composite shell were modelled considering
the stacking sequence ([30/-30/30/-30/30]) of the composite material relative to the
x-axis. The indenter was modelled as a discrete rigid surface, and a frictionless
contact algorithm was used to simulate the contact between the cylindrical shell and
the indenter. The dimensions of the indenter are shown in Fig. 1a [17].

Convergence and mesh refinement studies were performed to ensure high accuracy
in analysis, and a uniform mesh of 10 mm elements was used to model the shells. The
bottom edge of the shell was constrained against vertical and radial displacements.
The top edge of the shell was only restricted to radial displacements (see Fig. 1b).
The shell edge was subjected to a uniformly distributed transverse load proportional
to the external pressure [18]. The linear buckling analysis (Eigenvalue) and nonlinear
Riks static analysis were carried out to analyse the stability of cylindrical specimens.
In nonlinear buckling analysis, the load applied to the structure began from zero and
gradually increased with a specific increment. Additionally, the Arc Length method
was used to determine the length of the increments. Two steps are defined in the FE
model to simulate the effect of dent and external pressure stages, namely:

(1) Linear general static analysis: Locally geometrical imperfection in the form of
linear displacement of the indenter was applied in specific locations [19].

(i1) Riks analysis: External pressure was applied to the shell models in the form
of a linear distributed load on the top edge of the cylindrical shell and uniform radial
external pressure on the circumference of the shell model.

The mechanical properties of the composite material, including elastic modulus,
Poisson’s ratio, and shear modulus in both longitudinal and transverse directions,
were defined. To investigate the performance of composite materials, the linear elastic
behaviour of undamaged materials, using Hashin theory which includes four failure
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Table 1 Mechanical Elastic modulus E1; (GPa) 41.498

properties of cylindrical shell

material [21] Elastic modulus E;, (GPa) 13.730
Shear modulus G, (GPa) 4.85
Poisson’s ratio vy 0.267
Tensile strength (MPa) 1167.87
Compression strength (MPa) 583.93
Shear strength (MPa) 65

modes, i.e., fibre tension and compression, matrix tension and compression, were
modelled [20]. For the case of Hashin damage modelling, the beginning of shell
damage is associated with the reduction in stiffness matrice of the shell.

Specifications of the Models

Twenty-four cylindrical shells were modelled, with all the shell models same geomet-
rical specifications, i.e., a diameter of 400 mm, a height of 300 mm, and a wall
thickness of 1 mm, which was composed of a five-layer composite laminate with
a stacking sequence of [30/-30/30/-30/30]. The cylindrical shells were subjected to
local denting load at 1/3rd, half, and 2/3rd of the shell height, where the dent depth
was equal to 2, 4, 6, or 8 mm. The mechanical properties of GFRP composite are
listed in Table 1. Each cylindrical shell model was assigned with a code “S-x-y-z”,
where S means the cylindrical shell, x is the height of the indenter relative to the
bottom edge of the shell (100, 150, or 200), y is the value of the indenter displacement
(2, 4, 6, or 8 mm) and z is the orientation of the indenter relative to the axial axis of
the shell (0° or 90°). For example, the S-100-2-0 refers to a shell model containing
a 2 mm depth of dent at the height of 100 mm, where the dent was caused by an
indenter that had no orientation relative to the shell axial axis.

3 Numerical Analysis and Discussions

In Fig. 2, the failure mode of S-100-4-90 and S-100-6-90 shell models are shown,
where for both models the indenter location and the orientation was the same but the
value of dent depth was different. Both models failed due to fibre compression mode
[22], and the area of damage increased with increasing the dent depth. Additionally,
for the case of S-100-6-90 model and beneath the indenter, the fibres’ damage value
was approximately 80%. For a dent depth of 6 mm, placement of 6 mm for the
indenter in the first step before applying of the external pressure, the fibers have been
damaged by about 80% under the pressure caused by the indenter (see Fig. 3).

In Table 2, the buckling capacity of the cylindrical shells with various dent depths
and denting orientations are compared with the buckling capacity of counterpart
cylindrical shells with no denting. The highest reduction in the buckling capacity of
the shells was for a shell with a dent depth of 2 mm at the height of 100 mm (1/3rd
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Fig. 2 Failure of S-100-4-90 Gwware
and S-100-6-90 shell models bt

(a) Dent depth =4 mm
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(b) Dent depth = 6 mm

Fig. 3 Fiber damage before
applying external pressure
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of the shell height). Beyond 2 mm dent depth, the reduction in the buckling capacity
of the shells was approximately constant. It can be deduced that a local dent in the
proximity of the support had the largest effect on the buckling capacity of the shells
(about 25%). Still, the depth of the local dent had a negligible impact in decreasing
the buckling capacity of the shells.
In Fig. 4, buckling capacities versus dent depth and indenter orientation at the
mid-height of the shells (150 mm from the shell bottom) and at the 2/3rd of the shell
height (200 mm from the shell bottom) are shown. The results indicated that the
buckling capacity decreased by increasing the dent depth. The reduction for the case
of shell models subjected to an indenter with an orientation of 90° was slightly more
than the counterpart shell models with an indenter orientation of 0° (about 1%).

Table 2 Comparison of buckling capacity of cylindrical shell models

Model Displacement of | Orientation of | Buckling capacity | Difference with
indenter (mm) indenter (°) (kPa) perfect shell (%)
S-100-2-0 2 0 24.55 25.38
S-100-2-90 |2 90 24.55 25.38
S-150-2-0 2 0 30.84 6.26
S-150-2-90 |2 90 30.99 5.80
S-200-2-0 2 0 30.94 5.95
S-200-2-90 |2 90 31.26 4.98
S-100-4-0 4 0 24.47 25.62
S-100-4-90 |4 90 24.49 25.56
S-150-4-0 4 0 24.75 24.77
S-150-4-90 |4 90 24.96 24.13
S-200-4-0 4 0 25.02 23.95
S-200-4-90 |4 90 24.73 24.83
S-100-6-0 6 0 24.36 25.95
S-100-6-90 |6 90 24.44 2571
S-150-6-0 6 0 19.61 40.39
S-150-6-90 |6 90 19.95 39.36
S-200-6-0 6 0 19.93 39.42
S-200-6-90 |6 90 20.77 36.86
S-100-8-0 8 0 2431 26.10
S-100-8-90 |8 90 24.39 25.86
S-150-8-0 8 0 19.50 40.72
S-150-8-90 |8 90 19.58 40.48
S-200-8-0 8 0 19.37 41.12
S-200-8-90 |8 90 19.55 40.57
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4 Conclusions

This research aimed to numerically evaluate the effect of local depth caused by an
indenter on the buckling behaviour of glass fabric-reinforced polymer (GFRP) cylin-
drical shells when subjected to external pressure. The key remarks of this research
are listed below:

e The failure mode of both models is fibre compression type, and the area of damage
increased with increasing the value of dent depth.

e For a dent depth of 8 mm and before applying the external pressure, the fibres
were damaged by approximately 80% due to local stresses beneath the indenter.

e The effect of indenter orientation on the buckling capacity of the cylindrical shell
models was negligible.
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Whilst the location of the dent depth significantly affected the buckling capacity
of the cylindrical shells, the dent depth had a negligible influence on the shells’
buckling capacity.

The effect of dent depth on the reduction in the buckling capacity of the cylindrical
shells increased from shell mid-height towards the 2/3rd of shell height.

By placing the indenter in the middle and near the upper edge, the buckling
capacity decreases with the increasing of the amplitude imperfection.
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Research and Application of Ultra High )
Performance Concrete in Engineering i
Projects in Japan

Jian Zhou

Abstract Japan is located in the international seismic zone, and is also a resource
intensive country. It has unique features in the research and application of ultra-high
performance concrete materials. The paper analyzes and summarizes the engineering
application cases of concrete strength grade above 150 N/mm?, including structural
system, mix design, production process, strength grade, etc. Silica fume composite
cement, with strict calculation of sand and stone gradation, improves the compactness
beyond the conventional concrete; The super high performance water reducing agent
can greatly reduce the water cement ratio and improve the working performance,
especially the expansion degree; Organic fiber and steel fiber are especially important
in fire resistance, explosion resistance and ductility. Ultra-high performance concrete
could improve the seismic performance of building structures and the utilization
rate of building area, and new materials could provide more choices for design and
engineering application.

Keywords UHPC - Mix proportion * Curing process + Compressive strength -
Engineering application

1 Introduction

In Japan, the research of high-strength concrete began around 1970 years ago. At that
time, admixtures with better water reducing performance than general water reducing
agents were successively developed in Japan. The concrete in Japan is developing
towards high strength concrete with low water consumption and low water cement
ratio. The strength of concrete is greatly promoted by the use of new water reducing
agents and the application of silica fume. Because silica fume has strong pozzolanic
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properties and is a mixture of ultra-fine particles, it makes the concrete structure
compact, and it is easy to produce high-strength concrete above 50 N/mm?, so it is
widely used in actual structures and prefabricated components (originally PC piles).
Ultra-high strength concrete, which exceeds 100 N/mm?, has developed since 1990.
With the further development of research, the research and application from 100-150
to 150-200 MPa has gradually developed, creating another miracle in the field of
materials and structures. Under a series of studies and engineering applications, a
series of mature systems and measures have been formed for mix proportion design,
structural design, production management and quality management of ultra-high
performance concrete.

Through reading and sorting out the literature, this article has sorted out six impor-
tant application cases of ultra-high performance concrete, including project overview,
mix proportion design, strength, providing learning and reference for domestic and
foreign scholars, and contributing to the development and application of ultra-high
performance concrete.

2 Engineering Project Cases

The perfect combination of ultra-high performance concrete and high-strength rein-
forcement (yield load of 440 MPa) has made high-strength and high-performance
materials an important step forward. They have been used in many building structures
in Japan, and have been widely used in 100-150 MPa [1-4]. Even 150-200 MPa
[5—-11] ultra-high strength concrete has been used in actual engineering projects. See
Table 1 for the engineering projects applying 150-200 MPa UHPC.

Table 1 shows the basic information of six 150-200 MPa ultra-high performance
concrete projects, which are mainly applied to the structural columns at the bottom
core of the frame structure system of super high-rise buildings to improve the utiliza-
tion rate of building area and the seismic performance of buildings. The buildings
involved are widely used, but the common point is that the building structure is more
regular.

3 Concrete Raw Materials and Mix Proportion

3.1 Concrete Raw Materials

According to statistics, the requirements for raw materials of ultra-high performance
concrete above 150 MPa are obtained, and the raw materials are shown in Table 2.
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Table 2 Main parameters of concrete raw materials

Introduction | Cement Fine aggregate | Coarse Admixture Fibre

aggregate

NO.1 [5] Silica fume Crushed sand: | Real product | Polycarboxylic |-
composite 70%, FM2.77 | rate: 60.4%; acid high
cement Mountain 2015:1505 = | performance
(SEFCS) sand: 30%, 1:1 water reducer

FM2.01 (volume ratio)
(p= (p=
2.60 glem?) 2.62 glem?)

NO.2 [6] Composite Hard sandstone | Hard sandstone | @ Water Steel fiber:
low heat silica | crushed sand | gravels reducer ¢ =
fume cement | (p = (p= (SSP-104 0.16 mm
(p= 2.59 g/cm3) 2.64 g/cm3) modified 3) L =13 mm
3.08 g/em?) @ Sra
(silica fume
10%)

NO0.3 [7] Silica fume Crushed sand: | Crushed stone | Polycarboxylic | PP: 48 pm,
composite FM2.78 (p= acid high 10 mm
cement (p= 2.62 g/lem?) performance Steel fiber:
(SECS) 2.63 g/cm3) (maximum size | water reducer ¢ =
(p= 20 mm) (SP1, SP2) 0.38 mm
3.01 g/em?) L =30 mm

NO0.4 [8, 9] ® Composite | Crushed sand | Crushed stone | @ Reduced —
medium heat | (p = (p= polycarboxylic
silica fume | 2.63 g/lem®) | 2.64 g/em?) acid high
cement performance
(p= water reducer
3.21 glem?) @ Lime
@ High expansion agent
strength
admixture
(p=
2.51 g/em?)

NO0.5[10] ® Ordinary Crushed sand | Crushed stone | Low shrinkage |-

Portland polycarboxylic
cement acid high

@ Mineral performance
powder water reducer
® Silica fume

NO.6 [11] @ Ordinary Crushed sand | Crushed stone | ® Ethylene
Portland (p= (p= Polycarboxylic | ethanol
cement 2.63 g/lem?) 2.62 g/lcm?) acid high copolymer
@ Mineral performance fiber
powder water reducer
® Silica fume @ Low alcohol
(p= shrinkage
2.99 g/cm?) reducer
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Table 2 shows that, Silica fume composite cement is widely used in Japan, which
has better hydration reaction and grading density, while ordinary Portland cement
is mainly used in China; The compactness of concrete is well guaranteed by strictly
calculating the proportion of fine aggregate and coarse aggregate. Low water cement
ratio is one of the technical requirements of ultra-high performance concrete. The
development and application of ultra-high performance water reducing agent greatly
improve the working performance of low water cement ratio concrete, which is the
key factor. Fiber is an important factor in the application of ultra-high performance
concrete to building structures. Organic fiber could improve the fire and explosion
resistance of concrete, and steel fiber could improve the ductility and ultimate strength
of concrete. The strict requirements for various materials have realized the application
of ultra-high performance concrete.

3.2 Mix Proportion

Mix proportion is the key link to realize the application of ultra-high performance
concrete materials. The mix proportion parameters are listed in Table 3.

Table 3 shows that, the aggregate grading of ultra-high performance concrete is
relatively strict. The proportion of silica fume composite cement to coarse and fine
aggregates makes it have a high compactness, so as to achieve high strength; High
performance water reducing agent makes concrete with low water cement ratio still
have high workability. Raw materials and mix proportion are the key to achieve
ultra-high performance, and have important guiding significance.

4 Concrete Performance

Different curing processes are selected for different production methods, the curing
process is the key to ensure the strength and working performance of concrete. Table
4 shows different manufacturing, curing process, strength, etc.

Table 4 shows that, whether cast-in-situ or factory prefabricated, heating curing
is an optimal and even necessary curing process, which can guarantee the optimal
performance in the fastest and best way. Heating curing includes warm water tank
curing (40 °C), heating plate curing (90 °C) and steam curing (90 °C). The warm
water tank curing and steam curing are applicable to the production process of the
supporting prefabrication plant, the heating plate curing and steam curing are appli-
cable to the supporting on-site casting production process, and the steam curing
(90 °C + 120 h) is the most selected curing process. The test strength meets the
requirements of design strength, and reasonable production process and curing
process are effective guarantees for compressive strength.
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Table 4 The performance analysis of concrete obtained under different production processes for
different mix ratios

Introduction Construction Curing conditions Design strength Test strength
measures (N/mm?) (N/mm?)
NO.1 [5] Pumping Steam curing (90 °C) | 164.0/91d 165.0/91d
construction
NO.2 [6] @ Prefabricated | @ Steam curing 200.0/28d 206.5/28d
@ Cast in situ (90 °C)
@ Panel heater
(90 °C)
NO0.3 [7] Cast in situ Steam curing (90 °C) | 200.0/91d 229.0/91d
NO0.4 [8, 9] Prefabricated Steam curing (90 £ | 200.0/91d 209.0/91d
5°C + 120 h)
NO0.5[10] Prefabricated ® Warm water at ® 150.0/28d ® 171.0/28d
40 °C @ 150.0/56d @ 165.0/56d
@ Adiabatic curing | ® 150.0/91d ® 164.0/91d
@ Standard curing
NO0.6 [11] Cast in situ ® Standard curing @ 150.0/7d @ 154.0/7d
@ Simple thermal @ 150.0/91d @ 164.0/91d
insulation ® 150.0/91d ® 160.0/91d
maintenance

5 Conclusion

With the development of high-performance materials, ultra-high performance
concrete has been applied in Japanese building structures; At the same time, it lays
a foundation for the development of new materials and new structural systems.

Silica fume composite cement material and solid grading analysis theory are the
key technical supports for the development of ultra-high performance concrete in
Japan; The development of super high performance water reducing agent is the core
technology for the development of super high performance concrete, which solves
the problems of high viscosity and low flow performance; Organic fiber and steel
fiber solve their fire resistance, explosion resistance and ductility.

The curing process is the key to its ultra-high compressive strength. Through
comparative analysis, it is found that steam curing (90 °C 4 120 h) is more reasonable
and suitable for large-scale and standardized production and application.
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The research and application of ultra-high performance concrete in building struc-
tures in Japan have formed perfect technical standards and management measures,
which provide guidance for our research and application.
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BIM Electromechanical Pipe Synthesis )
Experience Summary in Residential L
Basement

Ting Lei, Ming Jiang, and Jian Yu

Abstract BIM technology has been widely used in practical engineering construc-
tion projects, especially in the application scenario of mechanical and electrical
pipeline synthesis. In residential projects, the electromechanical pipeline in the base-
ment part is the most complex and concentrated in the whole project. Therefore,
this paper studies and summarizes the comprehensive application of electromechan-
ical pipeline of BIM technology in residential basement project. This paper mainly
studies the implementation process of BIM electromechanical pipeline comprehen-
sive application of four actual residential basement construction projects, analyzes the
problems found and solved in the comprehensive application of electromechanical
pipeline in residential basement based on BIM, and summarizes the key points that
the project construction party needs to grasp in order to complete such projects with
high efficiency, high quality and high standard. In addition, according to the imple-
mentation experience of actual engineering projects, this paper also puts forward
some suggestions on the implementation process of BIM-based residential basement
electromechanical pipeline comprehensive project.

Keywords BIM - Pipeline synthesis + Residential basement

1 Instruction

Pipeline synthesis is to find and check the loopholes in the design in advance by
adjusting the spatial location relationship of electromechanical pipelines, so as to
coordinate resources, improve space utilization, and thus facilitate construction and
save materials and manpower. Compared with other construction methods, the appli-
cation of BIM technology in basement pipelines can significantly reduce the problem
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of intersection circles and errors, reduce the amount of design changes, and improve
the net height of the finished surface of the basement and the overall appearance [1],
while Huang Ping, Zeng Zhusheng, Zheng Yang, and Wu Wei, all based on actual
projects, have studied the application of BIM technology in basement pipeline pre-
determined holes, gravity drainage design, pipe well deepening design, basement
pipeline synthesis, outdoor pipeline synthesis, construction process BIM specific
application and other scenarios [2-5], many aspects repeatedly verified that compared
with the traditional two-dimensional CAD pipeline synthesis, the application of BIM
technology in the basement mechanical and electrical pipeline synthesis can indeed
improve construction efficiency, project quality. However, the actual project appli-
cation landing process is not smooth, there are still many problems, the construction
unit as the main BIM pipeline synthesis, due to the lack of qualification can not
change the original design too much, design modification after re-flip mold work-
load is huge, and frequent changes in the design drawings, resulting in the original
BIM work falls short, BIM repeated design reduces efficiency and increases the cost
of use, and the design as the main BIM pipeline synthesis. Designers understand
the site environment with differences and not timely, also brings resistance to the
application of BIM pipeline comprehensive landing [6], which needs to optimize the
implementation process to solve. In addition, the current pipeline synthesis appli-
cation research summarizes the common pipeline layout principles and avoidance
principles, while the actual project pipeline synthesis layout is mostly to avoid colli-
sions, the lack of overall layout plan, resulting in the BIM model does not meet the
construction requirements, and ultimately difficult to land.

In order to effectively promote the application of BIM electromechanical pipeline
synthesis in actual projects, this paper takes several actual residential basement
pipeline synthesis projects as the basis, analyzes the common problems of BIM elec-
tromechanical pipeline synthesis in residential basement, summarizes the key points
to be grasped in the actual pipeline synthesis projects, summarizes the common
residential basement pipeline synthesis layout scheme, and inductively proposes
the implementation process for the smooth and efficient implementation of BIM
electromechanical pipeline synthesis results, and gives targeted specific suggestions.

2 BIM Mechanical and Electrical Pipeline Comprehensive
Common Problem Analysis

The main value point of BIM MEP pipeline synthesis in residential basement is to
take the clear height of functional area as the premise, meet the actual construc-
tion requirements, combine the cost elements such as materials and measure costs,
and integrate the problems that will be encountered during the construction process
using design and construction drawings in the traditional mode by adjusting the
spatial location relationship of MEP pipelines, so as to improve space utilization,
coordinate resources and achieve high-quality construction. This paper summarizes
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Table 1 The actual project electromechanical pipe synthesis problem situation

285

Project name | Area (m?) Total number | Percentage of | Percentage of | Percentage of
of problems | civil mechanical comprehensive
(pc) engineering and electrical | pipeline
drawing drawing problems (%)
problems (%) | problems (%)
Project I About 70,000 | 115 66 17 17
Project I1 About 90,000 | 117 78 10 12
Project 111 About 90,000 | 132 38 34 28
Project IV About 60,000 | 130 19 33 48

several common problems in residential basement by studying the problem reports
of several residential basement pipeline synthesis projects and analyzing the types
and quantity distribution of problems that are front-loaded in the process of MEP
pipeline synthesis.

The scale of the actual residential basement project studied in this paper is around
60,000-90,000 m2, and the types of problems antecedent to its electromechanical
pipeline synthesis process are mainly civil drawing problems, electromechanical
drawing problems and pipeline synthesis problems, the number and proportion of
which are detailed in Table 1.

The problems of drawings include various kinds of labeling problems, at the same
time, there are many inconsistencies in plan, elevation, section and system diagrams,
in addition, there are also problems of mismatching drawings of each floor, each
single unit and human defense, inconsistency between civil construction and mechan-
ical and electrical openings, etc.; the comprehensive problems of pipelines include
the problems of insufficient net height, modification of pipeline routing, modification
of original design dimensions and modification of original design openings. Among
them, the problem of insufficient net height in the integrated pipeline problem mostly
occurs in the second floor and below, and the corresponding upper floors are mostly
large equipment rooms; the problem of pipeline routing modification mostly occurs
in the location where pipelines are concentrated and complicated, and the routing of
electromechanical pipelines is optimized under the premise of meeting the profes-
sional design function; the problem of original design size modification mostly occurs
in the structural beam size and air duct size modification; the problem of original
design hole modification mostly occurs in the structural The original design holes
are mostly at the holes of structural shear wall, man-proof wall and outdoor structure
wall, and the original design holes are inconsistent for the electromechanical pipelines
after the general pipeline synthesis, so it is necessary to reissue the hole retention
diagram, otherwise it is necessary to increase more electromechanical pipeline bends
and may sacrifice the local net height.

The total number of problems in the actual residential basement project studied in
this paper is about 120, except for the projects with high quality drawings and simple
mechanical and electrical pipelines. The larger the number of problems, the higher
the overall quality of the drawings and the more complex the project, the greater the
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value of the project and the more cost-effective the application of BIM for E&M
pipeline synthesis.

3 BIM Mechanical and Electrical Pipeline Comprehensive
Implementation Key Points

This paper studies the implementation process of BIM electromechanical deepening
of several well-known domestic real estate residential basement projects, and summa-
rizes the key points that need to be grasped to make a good pipeline synthesis project,
mainly three aspects of civil model analysis, building functional partition analysis,
and electromechanical pipeline synthesis program determination.

3.1 Civil Model Analysis

The civil model analysis mainly includes several aspects such as floor height, struc-
ture form and floor slab form. The floor height analysis is mainly used to determine
whether there is a partial mezzanine, and the floor height of each floor, in order
to predict whether the civil construction conditions are sufficient to meet the basic
requirements of the net height of the basement, and for the first floor of the basement,
we need to focus on the height of the top slab from the outdoor ground, and check
whether the cladding layer can meet the space required for the drainage pipes to
discharge the outdoor; the structural form analysis should first determine whether
the structure is a frame beam system or a beamless floor cover system. If it is a frame
beam system, the height of the main beam and its height from the building surface
of this floor should be analyzed; if it is a beamless floor cover system, the height of
the column cap of the large surface and the height of the floor slab bottom from the
building surface of the current floor should be analyzed; the analysis of the floor slab
form mainly includes the analysis of whether the slope of the floor slab, the main
thickness of each floor slab and the height of the floor slab bottom, as well as whether
there is a large surface of the floor slab drop area and other issues. The following
two typical cases are used for detailed explanation.

Case one, the project underground total construction area of 90,905 m?, under-
ground a total of two layers, the top of the first floor from the cladding layer to
complete the surface height of 2000 mm, enough to meet the drainage pipe out of
the outdoor, structural form are frame beam structure system, to the second floor
underground, for example, the floor height of 3700 mm, the main beam, the bottom
of the secondary beam from the floor building surface height of 2950, 3050 mm, floor
slab without slope. Building slab thickness of 100 mm, structural slab thickness of
120 mm, the bottom of the slab from the bottom of the main beam has 530 mm of
space, enough for the sprinkler nozzle arrangement and the upper open smoke vent
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beam nest arrangement, there is a defense area, and the human defense area structural
floor slab thickening.

Case two, the project underground total construction area of 90,740 m?, under-
ground a total of two layers, the top of the first floor from the cladding layer to
complete the surface height of 1800 mm, enough to meet the drainage pipe out of the
outdoor, structural form of the first floor for the frame beam structure, the second floor
of the ground floor for the beamless floor cover, to the second floor of the ground, for
example, the floor height of 3600 mm, most of the area for the column cap structure,
only the building single area with structural beam, structure conventional The bottom
of the column cap is 3130 mm from the building surface height of this floor, and the
bottom of a few local unconventional column caps, the bottom of which varies from
2970 to 3110 mm from the building surface height of this floor, the floor slab has no
slope, but is mainly divided into two plates, the building slab thickness is 70 mm, the
thickness of the structural plate has two thicknesses of 160 and 200 mm, of which
the 200 mm thick floor slab area is the human defense area, and the floor slab The
bottom from the bottom of the conventional column cap has 240 mm of space, only
enough for the sprinkler nozzle arrangement, in addition to the local structure floor
slab drop plate area, basically a single area and upstairs projection surface for the
engine room area.

3.2 Building Functional Area Analysis

Considering the different net height requirements of different functional areas in base-
ment, it is necessary to classify the common building space according to different
functional areas, so as to prepare for the subsequent combination of mechanical
and electrical pipeline specific situation to propose a suitable program. The general
functional areas of residential basement are garage area, driveway area, Chai Fa main-
tenance channel, truck operation channel, single entry channel, etc. The net height
requirements of these functional areas of the project are analyzed and summarized
in advance to lay the foundation for the subsequent comprehensive program of elec-
tromechanical pipelines. In addition, there are two other points need to focus on
research, one is the fire protection partition and smoke protection partition, under-
stand clearly in advance the project fire protection partition and smoke protection
partition, it is very critical to modify the original design routing in the integrated
pipeline arrangement, especially the smoke exhaust system; second is the human
defense area, understand whether the project has a human defense area, if there is a
human defense area, determine which electromechanical pipelines and equipment in
the area are installed in advance, and which are installed again in wartime, in order
to reserve space. Based on the actual project, this paper analyzes and summarizes
the headroom requirements of different building functional partitions in residential
basements, as shown in Table 2.



288 T. Lei et al.

Table 2 Building functional zoning headroom requirements

Building functional area Net air demand | Note

Garage area 2200 mm -

Driveway area 2400 mm -

Large equipment transport channel 3000 mm Generally on the first floor

Light truck operating channel 3500 mm Generally on the first floor

Entrance lobby and entrance walkway | 2600-2800 mm | General first floor to take the upper
limit, the rest of the layer to take the
lower limit

3.3 Comprehensive Electromechanical Pipeline Program
Determination

Determine the comprehensive scheme of mechanical and electrical pipelines in
residential basement. To carry out mechanical and electrical pipeline synthesis,
first analyze the situation of mechanical and electrical pipelines, then determine
the scheme of comprehensive arrangement of mechanical and electrical pipelines
based on civil model and building functional area analysis, combined with special
requirements of Party A.

First of all, we need to analyze the mechanical and electrical pipeline situation in
the residential basement, the general residential basement mechanical and electrical
pipeline system types are shown in Table 3. Throughout the above system, the elec-
tromechanical pipeline can be generally divided into three categories: air duct, water
pipe and bridge, the highest height of air duct of general residential basement exhaust
and smoke system, mostly 500 mm (including 50 mm insulation layer); the diameter
of water pipe is mostly DN150, generally not more than DN200, the height of bridge
is mostly 100 mm, generally not more than 200 mm. open, and avoid unnecessary
cross, no beam building cover structure form try to consider the electromechan-
ical pipeline to avoid the column cap, pipeline layout, as far as possible the same
professional and the same system pipeline layout together, at the same time for large
equipment transport channel and light truck running channel, need to specifically
consider can go several layers of electromechanical pipeline, and whether the duct
needs to move to the parking space, to avoid the channel area; Secondly, the vertical
space, the air duct system Secondly, the vertical space, air duct system, consider
adding support hangers and flanges, occupy 600 mm high space, water pipes and
bridges consider occupying 300 mm high space.

Then, based on the civil model and the analysis of the functional area of the
building, and combined with the special requirements of Party A, to determine the
comprehensive arrangement of mechanical and electrical pipeline program, pipeline
inter section, basically follow the principle of large pipe let small pipe, pressure
pipe let gravity pipe, water pipe let bridge, weak power bridge let strong power
bridge, while minimizing the turning bend, comprehensive consideration to avoid,
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Professional name

System type name

Note

HVAC Air and smoke exhaust system The maximum size of the duct is

HVAC Make-up air system mostly 500 mm (including 50 mm
- - insulation)

HVAC Pressurized air supply system

HVAC Air delivery system

HVAC Manned air duct system

Drainage Spraying system Water pipe diameter is mostly DN150

Drainage Fire hydrant system

Drainage Water supply system

Drainage Pressure sewage/wastewater system

Drainage Gravity dirt/waste water systems

Drainage Rainwater system

Strong electricity | High voltage bridge Except for the lighting bridge height
of 50 mm, the rest of the bridge

height is mostly 100 mm and 150 mm

Strong electricity | Fire fighting power bridge

Strong electricity | Non-fire power bridge

Strong electricity | Charging pile bridge

Strong electricity | Lighting bridge

Weak electricity | Automatic fire alarm bridge
Weak electricity | Weak power bridge
Weak electricity | Operator bridge

this paper to the actual project as a case, specifically summarize the six typical
residential basement pipeline comprehensive program.

Program one, as shown in Fig. 1, the structure is a frame beam structure, the main
beam (i.e., large beam) bottom distance from the floor building surface height minus
the net height of demand is still left 600 mm when the ducts are arranged against the
bottom of the beam, the sprinkler system combined with subcontracting and intensive
degree, it is recommended that a separate layer, occupying 300 mm space, the rest
of the water pipe bridges go one layer, occupying 300 mm space, lighting bridges
against the bottom of the ducts, go to the bottom, the water pipe bridges meet the
ducts, turning bend to the beam nest to avoid.

Program two, as shown in Fig. 2, when the implementation of program one, water
pipes and bridging lines are dense, can not go a layer, you can take the bridging and
spraying the same layer of the main, spraying branch pipe to go inside the beam nest,
the water pipe to go its lower layer, the rest of the same program one.

Program three, as shown in Fig. 3, the structure is a frame beam structure, the
main beam (i.e., beam) bottom from the floor building surface height minus the net
height of demand is still 800 mm and above, the sprinkler system stick to the bottom
of the beam alone go one layer, air ducts go under the spray, air duct top from the
bottom of the beam to leave a space of 200-250 mm, the bridge go one layer (in the
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Fig. 1 Scheme 1 cross-sectional view and Scheme 1 3D diagram
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Fig. 2 Scheme 2 cross-sectional view and Scheme 2 3D diagram

spray pipe next layer), occupy 300 mm space, water pipes go its lower layer, occupy
300 mm space, lighting bridges against the bottom of the air ducts, go the bottom
layer, water pipe bridges encounter air ducts, turning bend to the beam nest to avoid.

Program four, as shown in Fig. 4, similar to the case of program three, only when
the water pipe and bridge longitudinal and transverse pipelines are a lot, you can also

Fig. 3 Scheme 3 cross-sectional view and Scheme 3 3D diagram
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Fig. 4 Scheme 4 cross-sectional view and Scheme 4 3D diagram

consider the water pipe and bridge to take the same layer, and in the longitudinal, it
takes a standard high level, in the transverse, it takes another standard high level, has
reduced the number of horizontal and vertical cross when the pipeline bending, the
rest with program three.

Program five, the structure is a beamless floor cover, when the bottom of the floor
slab is less than 450 mm space from the bottom of the conventional column cap,
combined with the bottom of the conventional column cap from the height of the
building surface at this level minus the net height of the demand, the pipeline layout
program is similar to the frame beam structure.

Program six, the structure is a beamless floor cover, when the bottom of the floor
slab is greater than 450 mm from the bottom of the conventional column cap space,
the sprinkler system can be placed in this layer of space, the rest of the pipeline as
far as possible to avoid the column cap, the layout program is similar to the frame
beam structure.

4 BIM Mechanical and Electrical Pipeline Comprehensive
Implementation Process Proposal

In the actual implementation of the integrated electromechanical pipeline project, in
order to implement the BIM integrated electromechanical pipeline results smoothly
and efficiently, it is necessary to understand the demand opinions of Party A, the
designer and the constructor, to integrate the opinions of all parties into the integrated
pipeline model, and to obtain the unified approval of all three parties, in order to
meet Party A’s headroom requirements, to reduce design changes, to ensure that the
constructor is willing to refer to the model construction, and to improve construction
quality and progress. After the practice and summary of several residential basement
projects, this paper proposes the implementation process of BIM-based residential
basement E&M pipe synthesis project.
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The specific implementation process and recommendations are as follows: gener-
ally a residential basement area of about 100,000 m?, the entire BIM-based mechan-
ical and electrical pipe synthesis requires about 50 working days, the implementa-
tion process in order for the BIM preliminary modeling, pipe synthesis of the initial
row, program communication, pipe synthesis of the detailed row, detailed modeling,
problem pinning, the results of 7 parts, and finally complete the implementation of
the residential basement mechanical and electrical pipe synthesis project, and the
time allocation of each part are recommended to be 5, 6, 2, 10, 5, 12, 10 days. BIM
preliminary modeling is mainly to establish civil framework and electromechanical
main model according to the construction drawings drawn by the design, during
the process of recording the problems of errors and omissions in the drawings, and
feedback to the design to confirm the modification of the drawings; the prelimi-
nary arrangement of pipe synthesis is mainly to analyze the civil model, building
functional area analysis and electromechanical pipeline situation analysis, for The
main line of electrical and mechanical, in the local scope of the layout of several
options to meet the net height requirements; program communication is mainly the
A party, the design party, the construction party gathered in a meeting to report the
preliminary layout of the program, and combined with the views of the three parties
to finalize the layout program; pipe synthesis of the detailed layout is based on the
determination of the initial layout program, combined with the latest version of the
stable construction drawings, the entire scope of the project pipeline comprehen-
sive work, and record Modify the original design and problem areas (if there is no
stable version of the construction drawings, only stay in the program communica-
tion, grasp the big picture net height can be, is not recommended to carry out pipe
synthesis detailed arrangement); detailed modeling is to establish the branch level
end model, room model, model of large sample expression, etc., in order to improve
the overall model; problem pinning is mainly to solve the problems recorded in front
one by one, and consensus with the A party, the design party, the construction party
Solution; the results are mainly based on the completed model of mechanical and
electrical pipeline synthesis, a full set of problem reports, pipeline synthesis plan,
section drawing, single professional drawing, structure stay hole drawing, secondary
masonry stay hole drawing, detail node 3D drawing and other results.

5 Conclusion

BIM technology is an important means of digital transformation in the construc-
tion industry, and the value of the application scenario of mechanical and electrical
pipeline synthesis in the project has been widely recognized by the industry, but
there is still a lot of resistance in the process of specific project implementation.
In this regard, BIM technicians are required to continuously improve their profes-
sional knowledge and summarize project experience to refine the key issues that
need to be grasped in the project, actively innovate to seek value points and contin-
uously optimize the implementation management process, so as to further improve
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space utilization, coordinate resources, facilitate construction and save materials and
manpower for construction projects.
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Finite Element Analysis of Steel Tube )
Bundle Composite Shear Wall oo
with Different Constructions

Shengwu Wan and Xueyuan Cheng

Abstract In order to study the seismic performance of the steel tube bundle
composite shear wall with different constructions. Based on the failure tests of three
composite shear wall specimens without steel tube bundle end, with studs and stiff-
ener, a feasible numerical model is established by ABAQUS. The hysteresis curve
and energy dissipation coefficient, skeleton curve and ductility of the shear wall were
further analyses by varying the axial compression ratio and the spacing of the internal
diaphragm. The results show that the stud group and the stiffener group can effec-
tively improve the horizontal bearing capacity, energy dissipation capacity, bearing
capacity and ductility of the shear wall. Under the condition of low axial compression
ratio, the horizontal bearing capacity of the member with stud is increased by 6.3%;
Under the condition of high axial compression ratio, the horizontal bearing capacity
of members with stiffeners is increased by 4.5%; The change of axial compression
ratio and the spacing between inner diaphragms of shear walls with stiffeners has
little effect on their energy dissipation capacity and ductility.

Keywords Steel tube bundle composite shear wall + Seismic performance - Finite
element simulation - Inner spacer spacing * Axial compression ratio

1 Instruction

Compared with ordinary reinforced concrete members, steel tube bundle composite
shear wall, as a new type of shear wall member, has higher bearing capacity
and energy consumption capacity, and is suitable for standardized design, factory
production and assembly construction.

Wu et al. [1], Huang et al. [2] studied the double steel plate shear wall with struc-
tural measures through axial compression test and quasi-static test, and concluded
that the ductility of the shear wall with structural measures under periodic load is
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higher than that of the general shear wall structure. Takeuchi et al. [3], Yan [4,
5], Ozaki [6], etc. have studied the influence of steel plate spacing, thickness, etc.
On the shear wall components of steel plate shear wall components with structural
measures through experiments. The latest research status in China mainly focuses
on the seismic performance [7, 8], shear performance [9] and compression bending
performance [10] of steel tube bundle composite shear wall, and the research on
structural measures [11, 12] is less.

In this paper, based on ABAQUS, the steel tube bundle composite shear wall
with stud and stiffener at the end is simulate the low-reversed loading tests., and the
feasibility of the model is verified by comparing the hysteresis curves of simulation
and test. Further changing the axial compression ratio and the spacing between inner
diaphragms of steel tube bundle composite shear walls, the influence of various
parameters on the seismic performance of steel tube bundle composite shear walls
with different structures is analyzed.

2 Overview of Model Design

Three groups of 9 test pieces are designed, Control group (steel tube bundle
composite shear wall), shear bolts group (set the specification of two rows to A8*
40 mm@ 120 mm shear bolts) and stiffeners group (set two groups of 30 * 3 mm
stiffeners and arrange them in full length). Among them, each group is also provided
with a reference specimen with different axial compression ratio and spacing between
inner diaphragms. See Table 1 for dimensions of each test piece. In the finite element
simulation, the material properties, specimen size and loading method in the test in
literature [12] are adopted.

3 Establishment and Verification of Finite Element Model

3.1 Material Constitutive Relation

The ideal elastic—plastic constitutive relation double line model is adopted for steel.
The model assumes that the steel is isotropic and satisfies Mises yield. The elastic
modulus of steel is E; = 2.03e5 MPa, Poisson’s ratio is 0.3. Considering that the
outer steel plate of this model has a restraining effect on the internal concrete and the
outer steel plate is rectangular, the constitutive relation of confined concrete is used.
The stress—strain relationship of concrete under compression is taken as per [13].

The concrete damage model established in this damage model of concrete by
Lubliner [14] and Lee [15], the elastic stiffness degradation caused by concrete
damage is described by damage factors (dc, dt).
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Table I Design parameters Group Model no | Axial compression | Wall section size
of each component .
ratio

Blank CSW1 0.3 103 * (100 +
180 * 3 + 100)

CSWI1-1 [0.1 103 * (100 +
180 * 3 + 100)

CSW1-2 |03 103 * (100 +

90 * 6 + 100)

Stud CSW2 0.3 103 * (100 +
180 * 3 4 100)

CSwW2-1 |0.1 103 * (100 +
180 * 3 + 100)

CSwW2-2 |03 103 * (100 +

90 * 6 + 100)

Stiffener | CSW3 0.3 103 * (100 +
180 * 3 + 100)

CSW3-1 [0.1 103 * (100 +
180 * 3 4 100)

CSW3-2 |03 103 * (100 +

90 * 6 + 100)

3.2 Unit Selection and Meshing

All grids in the model are structured, C3D8R concrete and C3D81 steel pipe bundle,
it can effectively avoid shear self-locking and excessive deformation. The global size
of the mesh is 120 mm. The stud is shear bolts as a non independent entity to grid it,
meshing is C3D8R and the approximate global size is 1 mm.

3.3 Contact Treatment and Boundary Conditions

In the model, the steel tube bundle, loading beam and foundation slab are consid-
ered as a whole, so there is no contact between them. The normal behavior of the
contact property between the steel tube bundle and the filled concrete is defined as
hard contact, the tangential behavior is defined as penalty contact, and the friction
coefficient is taken as the reference value of 0.6. The stiffener is set to be embedded
in the concrete in a built-in coupling mode. The stud is embedded into the filled
concrete of the steel tube bundle in a built-in coupling mode.

According to the test method, the boundary condition of the model is that the
foundation plate is set as fully consolidated, the reference point is set at the centroid
position on the right side of the loading beam, the reference point is coupled with
the entire end face on the left side of the loading beam, and the low circumferential
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Fig. 1 CSW1 hysteretic
curve comparison between
test and finite element
simulation

displacement load acts on this reference coupling point. A reference point is set
above the loading beam and coupled with the upper end face of the loading beam.
The axial pressure acts on this reference coupling point.

3.4 Finite Element Model Verification

Use the above modeling methods to model and analyze CSW1, CSW2, and CSW3,
and compare the finite element simulation results of the hysteresis curve with the
experimental results. The results are shown in Fig. 1. It can be seen from Fig. 1 that
the shape of the hysteresis curve obtained by numerical simulation and test is similar,
and the change rule of the curve is also the same, except that the curve values are
different. The error of the ultimate load is within 5% and the simulation result is
higher than the test result, because the finite element model is the ideal model of
the test, and the bond slip between the steel tube bundle and the core concrete is not
considered.

4 Finite Element Simulation Results and Analysis

4.1 Hysteresis Curve and Energy Dissipation Capacity

In order to further accurately analyze the influence of axial compression ratio and
spacing of inner diaphragms on the energy dissipation capacity of steel tube bundle
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Fig. 2 Energy dissipation coefficient—displacement diagram

composite shear wall with different structural measures, energy dissipation coeffi-
cientis used to measure. See Fig. 2 for the energy dissipation coefficient displacement
diagram of 9 test pieces.

It can be seen from Fig. 2 that by comparing the blank group, shear bolts and
stiffeners with changed axial compression ratio, it can be seen that when the axial
compression ratio decreases, the energy dissipation coefficient decreases, indicating
that the energy dissipation capacity decreases. By comparing the shear wall groups
with different structures in each group, it can be found that the energy change curves
of the blank group and shear bolts are quite different, which indicates that changing
the axial compression ratio and the spacing of inner diaphragms has a greater impact
on the energy dissipation coefficients of the blank group and the stud group. The
energy dissipation coefficients of the three specimens of the stiffening group are
greater than 2.5. The energy dissipation capacity of the stiffening group is stronger
than that of the other groups, and the axial compression ratio and the spacing of inner
diaphragms have little influence on it.

4.2 Skeleton Curve and Bearing Capacity

It can be seen from Fig. 3 that when the axial compression ratio decreases and the
spacing between inner diaphragms remains unchanged, the slope of the curve descent
section of the blank group and shear bolts group becomes smaller, and the trend tends
to be flat. The ductility of the specimen increases. However, the curve of stiffening
rib group did not change significantly, and the ductility did not improve significantly.
When the spacing between inner diaphragms decreases and the axial compression
ratio remains unchanged, the ductility of blank group and shear bolts group increases,
while that of stiffener group does not change significantly.

It can be seen from Table 2 that when the axial compression ratio decreases and
the spacing between inner diaphragms remains unchanged, the ultimate load of the
blank group decreases by 3.66%, the ultimate load of the shear bolts group decreases
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Fig. 3 Skeleton curves of each group

by 2.37%, and the ultimate load of the stiffener group decreases by 0.70%; It shows
that the change of axial compression ratio has influence on the ultimate bearing
capacity of blank group and stud group, and the influence on the ultimate bearing
capacity of shear wall with stiffening at the edge can be ignored. When the spacing
between the inner diaphragms decreases and the axial compression ratio remains
unchanged, the ultimate bearing capacity of the blank group increases by 12.06%,
the ultimate bearing capacity of the shear bolts group increases by 6.39%, and the
ultimate bearing capacity of the stiffener group increases by 4.50%; It shows that
the increase of embedded steel plates will improve the ultimate bearing capacity of
shear walls in varying degrees, and the blank group has the greatest impact.

Table 2 Mechanical properties parameters

Model No Py/kN Ay/mm P,/kN Ay/mm %

CSW1 283.53 10.31 315.07 27.02 2.62
CSW1-1 272.49 10.24 303.96 31.45 3.07
CSW1-2 306.20 10.43 340.62 33.49 3.21
CSW2 293.25 9.28 320.29 33.76 3.15
CSW2-1 286.42 9.15 312.59 34.29 3.70
CSW2-2 304.32 9.96 332.57 37.94 3.80
CSW3 299.26 8.65 32342 29.66 3.40
CSW3-1 296.53 8.37 321.16 29.80 3.56
CSW3-2 305.58 9.74 335.91 29.86 3.46
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4.3 Ductility

In this paper, displacement ductility coefficient is used p to represent the ductility of
shear walls with different structures at the edges, which is expressed as ;. = Ay/A,.
See Table 2 for displacement ductility coefficient of each specimen.

It can be seen from the displacement ductility coefficient in Table 2 that when the
axial compression ratio decreases and the spacing between inner diaphragms remains
unchanged, The ultimate bearing capacity of CSW1-1 is less than that of CSW1, but
its displacement ductility coefficient is 17.18% higher than that of CSW1; At the
same time, the ultimate bearing capacity of CSW2-1 is lower than that of CSW2, but
its ductility coefficient is 18.97% higher than that of CSW2; The ductility coefficient
in the stiffening rib group is increased by 4.70%. Blank group and stiffening group
can improve the ductility of steel tube bundle composite shear wall by reducing the
axial compression ratio. When the distance between inner diaphragms decreases and
the axial compression ratio remains unchanged, the displacement ductility coefficient
increases. The displacement ductility coefficient of CSW1-3 is 22.52% higher than
that of CSW1, and that of CSW3-2 is 1.7% higher than that of CSW3. It shows that
increasing the number of internal diaphragms can significantly improve the ductility
of blank group and shear bolts group.

5 Conclusion

(a) The ductility of the three groups of steel tube bundle composite shear walls in
this paper can be improved to varying degrees by reducing the axial compres-
sion ratio. The ductility of the blank group and the stud group is significantly
improved, and the energy dissipation coefficient is reduced, indicating that the
energy dissipation capacity is reduced.

(b) The smaller the spacing between inner diaphragms, the more the ductility
increases; The spacing of inner diaphragms has a great influence on the energy
dissipation coefficient of blank group and stud group, and the ultimate bearing
capacity has been improved to varying degrees, among which the blank group
has the largest influence.

(c) The energy dissipation capacity of steel tube bundle composite shear wall struc-
ture with stiffening rib structure mechanism is better than blank group and stud
group, and the change of axial compression ratio and inner diaphragm spacing
has little effect on its energy dissipation capacity.
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Study on the Compression Properties L
of Foundation Soil in the Process

of Reinforcing Existing Buildings

with Composite Piled Foundation

Qiufeng Tang, Jianxing Tong, Ning Jia, and Shengbin Zhou

Abstract When an existing building has excessive settlement and has no conver-
gence tendency due to foundation problems, the composite piled foundation is often
used to partially underpin the upper load. However, considering that the compres-
sion properties of the foundation soil have changed greatly, the compressibility index
provided by the initial survey report is no longer suitable for calculating the settlement
of the reinforced foundation. In this paper, a consolidation test is designed to simulate
the compression state of the foundation soil in the process of building construction,
reinforcement, and settlement stability. The test results show that the recompression
modulus E s of the soil sample is 2.5-3.5 times the compression modulus Ey;,. In the
engineering example, the recompression modulus is used to calculate the settlement
of the reinforced foundation according to the settlement calculation method of the
composite foundation with settlement-reducing piles, and the results are close to the
actual settlement. In actual engineering, in the absence of supplementary survey, it
is recommended to obtain the recompression modulus E. through simulated test or
use 2.5-3.5 times the compression modulus E; ., to calculate the settlement of the
reinforced foundation.

Keywords Reinforcement of existing buildings + Consolidation test « The
recompression modulus - Settlement calculation + Engineering application
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1 Introduction

In actual engineering, due to problems in survey, design, construction, use, and the
surrounding environment, engineering accidents caused by the settlement of existing
building foundations occur from time to time [1], such as excessive overall settlement,
overall inclination, and local differential settlement, which results in failure of normal
use, reduction of safety reserves, reduction of service life and even destruction [2—4].

When the settlement of the existing building is too large and there is no tendency
to converge, adding new piles under the foundation is a relatively safe reinforcement
solution. According to the proportion of the upper load underpinned by the new piles,
it can be divided into the composite piled foundation reinforcement scheme and the
piled foundation reinforcement scheme. The piles and the existing foundation in the
composite piled foundation share the upper load together after reinforcement. There-
fore, the composite piled foundation reinforcement scheme has lower pile bearing
capacity of a single underpinning pile, smaller pile diameter, and greater pile spacing
(generally greater than 6 times the pile diameter), and these mean less damage to the
foundation, less disturbance to the foundation soil during reinforcement, and lower
reinforcement costs. All things considered it is usually the first choice.

Considering the large settlement of the foundation before reinforcement, to make
the total settlement meet the allowable value of foundation deformation and normal
use requirements, the reinforcement design should calculate the settlement of the
reinforced foundation. Literature [5] and [6] show that during the construction
process, the physical and mechanical indexes such as soil void ratio and compressive
modulus have changed significantly. In addition, the stress path of foundation soil is
complicated during the reinforcement process. Therefore, the compressibility index
provided by the initial survey report can no longer correctly reflect the real compres-
sive properties of the soil, which will lead to large deviations in the calculation
results.

Literature [7] analyzes the stress change under the foundation when the composite
piled foundation is used to reinforce the existing building: (1) The foundation settle-
ment problem generally occurs shortly after the building is completed, and the foun-
dation soil has not yet been consolidated; (2) Before the piles are connected to the
foundation, it is considered that the load shared by the soil between the piles remains
unchanged; (3) After the piles are connected to the foundation, the piles begin to
share the load, resulting in a decrease in the additional stress of the soil between the
piles and an increase in the additional stress of the soil below the pile tip; (4) With the
further consolidation of the foundation soil, the additional stress of the soil between
the piles increases slightly [8—10], and finally remains stable. Considering that the
soil stress at the pile tip is difficult to measure, and the settlement calculation is very
complicated, it is not easy to compare the theory with practice, so this paper focuses
on the compression properties of the soil between piles.
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2 Consolidation Test

Two kinds of soil samples, silty soil and silty clay, were selected as the test objects,
representing high compressibility soil and medium to low compressibility soil. Two
kinds of consolidation tests were carried out for each soil sample, namely the standard
consolidation test and the simulated consolidation test. The test load at each level is
the sum of the self-weight stress and the additional stress at the corresponding depth.

The standard consolidation test is carried out according to the Standard for
Geotechnical Testing Method [11]. The next level of load is loaded after the settle-
ment of the soil sample under the current level of load is stable. The loading sequence
of the simulated consolidation test is loading, holding, unloading, reloading, holding
until stable. The loading time of each level is proportionally scaled according to
Formula 1. Considering that the compression amount in the reloading stage of the
simulated consolidation test is very small, the unloading range is slightly larger than
the actual situation to reduce the test error.

Atga - 1y

Aty = ——— (1)
153

In the formula, Afgq is the average time required for the soil sample to reach
settlement stability under each load in the standard consolidation test. In the test, it
takes 68 h for silty soil and 3—4 h for silty clay ¢, is the time required for building
construction and ¢, is the time required for building settlement stability, which are
both determined according to engineering experience; Aty is the average loading
time of each level of load in the simulated consolidation test. It is estimated that it
takes 40 min for silty soil and 1 h for silty clay in the test.

The test load is based on the measured data of a reinforcement project in Hainan
province. The size of the foundation is about 70 m x 13 m, the pressure of the soil
between the piles before and after reinforcement is 130 kPa and 78 kPa respectively.
The main equipment and soil samples are shown in Fig. 1 and the test results are
shown in Table 1.

According to the test results, the recompression modulus E . of the simulated test
is 2.5-3.5 times the compression modulus E;, of the standard consolidation test
under the test conditions.

3 Engineering Example

The engineering example is a reinforcement project in Hainan province. The project
includes several buildings, each of which adopts shear wall structure, raft foundation,
and composite foundation with cement-soil mixed piles. The characteristic values of
bearing capacity of single pile, foundation soil and composite foundation are 300 kN,
130 kPa and 250-300 kPa respectively. The pile tip falls on the layer @. The pile
length is 15-18 m, the pile spacing is 1-1.2 m, the pile diameter is 500 mm, the pile



306 Q. Tang et al.

Fig. 1 The consolidation instrument and soil samples

Table 1 Test results

Soil sample | Sampling depth (m) | Recompression Compression modulus | Ers/Eg)-2
modulus E;y (MPa) | Eg1.» (MPa)

Silty soil 11 5.93 2.03 2.92

15 6.41 2.30 2.79

20 11.71 3.28 3.57
Silty clay 6 14.75 4.17 3.54

13 14.36 5.68 2.53

20 14.30 5.44 2.63

body strength is not less than 5.1 MPa, and the cushion thickness is 250 mm. The
physical and mechanical indexes of each soil layer are shown in Table 2.

The settlement of each building after completion is too large and there is no
convergence trend. The reason for the excessive settlement is that the foundation
treatment method is improperly selected, the construction quality has serious defects,
and the silty soil layer is thick. The test results of borehole sampling show that the
cement-soil mixed piles in the silty soil layer are uneven, broken, and low in strength,
and cannot effectively transfer the upper load to the deep layer.

The reinforcement scheme is to add piles under the foundation to partially
underpin the upper load, forming a composite piled foundation with the existing
composite foundation. The pile is a steel pipe with 8 mm wall thickness and C30
concrete poured inside. The parameters of the underpinning piles are shown in Table
3.
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Table 2 The physical and mechanical indexes of each soil layer

Layer | Soil Average Natural unit | Compression | Limit Limit tip | Characteristic
number | layer | thickness (m) | weight y modulus ;> | shaft resistance | values of
(kKN m™3) (MPa) resistance | (kPa) bearing
(kPa) capacity
(kPa)
0] Fill 1.44 17.6 4.74 / 70
@) Middle | 4.45 19.3 12.48 30 / 130
sand
@, Fine 1.39 18.8 11.29 18 / 120
sand
® Silty | 13.15 17.1 2.37 19 / 80
soil
@ Gravel | 5.39 20.7 13.92 116 2500 260
sand
® Silty | Unpenetrated | 18.8 8.66 85 1200 280
clay

Table 3 The parameters of the underpinning piles

Building | Pile Pile Pile Characteristic | Designed Number of
No. diameter | length |spacing | value of bearing | underpinning | piles
(mm) (m) (m) capacity of ratio (%)
single pile (kN)
A 299 18-19 | 1.8 300 44.2 280
B 299 18-19 |19 300 359 204
C 245 14-15 |19 250 37 195

There are two methods for settlement calculation of composite piled foundations
in Technical Code for Building Pile Foundations [12]. One is that the settlement of
the pile top, which is equal to the sum of the compression amount of the pile body
and the compression amount of the soil under the pile tip, can be calculated as the
settlement of the foundation. The other is that the settlement of the soil between the
piles, which is equal to the settlement of the soil between the piles caused by the
additional stress of the soil and the interaction between the pile and the soil, can be
calculated to avoid the calculation of the plastic penetration amount of the pile tip.

The two calculation methods are mainly aimed at new buildings, but they are also
applicable to the reinforcement of existing buildings with composite piled founda-
tions in principle. In this project, the underpinning pile tip provides about 30% of
the bearing capacity of a single pile, and the bearing layer is good, so the plastic
penetration of the pile tip can be ignored, which means both calculation methods are
applicable. However, according to the design idea of the simulated consolidation test
in this paper, we can only choose the second calculation method.

The calculation parameters and results are shown in Table 4. The recompression
modulus of layers @ and layer ® is 3.5 times E;_, considering the replacement and
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Table 4 The calculation parameters and results

Building No. A B C
Foundation size About 70 m x 13 m | About 60 m x 13 m | About 50 m x 13 m
Press of the soil between the |78 74 88
piles (kPa)
Calculation depth | Layer @ |3 3 5
(m) Layer @ | 15 15 9.3
Layer @ | 5.4 5.4 39

Recompression Layer @ | 43.68
modulus Es (MPa) Layer @ | 8.30
Layer @ | 41.76

Calculated settlement value 51.3 48.5 38.0
of the center point (mm)

Average measured settlement | 42.9 38.5 33.0
value (mm)

reinforcement effects of cement-soil mixed piles, and the recompression modulus of
layer @ is 3.0 times E..

The calculated settlement of the reinforced foundation is 1.15-1.26 times of the
average measured settlement, which means the results are relatively accurate and safe.
If we adopt the compression modulus Es;_», the results will be far greater than the
actual settlement, which will cause the reinforcement scheme to be too conservative.

On the other hand, it also proves that the second method can be applied to calculate
the settlement of the reinforced foundation of the existing building reinforced by
composite piled foundation.

4 Conclusion

Through consolidation tests and engineering examples, this paper studies the
compression properties of foundation soil in the process of reinforcing the existing
building with composite piled foundation, and the following conclusions can be
drawn:

(1) In the simulated consolidation test, the recompression modulus of high
compressibility soil and medium to low compressibility soil at different depths
is 2.5-3.5 times the compression modulus E;, of the standard consolidation
test.

(2) In the engineering example, the recompression modulus is used to calculate
the settlement of the reinforced foundation according to the composite founda-
tion with settlement-reducing piles settlement calculation method. The results
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are close to the actual settlement, which prove the applicability of the test
conclusion.

(3) Inactual engineering, in the absence of supplementary survey, it is recommended
to obtain the recompression modulus E through simulated test or use 2.5-3.5
times the compression modulus E _; to calculate the settlement of the reinforced
foundation.
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The Forward Simulation on Geometric )
Characteristics of Adverse Buried Bodies | %@
Using Ground Penetrating Radar

Hengyi Li, Shengya He, Jianjing Zhang, Liang Ye, Haijia Wen, Congcong Li,
Huchen Duan, Xie Peng, and Haitao Zhu

Abstract Adverse buried bodies near to ground surface would damage the build-
ings, and the detailed geometric characteristics of adverse buried bodies is essential
for reducing damage and potential risk. To achieve this goal, forward simulation on
geometric characteristics of three typical culverts in Chongqing were carried out in
this paper. The response characteristics of (ground penetrating radar) GPR profiles
caused by geometric characteristics and filling materials change were summarized,
and the apexes of diffraction hyperbolas and lateral changes in the reflection pattern
were used to determine the dimension and boundary of buried bodies. The compar-
ison between GPR profiles interpretation result and the measured data in the field
was used to verify the validity.

Keywords Buried body * Ground penetrating radar + Geometric characteristics *
Forward simulation

1 Introduction

With the evolution of long-term complex geological environment and the develop-
ment of human activities, Natural geo-bodies and man-made buried bodies appear
[1]. The demand for energy leads to the continuous development of land, and the
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existence of buried bodies will adversely affect the construction and operation of
infrastructure and buildings.

GPR is a non-destructive geophysical detection technology. Because of its high
detection accuracy, it is widely used in many fields [2]. Underground archaeological
investigation is a typical representative [3]. For hydraulic engineering, the erosion
inside the dam retaining walls, structurally hidden defects and groundwater distri-
bution characteristics are all applied [4]. In the process of geological survey, it is
used to locate buried geological bodies and survey near-surface faults [5], including
detection of distribution characteristics of Karst caves and sinkholes, changes in
rock and soil properties and water content [6]. In civil engineering, the drawing of
internal cracks in rock slopes, the evaluation of the stability of existing buildings and
road foundations, and the investigation of scour pits around underwater piers have
achieved good results [7].

Through the above elaboration, it can be seen that the application of GPR in
practical engineering is quite extensive, and has achieved fruitful research results and
economic benefits. However, through the forwarding analysis of two-dimensional
GPR images, the shape of the buried object, especially the size range, is relatively less
defined. Therefore, forward simulation on geometric characteristics of three typical
culverts in Chongqing were carried out in this paper. The response characteristics
of (ground penetrating radar) GPR profiles caused by geometric characteristics and
filling materials change were summarized, and the apexes of diffraction hyperbolas
and lateral changes in the reflection pattern were used to determine the dimension
and boundary of buried bodies. The comparison between GPR profiles interpretation
result and the measured data in the field was used to verify the validity.

2 The Basic Principle of GPR

GPR is a geophysical method propagating through high frequency electromagnetic
wave. A typical GPR system consists of a laptop, a DAD control unit, and an antenna.
During the whole exploration process, the transmitted electromagnetic wave prop-
agates in the medium. Due to the different properties of the medium, the interface
between different materials is reflected. The reflected signal is received and used for
image storage and processing.

3 Acquisition and Interpretation of GPR Image

3.1 GPR Image Acquisition

According to the size difference of buried body, 80 and 400 MHz antennas were
employed to complete the continuous survey along the measurement line parallel
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Fig. 1 Culvert 1: ais the picture of culvert 1 in the field and b is the diagram of culvert 1’s dimension

to the road direction, and the supporting data was obtained using RIS software. To
ensure the accuracy of the image acquisition, GresWin2 software is used to process
the two-dimensional GPR image.

3.2 Interpretation of GPR Image

Figure la is the picture of culvert 1, and the stratum structure and engineering
geological environment characteristics are shown in Fig. 1b.

Figure 2 is a two-dimensional GPR image of culvert section 1. There is a discon-
tinuity in the two-dimensional image at a depth of 0.2 m, so that the existence of
the interface L; can be determined. The coaxial dislocation in the marked B and C
regions in the figure indicates the damage on the actual structure (regions B and C in
Fig. 1a). The diffraction hyperbola is formed at the top of the culvert (red curve in
Fig. 2). Due to the presence of air between the culvert and the water flow, a diffraction
independent of the top of the culvert is formed (green curve in Fig. 2). It can be seen
from the diffraction curve vertex marking data that the buried depth is 1.24 m below
the ground. Due to the high relative permittivity of water, the electromagnetic wave
has a high degree of attenuation during propagation (region D in Fig. 2). In addition,
due to the relatively developed vegetation on the surface of the bedrock, and the GPR
image manifests the coaxial dislocation of the local area (Region A in Fig. 2).

The bedrock of culvert 2 is dense sandstone, and the shape of culvert is irregular
quadrilateral. Through the actual investigation, the horizontal distance, buried depth
and specific size from the starting point of the test point are shown in Fig. 3b. From
the measured two-dimensional GPR image, the abnormal region E can be delineated
(Fig. 4a). Through the processing of the image, the diffraction hyperbola will be
formed at the inflection point of the irregular area, and the vertex of the hyperbola
will be marked (Fig. 4b): F (1.8, 1.04), G (2.15, 1.04), H (1.75, 1.6), I (2.23, 1.6).
By connecting these four points, the range of abnormal section can be determined.
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Fig. 2 The labeled GPR profile of culvert 1 after processing
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Fig. 3 Culvert2: ais the picture of culvert 2 in the field and b is the diagram of culvert 2’s dimension

Culvert 3 is a 0.35 m diameter concrete pipe buried 0.5 m below the soil level,
surrounded by vegetation (Fig. 5a, b). Due to the difference in permittivity between
air, concrete and rock and soil, the diffraction image appears black-white-black hyper-
bolic alternation. Ignoring the polarization and diffusion effects of the medium,
the distance between the hyperbolic vertices in pairs represents the diameter of the
concrete tube. According to the coordinates of the peak points L (1.2,0.5) and M (1.2,
0.85), the buried body is buried 0.5 m deep, the diameter is 0.35 m, and the distance
from the starting point of the measurement is 1.2 m. The position and size obtained
by image analysis are consistent with the spatial position of the cross-section distri-
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Fig. 4 GPR profile of culvert 2: a is the image after processing and b is the labeled image after
processing

bution. In addition, Fig. 6 shows an anomalous region K at a depth of 0.95 m, and the
cross-sectional shape of the buried body is circular and the cross-sectional diameter
is 0.24 m.
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Fig. 5 Culvert 3: a is the picture in the field and b is the diagram of actual dimension
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Fig. 6 GPR profile of culvert 3: a is the radargram after processing and b is the labeled image after
processing

4 Conclusion

The shape of sections were corresponding to different diffraction images. An arcuate
section appear a single diffraction hyperbolic. For an circle section, a pair of diffrac-
tion hyperbolas are formed at the top and bottom of the section. When the cross-
section is an irregular quadrilateral, a diffraction single hyperbolic will be formed at
the turning point of the irregular pattern.

Based on the vertex coordinates of the image diffraction curve and the change
of the horizontal reflection image, geometric characteristics for the cross-section of
buried bodies can be determined. The results indicate that the consistency of the
regular graphic results is high, and there is a certain error for irregular quadrilateral,
but the error value is only 2 mm.

Combing the measured data in the field with orthogonal two-dimensional GPR
images is a future development direction from the perspective of engineering practice.
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An Experimental Study on Intelligent )
Bearing System for Bridge Health e
Monitoring

Gaofei Teng, Xinning Cao, Weiming Gai, and Ruijuan Jiang

Abstract Bridge Bearings are important devices for transferring loads between the
upper and lower structures of bridges. They can ensure the safety of bridges and regu-
late deformation. They can also prevent bridge displacement caused by temperature
changes, seismic forces, and other factors in various structural types. The status of
bridge bearings can effectively reflect the healthy status of the bridge. Monitoring of
stresses on bridge bearings can be used to evaluate the healthy status of the bridge
structure. However, bridge bearings are installed in invisible locations, and traditional
manual inspection methods cannot accurately determine their damage and degree
of destruction. In this paper, an intelligent bearing pair is designed to resolve this
problem. The designed intelligent bearing status assessment system with multi-level
threshold values can trigger a warning when the threshold is exceeded. Experiments
have been conducted to verify the accuracy of its signal processing.

Keywords Bridge Intelligent Bearing + Bridge structure - Bridge health
monitoring

1 Introduction

Bridges, as an important part of highways, are key hubs of transportation systems.
Bridge construction has made great progress in recent years around the world. The
wide application of bridges makes logistics and transportation more convenient, and
traffic volume increases day by day. However, due to design defects, erosion, and
aging of the stressed members, the bridges may be damaged with different degrees. As
aresult, bridge collapse may lead to different degrees of economic losses and human
casualties. To reduce the occurrence of similar accidents, the traditional practice is
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to conduct periodic inspections of bridge structures. The reliability and safety of
the structure are assessed based on the inspection results. However, this approach is
costly, non-real-time, and poor in integrity and real-time. Thus, it cannot effectively
ensure the safety and durability of bridges during usage. With the development
of electronic information technologies, intelligent health monitoring systems for
bridge structures have come into being [ 1—4]. Unlike the static observation method of
structural inspection, intelligent monitoring of bridge structures is real-time dynamic
monitoring. By analyzing the real-time stress signal of the bridge, the safety status of
the bridge can be obtained. The system mainly includes components such as advanced
sensor subsystems [5, 6], stable data acquisition and data transmission systems [7, 8],
and reliable monitoring and safety assessment platforms [9, 10]. The modules of the
system operate in different hardware or software environments and work in concert
to accomplish the intelligent health monitoring and safety assessment functions of
bridge structures.

2 The Bearing Capacity Experiment of Bridge Intelligent
Bearing

2.1 Egquipment and Purpose of the Experiment

The purpose of this experiment is to verify the accuracy of signal processing of force
measuring bearings and calibrate the relationship between the calibrated measuring
point stress and the intelligent bearing sensor. The experiment data is used to deter-
mine the threshold values of each level for multi-level warning of the bearing status,
and to provide data support for the intelligent bearing status evaluation system.

A press with a maximum value of 300 MN was used for this experiment, which
can realize the functions of equal-rate loading, equal-rate displacement test, load
holding, etc. The physical diagram of the pressure test machine is shown in Fig. 1.
The intelligent support adopts model GPZ (II)-2.0-10%-GD, as shown in Fig. 2.

2.2 Process of the Experiment

Before the experiment starts, the sensors will be installed in the four corresponding
positions of the Bridge Intelligent Bearing. The collection equipment will be installed
on the test bench and powered on for testing. The test is officially conducted after
the equipment works normally. The equipment arrangement is shown in Figs. 3 and
4.

During the experiment, the vertical application pressure is loaded and unloaded
at 11 levels, which are 0, 0.55, 0.868, 1, 1.468, and 1.71 MN. When the pressure
machine is loaded to a certain level, it is held under that load for three minutes. When
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Fig. 1 Pressure machine
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Fig. 3 The arrangement of
acquisition equipment
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Fig. 4 The arrangement of
Bridge Intelligent Bearing

the level of 1.71 MN grade is reached, unloading is performed in a graded manner.
The experiment test has been repeated three times.

2.3 The Results of the Experiment

Firstly, the vertical applied pressure F' (MN) of the press is converted into the
compressive stress P (MPa) of the rubber sheet, as shown in Eq. (1).

F
P=—— (1)

mx (3)°

where P is the value of compressive stress applied vertically in MPa; F is the vertical
applied pressure in MN; d is the diameter of the rubber sheet 0.33 m.

The calculated values were used as theoretical values, and the data were compared
with the compressive stress values of the four measurement points obtained from the
acquisition equipment to obtain the relationship curves, as shown in Fig. 5.

The average error percentage of each measurement point is obtained by summing
and averaging according to the relative error, as shown in Eq. (2).

n (Z?:o Xi)—yi
2izo yi

A T )

where z, x;, and y; denote the average error ratio, measured value, and theoretical
value, respectively. The average error percentages of measurement points 1, 2, 3, and

4 are 8.38%, 10.60%, 8.90%, and 11.60%, respectively. The results show that the
compressive stress values from the acquisition system are highly accurate.
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Fig. 5 The relationship curve between stress and theoretical value at each measurement point of
fixed support

3 Conclusion

To realize bridge health monitoring, we designed the intelligent bearing system by
mearing the force loaded on the bearings. The signal accuracy of the force measuring
was verified through experiments. The whole system errors could be eliminated by
data obtained from the experiment. The experiments we conducted verified the feasi-
bility of the intelligent bearing, which provides theoretical support for the practical
application of the subsequent health monitoring system.
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Experimental Research on Road Snow )
Melting Performance Based on Electric e
Heating Tube

Zhenhua Jiang, Yan Chen, Xintong Lu, and Jianhan Hu

Abstract Cold regions and snowing weather are widely distributed in Global, which
caused a series of problems in road safety, such as icy surfaces of roads, frozen-thaw
Circle damage, and traffic jams. This research aims to improve the energy-efficient of
electric heating snow-melting tubes for solving the icy and snowy pavement of urban
roads. Numerical simulation and in-situ testing experiments is used in the research
while the temperature field distribution and snow melting performance of the electric
heating pipe heating road system are explored. It is found that the increasing of
electric heating pipes cause a great impact on the snow melting effects. Moreover,
this study lays the theoretical and experimental foundation for practical applications.

Keywords Road snow melting - Electric heating tube - Numerical simulation *
In-situ testing experiment

1 Introduction

According to relevant surveys, road traffic accidents caused by snow and ice on roads
account for 30% of overall traffic accidents, and the problem of road ice is gradually
becoming a major traffic problem in China. Common passive snow removal methods
include the removal method and melting method, which cost high, have low snow
removal efficiency, use bad effects [1] and pollute the environment [2]. Compared
with the traditional snow-melting methods, the active snow-melting pavement itself
has the function of melting snow and ice, which is more efficient. To solve the
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drawbacks of passive snow removal, in recent years, methods including solar energy
[3], circulating thermal fluid [4], geothermal energy and heat pumps [5], and electric
heating systems [6] have also gradually attracted more and more attention.

This research adopts an electric heating tube to establish road snow melting exper-
imental system, analyze the snow melting effect of the road snow melting system
and the heat transfer on the road surface, explore the main factors affecting the road
snow melting effect, and carry out indoor simulation experiments of asphalt slabs for
control based on numerical simulation, to provide effective guidance for the practical
application of electric heating tube snow melting road system.

The electric heating tube usually consists of five parts, which are sealing material,
electric heating wire, magnesium oxide powder, metal tube sleeve, and lead rod. The
metal tube sleeve mainly plays the role of protection, has the role of heat resistance,
and heat conduction. The lead rod is used to conduct electricity and plays the role
of connection. The role of magnesium powder is insulation and heat insulation. At
the same time, the electric heating wire should be wound into a circle when used to
increase the resistance, and extend the service life of the electric heating tube.

Compared with other snow melting methods, electric heating tube gain an effi-
ciency heating and a better mechanical performance with long service life and simple
installing combination. Once the current is turned on, heat can be diffused to the
surface of the heating tube through the magnesium oxide crystals, making the internal
temperature of the heating tube rise and exchange to the outside world, to play the
role of heating.

2 Materials and Methodology

2.1 Materials

The electric heating tube snow melting system in the electric heating tube generally
adopts a linear layout, snow melting system structure as shown in Fig. 1, the road
structure from bottom to top is soil, lime soil, cement stabilized gravel base, and
asphalt concrete, and the electric heating tube parallel to the direction of travel
buried in the road concrete. This system adopts the intermittent working way: when
the power is turned on, the electric heating tube generates heat energy, the temperature
is raised, and the heat is transferred to the snow and ice layer through the asphalt
layer so that it absorbs heat and warms up to achieve the effect of melting snow and
turning ice, and the main parameters of the materials in the model are shown in Table
1.

The electric heating tube is buried as shown in Fig. 2, D indicates the buried
spacing of electric heating tubes, the electric heating tube is parallel to the direction
of traffic, buried around the wheel track of the traffic belt, when the power is on,
the electric heating tube will transfer heat to the asphalt layer, melting the ice and
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Fig. 1 Electric heated snow melting system
Table 1 Structural design parameters of each layer of road
Structural Thickness Material Specific heat Conductivity Poisson ratio
layer (cm) J/kg °C) (J/m s °C)
Upper layer 4 Modified 1000 1.25 0.25
SMA-13
Middle surface 6 Modified 1000 1.05
layer Sup-20
Lower layer 8 Heavy 1046 1.25
traffic
Sup-25
Base layer 40 Cement 910 13 0.2
stabilizes
gravel
Subbase 20 Cement 940 1.4 0.3
Subgrade 250 Sand 1040 1.3 0.4
Electric 1.4 Steel G305 | 400 380 0.3
heating tube

snow of the traffic belt, which can minimize the cost of the electric heating tube snow
melting system.

The electric heating snow melting system includes a heating system experiment
and control system, as shown in Fig. 1. The system adopts a controlled relay control
circuit system, set temperature sensors on the electric heating tube and in the asphalt
layer, and set the temperature break control threshold: lower than the rated tempera-
ture (low temperature) energized, the electric heating tube continuous power supply,
higher than the rated temperature, the circuit automatically shut down, to ensure that
the temperature around the electric heating tube is not too high to destroy the material
allowable temperature.
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Fig. 2 Electric heating pipe layout scheme

2.2 Numerical Simulation

Assumptions of the Model. The electric heaters are laid in the asphalt concrete,
and the heaters generate heat when they are energized, and the snow absorbs the
heat and melts. To simplify the problem, the following assumptions are made: no
consideration is given to the bending of the tube deformation due to vehicle loading
at the burial depth. The temperature field of the structure is time-dependent, so the
whole snow-melting heating process is a non-stationary process and ignore the heat
transfer in the direction of the length of the heating tube. The ice and structural layers
are assumed to be solid, and the study area is a homogeneous and isotropic material.

Initial and Boundary Conditions. The initial conditions of the model are

3%t 3%t ot .

The initial condition is T = 0, #(x, y) = #y (¢ is a known constant value). The
ice melt system is an intermittent operation system.

2.3 In-Situ Testing Experiment

Considering the large temperature variation and dispersion of outdoor sites, this
study proposes a large model test of large slab low-temperature indoor ice melting.
By analyzing the warming situation and snow melting effect of a concrete large slab
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Fig. 3 Schematic diagram
of two heating pipe concrete
surface temperature
measuring points layout

containing an electric heating tube under different input power and ambient temper-
ature, so as get the influence of each factor on the warming effect of the concrete
slab surface. The power consumption of the ice melting process and the constant
temperature of the slab surface are obtained by the power-on heating and power-off
cooling time within the limited temperature interval of the electric heater. The electric
heaters (12 mm in diameter and 800 mm in length) were laid at a spacing of 20 cm.
The experiments were conducted using a low-temperature controlled icehouse to
simulate the external conditions, and the temperature was controlled from —10 to —
5 °C. To obtain the real-time data of pavement temperature change it is proposed to
lay temperature measurement points on the surface of the asphalt concrete surface,
including 15 measurement points for two heating tubes and 14 measurement points
for three heating tubes in Figs. 3 and 4. The distance between the measurement points
along the tube direction is 20 cm, and 10 cm perpendicular to the tube direction (the
measurement points are arranged alternately above and between the tubes), and the
measurement points are generally distributed in the middle of the concrete panel
(concrete panel length 110 cm, width 80 cm).

3 Results and Discussion

3.1 Analysis of Numerical Simulation

Itis concluded that as the heating time increases, the maximum and minimum surface
temperatures both increase approximately according to an approximately linear law,
due to the existence of heat transfer, thermal convection and thermal radiation, the
temperature does not change exactly according to linear, where the average temper-
ature difference tends to decrease with the increase in electrical heating time. The
surface center temperature initially rises faster, and with the thermal conduction
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Fig. 4 Schematic diagram
of three heating pipe
concrete surface temperature
measuring points layout

process, the internal heat storage in the structural layer, the temperature rise rate
slows down, and the final curve tends to level off, and the temperature is nearly kept
constant.

In this calculation model, when the electric heating tube is buried at a depth of
4 cm, the surface temperature can meet the requirements of snow melting temperature
and temperature equilibrium when the initial ambient temperature is set at —10 °C
and the electric heating tube is at 500 W line power with a burial depth spacing of
20 cm. And the spacing is 20 cm for further calculation. Set the spacing to 20 cm,
buried depth of 8 cm, simulation, and simulation results in the buried depth of 4 cm
structure for comparison, the results are shown in Fig. 5.

According to the above theory, the operational effect of the heating electric heating
tube road ice system can be improved by reducing the laying depth of the heating
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Fig. 5 Temperature curves of different buried depths
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Fig. 6 Temperature change diagram of buried two electric heating tubes

electric heating tube in practical application. It is recommended to use an 8 cm burial
depth and tube spacing of 20 cm.

3.2 Analysis of In-Situ Testing Experiment

According to the temperature change curves of the measured points of asphalt
concrete specimens from the deployment of two electric heating tubes and three
electric heating tubes in Figs. 6 and 7, it can be concluded that the heating efficiency
of three tubes is higher compared with two tubes. In a short period of time, the
temperature of the test points at the edge of the slab does not produce a large change,
and the closer the heating tubes are, the temperature of the test points rises more
quickly. The heating efficiency of three electric heating tubes is significantly higher
than that of two tubes. Therefore, in the actual engineering construction project, the
number of buried electric heating tubes should be given priority in the case of project
funds.

4 Conclusion

This study established a solution as electric heating tube road snow melting test plat-
form and a finished in-situ test under complex situation caused by melting during
snowing, such as low efficiency, narrow scope of application, and low energy utiliza-
tion of traditional road snow melting methods. In this study, the numerical simulation
calculation was carried out using ABAQUS finite element software. The following
conclusions can be drawn:
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Fig. 7 Temperature change diagram of buried three electric heating tubes

(1) The heat transfer effect of the electric heating tube can effectively raise the
temperature of the road and speed up the rate of snow melting on the road.

(2) The burial parameters of the electric heating tube have an important influence
on the snow melting effect of the electric heating tube snow melting system.
Reducing the burial depth and taking proper spacing of electric heating tube
burial can improve the temperature of the road and accelerate the snow melting
rate. In addition, the number of electric heating tubes also has a certain influence.

(3) In this study, the control variable method was used to optimize the burial depth
and deployment spacing. Since the influence of external temperature and snow
characteristics on the snow, melting performance was not considered further
research and experiments are still needed.

(4) Inthis paper, when analyzing the influence of electric heating tube burial param-
eters, the control variable method is used to optimize the burial depth and
deployment spacing, but from the overall consideration, the model is not well
considered for snow melting performance, and the influence of external temper-
ature and snow characteristics on snow melting performance is not considered.
In addition, the phase change simulation does not consider the corresponding
snow melting, which will have a certain influence on the distribution of the
temperature field, which is worth further research and experiment.
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Evaluation and Repair of Steel Structure @ M)
Damaged by Fire L

Hongnan Wang and Huabo Liu

Abstract Inrecent years, steel structures have been widely used in buildings because
of their advantages in self-weight and seismic performance. However, due to the
great influence of temperature on steel structure, once a fire occurs, it may lead to
the destruction of steel structure and even the collapse of the building. In this paper,
through the assessment of a steel structure factory after fire, the damage degree of the
components and structural integrity of the building are determined, which provides
a reliable technical support for the subsequent repair and retrofit work. Based on
the extent of damage identified, repairs are performed on the affected members.
The analysis results of the rehabilitated structure show that this method is safe and
effective.

Keywords Steel structure - Assessment -+ Evaluation - Retrofit - Fire-damaged
building

1 Introduction

Fire statistics show that in all kinds of fire accidents, construction fire is the biggest
threat to human life and property safety. Among them, the possibility for factory fires
is relatively high due to the special production process, lack of safety awareness and
other reasons [1].

Structural steel is a kind of material widely used in factory buildings with high
strength, light dead weight and superior seismic performance. However, the fire
resistance is very poor, usually in the building fire within 15 min, the steel structure
of the building will lose its bearing capacity, the building will soon collapse, causing
huge casualties and property losses [2]. Therefore, it is necessary to evaluate the fire
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damage of the building to provide reliable evidence for the subsequent repair and
retrofit of the building [3]. In this study, the evaluation of fire damaged structural
members is carried out, so as to determine the damage class of fire and put forward
the corresponding retrofit methods.

2 Application Example

2.1 Description of the Building

The factory building is a single-storey light steel structure with portal frame. The
eaves height is 8.5 m. The building is constructed in two phases. The first phase (1-21
axes) was built in 2004, with a second phase (21-24 axes) following in 2006. The
building is basically rectangular in plan, as shown in Fig. 1. The building dimensions
are 96 m in width x 180 min length x 10 m in height. The top elevation of the steel
beam at the eave is 8.5 m, forming a north—south 3% drainage slope. The column
spacing is mostly 8 m (except for the two spaces on the west side which are 6 m).
The primary structural frame includes columns, purlin, and roof steel H-beams.
The portal frame columns are all welded H-bar with constant section. The side
columns are H550 x 150 x 6 x 10, H550 x 225 x 6 x 10, H550 x 250 x 6 x 10,
and the middle columns are H450 x 350 x 6 x 12, H350 x 250 x 6 x 10, H350
x 250 x 5 x 10. The wind columns are H320 x 250 x 6 x 10 and H320 x 175
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Fig. 1 Plan view of the factory building
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x 6 x 10. The beams are welded H-bar with variable section, H(750-850) x 200
x 6 x 12, H(600-850) x 200 x 6 x 12, and H(600-700) x 200 x 6 x 12. Roof
purlin is cold-formed thin wall Z-shaped steel (Z200 x 70 x 20 x 2.5). Steel beams
and columns are generally connected with 6M20 or 8M20 high-strength bolts. The
columns are connected to the foundations with a combination of base plates and
anchor bolts.

2.2 Information About the Fire

On May 7, 2019, an electrical fire broke out between 22 and 24/(1/D)-E axes in
the northeast corner of the second phase of the factory building (see Fig. 1). Before
the fire, plastic products (motor fans) stacked in the northeast corner of the building
belong to flammable substances. Because it is mainly used for storage and occupies
a limited area, there is no active sprinkler system in the building. The plastic was
flammable, causing the fire to spread quickly. Luckily, the fire was quickly brought
under control. The fire was observed to last approximately 10 min. The fire covered
about 240 m?. Combustibles stored in the area were completely destroyed.

3 Damage of Steel Structural Members After Fire

A systematic investigation of the structure was carried out after the fire. It was found
that the direct fire zone was limited to the 23-24/(1/D)-E axes. The reason was
that the surrounding walls of the fire area were block or brick masonry firewalls or
explosion-proof walls. All these walls with a 2-h fire rating effectively prevented the
fire from spreading. The main damage was in the northeast corner. No significant
fire-induced damage was observed in other areas. Plaster falling from the enclosure
walls was observed in areas outside the fire due to high temperature.

3.1 Assessment of Damage to Columns

Though the overall structure did not collapse, many steel structural components
were severely damaged in the fire region (Fig. 2). Some steel columns exposed to
fire suffered reduction in performance and instability that result in localized buckling
of the flanges or overall buckling. Some of the columns experienced minor damage,
such as falling of fireproof coating due to elevated temperature.
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Fig. 2 Damage views of building following the fire accident: a overall view of fire damaged area; b
buckling and large deflection of roof steel beams and purlins; ¢ flexural deformation of roof panels;
and d falling of fireproof coating on steel columns (Images by Huabo Liu.)

3.2 Assessment of Damage to Horizontal Framing Members

The heat from the fire visibly damaged steel members located directly above. The
color-coated steel sheet roofing was affected and it exhibited visually apparent defor-
mation, spalling, and discoloration. Although there was no complete collapse, several
large depressed areas were observed on the roof of the building. Inspection of the
interior of the building showed that purlins were exposed to extreme temperatures
and failed in a buckling mode as the steel lost its strength. The horizontal structural
components supporting the roof were badly damaged. The damage to roof steel beams
and purlins included (a) large in-plane deflection in the steel beams and purlins; (b)
buckling of the roof beams and (c) out of plane deflection due to buckling, as shown
in Fig. 2.

4 Evaluation of Steel Components

According to Standard for Appraisal of Engineering Structures After Fire
(T/CECS252-2019), the steel components after fire are evaluated and rated. Fire
damaged steel is typically classified in four classes:
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Table 1 Evaluation and C .
. omponent Axis Damage class
rating results of steel
components after fire Steel columns | 23/E v
22/E, 24/E; 24/(2/D), 24/(3/D) | 11
22/D, 23/D, 24/D I
Steel beams | 22/D-E, 23/D-E, 24/D-E v

e (Class [-—Members with no damage or slight deformations that are not easily
detected by visual observation. Performance and safety of the component have
not been affected by fire.

e (lass II,, II,, or II—Members with visible deformation. According to the
component fireproof coating, local deformation, overall deformation, connection
damage, the most serious damage class is taken as the component damage class.

e (lass IV—Severely damaged components, such as excessive overall deformation,
severe residual deformation, cracking or fracture, local buckling, bolt breakage,
etc.

According to the standard, the evaluation and rating results of steel components
after fire are shown in Table 1.

5 Retrofit Methodology
5.1 Repairing Decisions

Based on the results of the steel component assessment, taking into account the
method to be used, the extend of intervention, etc., decisions are made concerning
repair of the structure after fire.

For Damage class I, only redecoration is required.

For Damage class II, superficial repair of slight damage will suffice, such as non-
structural or minor structural treatment (restoring fireproof coating on steel columns,
etc.).

Damage class III, generally damaged steel, will be retrofit to satisfy increased
strength demands. For these columns or beams, retrofit is more economical than
replacing fire-damaged components.

Damage class IV, severely deformed steel, will be removed and replaced.

5.2 Structural Shortcomings in Details

The factory building was built in 2004, when the “Technical specification for steed
structure of light-weight Buildings with gabled frames” CECS102:2002 was just
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issued [4]. The current national standard, “Technical code for steel structure of light-
weight building with gabled frames” GB51022-2015 [5], has improved in all aspects
compared with the original regulations. Therefore, it does not meet the requirements
of current design specifications. The main deficiencies of the detail measures are:

e Smaller section size of components compared with current standard.
e TInadequate support system to form the spatial structure system effectively.
e Lack of adequate lateral support out of plane.

To sum up, the safety of the factory building does not meet the requirements of
the current relevant specifications, and retrofit measures should be taken. Treatment
measures include: (1) supplement the support system, (2) adding necessary roof knee
braces, (3) adding rigid tie rod between side columns to reduce the calculated length
out of plane, and (4) strengthening the section of the main components, etc.

5.3 Structural Reanalysis

According to the final retrofit methodology, a structural analysis was performed to
assess performance of the building and identify deficiencies (see Fig. 3), using the new
components and structural information. The transverse plane model is calculated as a
portal frame. The column foots are taken as rigid connection, and the beam-column
joints are partially rigid and partially hinged according to the actual connection
mode. The length of the roof oblique beam out of plane is determined by the spacing
between the knee braces.

The results of structural calculation show that the structure has good performance
and meets the requirements of current specifications. Results of the analysis are
subsequently used to repair and strengthening the damaged structure.

Fig. 3 Model of structure
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6 Conclusion

In this study, the building was not designed in accordance with current building
regulations. Structural damage due to fire further complicates retrofitting. Based
on the proper assessment, an appropriate and cost-effective retrofit methodology is
performed.

For the steel structure, once the fire occurs, if no fire prevention measures are
taken or the fire is not put out in time, the steel structure will collapse quickly. If the
fire damage is very severe, demolition is recommended on the basis of safety and
life-cycle economic analysis. If the fire is not serious, the structure can be retrofitted
according to the usability and durability of the structure to prevent the occurrence
of secondary disasters. Post-fire evaluation is critical to the safety of a building in
the future. How to make the repair and strengthening of steel structure after fire
reasonable, economical and effective is a problem worth further study.
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Research on the Pore Characteristics )
of Dredger Fill By Preloading i

Jinfeng Tian, Huan Yan, and Guijie Zhao

Abstract This study investigated the characteristics of dredger fill after preloading
at the DaLian. Granulometric composition test and X-ray diffraction were employed
to determine the composition of dredger fill. Mercury intrusion porosimetry was
combined to determine the related features of the pore. This paper also discussed the
changes in porosity, pore diameter distribution, and morphological characteristics
of the pore. Preloading influence depth was established based on pore changes. The
results show that: the dredger fill contained numerous clay minerals, mainly illite
and illite—smectite mixed layer; and the influence depth established based on pore
changes of the area was almost 11 m. Within the influence depth, porosity decreased
rapidly as the depth increased, and the main scope of pore volume fraction changes
from the scope of 0.06—10 pm to the scope of 0.1-1 wm. When depth was greater
than the influence depth, porosity slowly changed, pores with diameters greater than
1 pm show an increasing trend. Thus, the soil was compacted.

Keywords Dredger fill - Preloading - Mercury intrusion porosimetry * Pore
characteristic

1 Foreword

With the rapid development of coastal city construction, there is a large demanding
for land resources. Land reclamation has became one of the most effective ways to
solve such problems. In the process of reclamation in such coastal areas, the original
offshore muddy soil is often used as reclamation material [1]. The composition
of soil is complex, diverse and uncertain which makes the subsequent construction
difficult [2]. When the project is established, it often needs to reinforce the foundation
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first. The commonly used method is preloading. The plenty engineering practices
shows that the dredger fill site after reinforcement still has lots of problems, such
as complex engineering geological properties and large post-construction settlement
[3]. And the internal microstructure of the soil has changed completely. Therefore,
it is great significance to study the dredger fill after preloading treatment from the
perspective of microstructure. It has great significance to the safety of the project
and the adverse effects after construction.

In view of this, the author takes the dredger fill in DaLian as the research object,
and evaluates the consolidation characteristics of the dredger fill from the aspects
of material composition and porosity. By comparing the basic properties and pore
characteristics of dredger fill at different depths, the consolidation law is studied.
And the related characteristics of porosity and pore equivalent diameter at different
depths in the consolidation process are analyzed to determine the influence depth
of surcharge preloading. Combined with these variation characteristics, it provides
a detailed material basis for the in-depth study of the reinforcement mechanism of
dredger fill.

2 Material Composition

2.1 Granularity Composition

The granularity composition of soil refers to the percentage of various sizes particles
in the soil [4]. It can be seen from Fig. 1 that after adding dispersant agent that
the content of clay group in the soil samples increased, while the content of silt
group decreased. It shows that the dredger fill contains aggregates formed by the
combination of clay and clay, clay and silt [5]. The experimental results show that
the non-uniformity coefficient of soil samples is greater than 5 which show the
gradation is good. The composition of different particle sizes shows that the soil
sample can be pore reduction after compaction.

The four soil samples are mainly silt and clay which reached more than 90% from
Table 1. The sand and clay content of the 01 soil sample are the highest. The silt
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Table 1 Test results of granular metric

No. Type Depth (m) Percentage grain size (%)
Grit Silt Clay
2-0.075 0.075-0.005 < 0.005
01 Earth-filled 2 7.25 49.11 43.64
02 Mucky clay 6 248 67.55 29.97
03 Silty clay 11 1.68 82.12 16.20
04 Silt soil 17 3.15 86.64 10.21

content of soil sample has increases as the depth increasing, and the clay content
showed a decreasing trend. The main reason is the different material sources.

2.2 Mineral Components

In this paper, semi-quantitative analysis and identification of some soil samples were
carried out by X-ray powder diffraction [6]. From Table 2: the primary minerals of soil
samples are mainly quartz, and the secondary mineral content is higher proportion,
about 50%.The clay minerals is mainly illite and illite—smectite mixed layer. And
contain a small amount of kaolinite and chlorite. This is also consistent with the results
of particle test. The clay content of the analyzed soil sample is large. Because the clay
has good hydrophilicity, it will increase the difficulty of soil drainage consolidation.

3 Microscopic Pore Characteristics

The microstructure of soil has an important influence on the macroscopic mechanical
characteristics of soil. There are two aspects to study at present, the morphological

Table 2 Mineral composition test results

No. Ineral content w (B)/1072

Q fs Pl Cc Do IS 1 K Ch Am
01 21 11 9 8 3 8 28 6 4 2
02 25 4 6 4 13 30 8 5 1
03 22 7 12 5 4 31 3 5 1
04 22 6 8 6 5 35 3 4 3

*Q—quartz, fs—alkali feldspar, Pl—piagioclase, Cc—calcite, Do—muscovite, Am—amphibole,
I/S—illite/smectite, K—kaolinite, I—ilite, Ch—chlorite
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characteristics and the connection characteristics of soil. Mercury injection experi-
ments and scanning electron microscopy are commonly used research methods [7].
Mercury intrusion test is selected in this paper.

3.1 Mercury Injection Test

During the compression and consolidation of dredger fill, the distribution and varia-
tion of pores is one of the important factors to measure the compressive deformation.
The distribution and variation of pores in soil will show significant differences with
the different degree of consolidation [8].

This is the No. 9500 experimental principle: suppose the pores of the soil are
cylindrical holes and the radius is r, press liquid mercury into the pores by instrument.
The pressure of mercury and repulsion force reached equilibrium.

prr?t =2nracosa (1)

where p is pressure, r is pore radius, o is surface tension coefficient of mercury, 0.485
N/m, o is mercury wetting angle on Materials, 130°.

3.2 Analysis of Test Results

Porosity Distribution. It can be seen from Table 3 that the dredger fill after
preloading, with the depth increasing, the overall trend of porosity is decreasing.
This is because the water in the dredger fill gradually was drained out of the pores
under the action of the upper preloading load. Soil particles moved and some small
particles was filled in the pores of the lower soil layer, which made the soil structure
more and more dense. It can be seen that the porosity of soil samples decreases
rapidly from surface to 11 m and it remains virtually unchanged from 11 to 17 m by
comparing the rate of porosity reduction of soil samples at different depths. It can
be confirmed that the preloading effect was better within a certain depth range as the
depth increased. And beyond that, the effect is worse gradually.

Interval Distribution of Aperture. It can be seen from Fig. 2: the cumulative volume
fraction of pores size less than 0.01 pwm is small. In the range of 0.01-0.1 pwm,
distribution curve of 01 soil sample shows an obviously increasing trend. The curves

Table 3 Data of mercury injection
No. 01 02 03 04
Depth (m) 2 6 11 17
Porosity (%) 40.35 34.45 32.56 30.22
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of 02, 03 and 04 soil samples did not change significantly. In the range of 0.1-1 pwm,
the curves of 02, 03 and 04 soil samples showed a significant upward trend. But
the growth rate of 01 soil sample curve is slightly slow; When the aperture is larger
than 1 pm, the four curves all showed an upward trend. But growth rate slowed
significantly and slowly approached 100%. It can be inferred that there are mainly
medium and small pores in preloading dredger fill while less macropores. It is mainly
due to the high clay content of the soil.

The microstructure of dredger fill is irregularity and complexity. But its pore
distribution is self-similarity. Therefore, the pores of dredger fill can be analyzed
by fractal theory [9]. Assume that the pore is a sphere with radius r. Vp is the pore
volume with radius less than r.

(4
Vp = / 37zr3c1N = AP 2)
0

where N represents the number of pores with radius less than r; D denotes the
dimension of pore distribution; A is a constant.

In double logarithmic coordinates, draw the cumulative volume fraction content
classification curve of soil sample pore size-pore. The fractal dimension D of pore
distribution can be determined. If the slope of the straight line in the curve is K, then
D=3-K[9]

It can be seen from Fig. 3, the curve changes obviously when the aperture is 0.06,
0.4, 4, and 40 pwm. According to this, the curve can be roughly divided into 5 broken
line segments. It shows that the distribution of pores has multifractal properties.
Each line segment shows that the pore diameter has self-similar properties in the
interval. Therefore, according to the self-similarity of pores and the experience of
predecessors, the pore size can be divided into 5 levels: (a) Micropores: d < 0.06 pm.
(b) Small pores: 0.06 pm < d < 0.4 wm. (¢) Medium pore: 0.4 pm <d <4 pm. (d)
Large pores: 4 wm < d < 40 wm. (e) Extra-large pores: d > 40 pm.

Fig. 2 Cumulative pore size
distribution curves
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Through the cumulative distribution curve and the above pore size division, the
volume fraction of the corresponding aperture interval can be obtained. The results
are shown in Fig. 4. From the figure, there is a huge different in the volume fraction
concentration range of the aperture interval with depth. No. 01 soil sample is taken
from the surface. The concentration range of pore volume fraction is wide, roughly
0.06—10 wm. With sampling depth increasing, the concentration range of 02 and 03 is
smaller than 01. Mainly concentrated in the 0.06—4 pum interval. But the concentration
range of the deepest 04 soil sample has increased compared with the front two
samples. The results show that: in a certain depth range, the pores larger than 4 pum
in the soil sample are crushed into smaller pores with the increase of soil depth after
dredger fill preloading. The pores less than 0.06 wm decreased. It may be because
small pores connect into slightly larger pores with the discharge of water from the
soil. As a result, the volume fraction of pores in this interval decreases. When the
depth is greater than a certain value, the influence of preloading gradually decreases.
The pores larger than 4 pm show an increasing trend. It has a certain relationship
with the influence depth of preloading treatment.
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4 Conclusion

The material composition and microscopic pore characteristics of dredger fill soil at
different depths after preloading treatment were analyzed. The following conclusions
were reached.

There are a lot of clay minerals in the soil samples. It is mainly illite and illite-
montmorillonite mixed layer minerals. However, mineral composition and content
are extremely similar with depth changing which shows that the mineral content has
little to do with depth.

The related parameters of pores were obtained by mercury intrusion test. The
porosity of the dredger fill after preloading treatment becomes smaller with the
depth increasing. The concentration range of apertures has significant differences.
The influence depth of preloading in this study area is determined to be 11 m. In range
of this depth, the porosity of soil sample decreases rapidly. The main concentration
range of pore volume fraction changes from 0.06—10 pm to 0.1-1 pm. The change of
porosity slows down beyond depth. The pores larger than 1 um showed an increasing
trend.
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Study on Comprehensive Detection )
and Treatment Measures of Qinlan Cestte
Tunnel of Tianba Expressway Crossing

Large Karst Cave

Xiaoming Wang, Yongxing Zhou, Gang Zhang, Xueqi Chen, Zhiqiang Liu,
and Xiaoyong He

Abstract Aiming at the problem of comprehensive detection technology and treat-
ment measures for tunnels crossing large karst caves, this paper systematically carried
out the research on advanced detection of karst geology and treatment measures of
karst caves in combination with the Qinlan Tunnel Project of Tianba Expressway
in Guangxi. The comprehensive detection method of “karst geological survey +
geological radar detection + advanced horizontal drilling + three-dimensional laser
scanning + geological sketch” is used for advanced detection. On the basis of ascer-
taining the spatial location and development scale of karst caves, the scheme of tunnel
excavation after advanced reinforcement and support treatment such as advanced
small pipe grouting is determined. It has been successfully applied to the construc-
tion practice of Qinlan Tunnel crossing ZK89+110 large karst caves, and the treat-
ment measures of “root pile + lining strengthening” are put forward. It effectively
avoids the occurrence of disasters caused by karst caves, and has important reference
significance for similar projects.

Keywords Highway tunnel - Karst cave - Advanced detection - Treatment
measures

1 Introduction

Karst is a general term for the chemical effects of water on soluble rocks, supple-
mented by mechanical effects such as erosion, deposition and collapse, and the
phenomena caused by these effects. Karst geology is widely distributed in China,
mainly concentrated in Yunnan, Sichuan, Guangxi, Guizhou and other regions [1].
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Due to the complexity of karst geology and high risk of karst caves, tunnel construc-
tion faces great risks and challenges [2]. During the construction of Maluqing Tunnel
[3], Yuanliangshan Tunnel [4] and Xiaogaoshan Tunnel of Shanghai-Kunming
Passenger Dedicated Railway [5], karst water and mud inrush disasters occurred,
causing serious casualties and economic losses. Therefore, the use of advanced detec-
tion technology to accurately identify the spatial location and development scale of
karst caves can effectively ensure the safety of karst tunnel construction.

At present, researchers have conducted many studies on karst tunnel advanced
geological prediction technology and cave treatment. Zhao Shaozhong et al. studied
the deformation law of surrounding rock by numerical simulation method and gave
the treatment measures of karst cave in different positions, combining with the karst
cave exposed in the construction of Qiyueshan tunnel [6]. Wang Shaohui et al.
proposed a comprehensive treatment scheme for the combined structure of “bearing
pile foundation-longitudinal and transverse frame beam structure-reinforced concrete
retaining wall” in view of the extra-large karst cave exposed during the construction
of Naqiu Tunnel [7]. Liu Tongjiang et al. determined the treatment scheme of “back-
fill ballast + upper grouting reinforcement” for the giant karst cave crossed by the
alpine tunnel of Qian-Zhang-Chang railway [8]. Based on the engineering back-
ground of Shangjiawan tunnel, Li Shucai et al. proposed the cave treatment scheme
of “beam plate method + backfill method” [9]. Wang Jian et al. used the geolog-
ical radar advanced geological prediction method to detect the karst development of
Xinjie Tunnel of Guizhou Kaili Ring Expressway, and verified the applicability of the
method [10]. Combining with Yesanguan tunnel of Yiwan railway, Sun Mingbiao put
forward the treatment measures such as high level drainage depressurization, curtain
grouting and pipe shed pre-support, which realized the purpose of depressurization,
reinforcement and seepage prevention [11]. Based on the Taiping Tunnel of Xuanhe
Expressway, Liu et al. proposed a variety of technical schemes for crossing karst
caves and determined the double-arch open-cut tunnel + backfill excavation scheme
through multi-dimensional comparison and selection [12].

Based on Qinlan Tunnel Project of Tianba Expressway, aiming at the problem
of karst disaster in the process of tunnel excavation, this paper carries out karst
detection by using comprehensive means such as geological advance prediction,
advance drilling and three-dimensional laser scanning. On the basis of ascertaining
the spatial location and development scale of karst caves, this paper puts forward
targeted treatment measures for karst caves.

2 Engineering Overview

Qinlan Tunnel is located in Hechi City, Guangxi. The overall direction of the
tunnel is east-west, and the tunnel is a small clearance + separate special long
tunnel. The starting and ending pile numbers of the left line of the tunnel are
ZK86+164~ZK91+486, and the length is 5322.0 m. The starting and ending piles of
the right line are K86+190~K91+494, and the design length is 5304.0 m. The tunnel
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Fig. 1 Panorama of Qinlan tunnel

is a two-way six-lane tunnel with a maximum buried depth of about 356.67 m. The
overall view of the tunnel is shown in Fig. 1.

The stratas are mainly the Fourth Series Dissolution Remnant Accumulation Layer
(Q°") and the Carboniferous Middle System (C,) strata. The tunnel mainly passes
through the Carboniferous Middle System (C,) limestone, with cryptocrystalline ~
microcrystalline structure and layer thickness ~ huge thick layered structure. The
rock is hard and there are karst caves developed locally. The tunnel area belongs to
karst peaks and depressions, with strong mountain erosion and exposed bedrock. The
ground elevation of the karst depression on the entrance side of the cave entrance is
350-370 m. And there are springs and sinkholes in the low-lying areas.

Groundwater types can be divided into loose rock pore water, clastic rock frac-
ture water and carbonate fracture karst water. Karst in the tunnel area is relatively
developed. The main karst forms are karst caves, gullies and dissolution depressions.
Trenches are mostly filled with clayey soil of the fourth series residual slope layer.
During the construction period, a very large cave was revealed at ZK89+110 (see
Fig. 2), with a height of about 60 m. It develops from the right to the lower left,
crosses diagonally with the tunnel axis, and invades the left vault range of the right
cave.
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Fig. 2 Situation of karst cave at left hole ZK89+110

3 Joint Detection and Analysis of Caves

A variety of detection methods were used to detect and analyze the cave at ZK89+110.

3.1 Geological Radar Method

The geological radar method works according to the principle of pulsed radar emis-
sion waves. High-frequency electromagnetic waves are sent underground in the form
of broadband short pulses through the transmitting antenna. It was reflected by under-
ground media or buried objects, which was received by the receiving antenna and
recorded on the host to form a radar profile [13]. The geological radar YQZLS20112
was used to detect the tunnel of ZK89+095~ZK89+125 in the left cave, and the
schematic diagram of the survey line layout was shown in Fig. 3.

The detection results show that the surrounding rock of ZK89+095~ZK89+120
section is mainly moderately weathered limestone, with medium and thick layered
structure. The joints and dissolution fractures are relatively developed, mostly filled
with calcite veins or argillaceous. The surrounding rock of ZK89+120~ZK89+125
section is affected by joint fractures, and the rock is loosely broken, filled with mud
and mud. And dense fracture zone or karst development area is developed. The
processed image of the acquired waveform is shown in Fig. 4.
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Fig. 4 Qinlan tunnel ZK89+095~ZK89+125 radar scanning map (Line 1)

3.2 Advanced Horizontal Drilling

Advanced horizontal drilling is a short-range tunnel surrounding rock geological
prediction technique. A horizontal drilling rig is installed inside the tunnel and drilled
to infer the geology in front of the palm according to the drilling data [14]. ZDY 1250
full-hydraulic multi-functional crawler drilling rig was used to carry out geological
advanced drilling work on the face ZK89+035 of the second half of the tunnel in
Qinlan. Five drill holes were arranged on the face of the face. And the location of
the drilling hole arrangement is shown in Fig. 5.
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Fig. 6 Advanced driling results of ZK89+035 in left line of Qinlan tunnel

Three advanced drill holes were completed and the geotechnical characteristics
revealed by each hole are shown in Fig. 6. It shows that there are clay-filled karst
caves in the ZK89+108.4~ZK89+111.3 section of the tunnel. The karst cave has not
been uncovered, and the total length of the karst cave section is more than 2.9 m.
The rock mass around the cave is relatively complete limestone and locally broken
limestone. Karst development is strong, and the stability of surrounding rock is poor.
After excavation, mud gushing, block falling, cavity collapse, roof falling and other
phenomena are prone to occur, and groundwater is weakly developed.

3.3 3D Laser Scanning Technology

Through the high-speed non-contact laser measurement method, the three-
dimensional laser scanning technology can carry out 360° panoramic rapid scanning
of complex objects in three-dimensional space. We can obtain the three-dimensional



Study on Comprehensive Detection and Treatment Measures of Qinlan ... 357

Fig. 7 Three-dimensional map of cave at ZK89+110

shape of the object to guide the construction of the project [15]. The cave was
scanned by 3D laser scanning technology and its three-dimensional morphology
was obtained (see Fig. 7). The results show that the large karst cave is exposed in
front of the ZK89+110 face. The karst cave crosses the tunnel obliquely and intrudes
into the right tunnel K89+130~K89+210 of the back section of Qinlan tunnel. The
surrounding rock is mainly silty clay, which has poor stability and it is prone to
collapse without support. There are many sinkholes and 2 water-dissipation caves.

4 Cave Treatment Measures

This project selects the root pile + lining strengthening scheme. The treatment facade
of ZK89+110 karst cave is shown in Fig. 8. The specific design is as follows.

(1) First, remove the cave floor slag and silt layer. Then investigate the direction of
water flow in karst cave, water dissipation tunnel, etc.

(2) The ZK89+100~ZK89+170 section of the karst cave is lined with S5-P. Cave
internal system anchor can be canceled. The advanced support adopts the dense
row of advanced small ducts. The length of the advanced small duct is 4 m, the
circumferential spacing is 40 cm, and the longitudinal row spacing is 1 m. The
locking feet support on both sides of the arch line is replaced by a 9 m long
®108*6 mm locking foot steel pipe with a longitudinal spacing of 1 m. It is
staggered with ®50*5 mm locking steel tube.

(3) The foundation of the K89+130~K89+205 section of the inverted arch is rein-
forced by a composite foundation of tree root stumps. The root pile is 20 cm in
diameter and it is plum-shaped layout. The specific design scheme is shown in
Fig. 9.
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(4) The cave is treated by pumping concrete. The vault and the cavity at the waist
are pumped first. Then 60 cm thick reinforced concrete was poured on the vault

range. Finally, pour the concrete drainage ditch.
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5 Conclusion

With the large karst cave crossed by Tianba highway Qinlan tunnel, this paper studies
the comprehensive detection and treatment measures of large karst cave crossed by
tunnel. The main conclusions are as follows.

(1) Aiming at the large karst caves traversed by the tunnel, the comprehensive
detection method of “karst geological survey + geological radar detection +
advanced horizontal drilling + three-dimensional laser scanning + geological
sketching” is proposed for advanced detection.

(2) On the basis of finding out the location and development scale of karst cave,
the scheme of tunnel excavation after advance reinforcement support treatment
such as advance small pipe grouting is determined, which ensures that the Qinlan
tunnel passes through ZK89+110 large karst cave safely.

(3) Inthis paper, the comprehensive treatment scheme of “comprehensive detection
+ advanced small pipe support + grouting reinforcement + root pile composite
foundation reinforcement + lining reinforcement” is adopted. The problem of
tunnel crossing karst cave treatment measures has been successfully solved,
which provides an effective reference for similar projects in the future.
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Analysis on the Modeling of Rockbusrt )
Prediction in Deep Tunnels Based i
on Machine Learning

Yong Zhang, Haijun Liu, Yueyuan Ma, Xueqi Chen, Weinan Li,
and Zheng Huang

Abstract Deep tunnels will face complex mechanical behavior problems of rock
mass during construction and operation, among which the rockburst disaster is partic-
ularly prominent. Therefore, how to scientifically predict the rockburst activities of
deep tunnels has become an urgent problem to be solved. According to the three
aspects of energy conditions, lithology conditions and stress intensity that rockburst
must meet, the strain energy storage coefficient (Wet), stress concentration factor
(SCF) and brittleness index of rock mass (oc/ot) are selected as the discrimination
indexes. On this basis, combining with the method of cluster analysis, some abnormal
data are removed and a case database is constructed. Aiming at the defects of tradi-
tional prediction methods, this paper proposes a support vector machine method to
establish the rockburst prediction model. According to the prediction model proposed
in this paper to predict the rockburst situation of several deep tunnel engineering in
China. The results show that the tunnel rockburst prediction model based on support
vector machine is well consistent with the actual situation, indicating that the model
has strong feasibility in practical application.

Keywords Deep tunnel - Rockburst - Risk prediction * Support vector machine

1 Introduction

With the rapid development of China’s economy and the accelerating process of
urbanization, the contradiction between the shortage of urban land resources is
becoming increasingly prominent. More and more people turn their attention to
the direction of underground space utilization. The rapid development of under-
ground space construction has also brought many engineering problems. Among
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them, the prediction of rockburst has always been a difficult problem in the field of
rock engineering.

Rockburst is a kind of elastic deformation energy accumulated in rock mass,
which is suddenly and violently released under certain conditions, resulting in rock-
burst and ejection phenomenon [1]. As one of the main disasters of deep tunnel,
rockburst will threaten the safety of construction workers and machine facilities and
affect the construction progress. Therefore, the prediction of rockburst is particu-
larly important. The disaster-causing factors of rockburst are complex, domestic and
many scholars have made in-depth research. There is no uniform standard for rock-
burst prediction methods, but the traditional rockburst prediction methods usually
only consider a single index, and have strong subjectivity and low efficiency [2].
According to the characteristics that the damage, deformation and failure of rock
is a nonlinear process, this paper attempts to establish a rockburst prediction model
based on support vector machine. Compared with the traditional learning methods,
its advantage is that it can use the kernel function to high-dimensional space mapping,
which can better deal with nonlinear, small sample problems [3]. Feng et al. [4, 5]
first applied the classification method of support vector machine to rockburst predic-
tion. The results show that the prediction accuracy based on this machine learning
method is considerable and practical.

Based on a large number of data samples collected, this paper attempts to establish
a rockburst prediction model by means of support vector machine, which is used for
rockburst prediction and engineering verification.

2 Establishment of Rockburst Database

2.1 Selection of Rockburst Prediction Factors

There are many factors that lead to the rockburst, and reasonable rockburst predic-
tion factors should be chosen to establis the rockburst database [6]. The selection
principles include: strong correlation with rockburst cases, high accuracy, and simple
acquisition method. The factors that lead to rockburst can be divided into two aspects
of internal and external factors. The internal factor refers to the rock mass itself, only
the hard rock will store sufficient elastic deformation energy, so that the broken
rock obtains the power of ejection, forming rockburst phenomenon. The evaluation
indexes include energy storage and consumption index, elastic strain energy index,
rock brittleness index, tangential stress size, rock brittleness coefficient and so on.
The external factor refers to the engineering characteristics, the evaluation indexes
include the buried depth of cavern, the size of ground stress, the excavation method
and the excavation speed, etc.

The occurrence of rockburst must first satisfy the conditions of strength, energy,
brittleness and so on, so this paper does not consider the influence of external factors
on rockburst. In summary, combined with the selection principle, this paper selects
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the stress concentration factor SCF (oy/0,), the strain energy storage index (Wet) and
the rock brittleness index (o./o¢) as the prediction factors of rockburst. The stress
concentration factor reflects the strength of the surrounding rock, and the index of
Wet reflects the energy characteristics of the surrounding rock and the index of o./o,
reflects the brittle failure mechanism [7].

2.2 Collection of the Rockburst Cases

This paper refer to the collection including Erlang Mountain tunnel [8], Xuefeng
Mountain tunnel [9], Gaoligongshan mountain tunnel [10], jinping II Hydropower
Station [11], Qinling tunnel [12] 246 rock data, case, contains dozens of different
types of rocks, rockburst grade is divided into no rockburst, minor rockburst, medium
rockburst, strong rockburst level, and record each case of three predictors. These data
were first recorded in Excel and then analyzed and processed with spss software.
Some of the rockburst data are shown in Table 1.

The relationship between the strain energy storage coefficient (Wet) and the rock-
burst intensity is shown in Fig. 1. From the above scatter diagram we can intuitively
see that the group of data has a good aggregation, different levels of rockburst index
numerical boundaries more obvious. The strain energy storage index Wet decreases
with the decrease of rockburst intensity, indicating that the lower the rockburst inten-
sity, the smaller the energy stored in the rock mass, which is also consistent with our
understanding of rockburst. However, there are still a few data that are far away from
the data group. In order to ensure the accuracy of the rockburst prediction model, it
is necessary to eliminate such outliers by mathematical methods.

Table 1 Data summarye domestic and foreign rockburst cases

Number SCF Wet oclot Rockburst intensity grade
1 0.77 5 17.5 Strong rockburst

48 0.45 5.08 17.53 Minor rockburst

49 0.28 3.67 28.9 Minor rockburst

129 0.32 5 21.69 Medium rockburst

130 0.38 5 21.67 Medium rockburst

207 0.2 2.29 36.04 No rockburst

208 0.19 1.87 47.93 No rockburst
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Fig. 1 Scatter plot of GRADE
rockburst index WET 30.00 o Strong rockburst
Minor rockburst
No rockburst
& Medium rockburst
20.00
=
=

10.00 -

00y S0 100 150 200 250

No. of rockburst cases

2.3 Cluster Analysis and Data Processing

This paper uses the idea of cluster analysis to analyze data. Cluster analysis is an
important research content in the field of data mining and artificial intelligence.
It is limited by the problems of dimension disaster and data scale [13]. By using
the SPSS software to realize the system clustering analysis, the pedigree diagram
between the samples under each rockburst intensity is drawn. The pedigree diagram
corresponding to the strong rockburst is shown in Fig. 2.

It can be seen from the above pedigree diagram that in the case of strong rockburst,
the No. 17 rockburst case was merged with the data group at the end, indicating that
the case belongs to the outlier data and should be eliminated. After eliminating the
discrete values and abnormal values of all the cases of intensity grade rockburst
cases, the most representative 185 data are finally obtained, including 35 data of
strong rockburst, 57 data of medium rockburst, 57 data of minor rockburst and 36
data of no rockburst.

3 Rockburst Prediction Model Based on Support Vector
Machine

3.1 The Basic Idea of Support Vector Machine

The basic idea of support vector machines is to focus on the points close to the
hyperplane and divide the training number correctly in the set case, the interval from
the nearest point to the hyperplane is the largest, that is, the ultimate goal is to find an
optimal classification surface based on the training data. The problem of solving the
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optimal classification surface of support vector machine can be transformed into the
solution of the quadratic function of maximizing the classification interval of data
samples [14]. The key is to obtain the target solution of the maximum classification
interval. Taking two types of linear separable data as an example, one type of data is
represented by circle, and the other type of data is represented by square. The optimal
classification line is shown in Fig. 3.

3.2 Support Vector Machine Prediction Model

In this paper, the Libsvm software package is used to construct the rockburst predic-
tion model of support vector machine, and the corresponding program is compiled
in MATLAB. The detailed steps are as follows:

(1) Generate test set and training set of samples

After setting up the test environment, we import the Excel files of the rockburst case
database into Matlab, randomly generate the training set and the test set, a total of
185 data, of which 80% (148) is used for learning and training, and the remaining
20% (37) data is used for model prediction.
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(2) Normalize the input sample data

When using the constructed support vector machine model to predict, the sample data
should be normalized to eliminate the interference of dimension on the comparability
of the original data. The data are normalized by [—1,1] interval here.

(3) Select the kernel function

Support vector machine kernel function has RBF kernel function, package linear
kernel function, polynomial kernel function, etc. The RBF kernel function requires
fewer parameters and the parameter constraints are simple. Based on the above
advantages, this paper selects the RBF kernel function to apply.

(4) Parameter optimization

In the regression modeling of support vector machine, there are many important
parameters, which have a great influence on the prediction level of the model. Nowa-
days, the commonly used parameter optimization methods at home and abroad
include gradient descent method, bootstrap method, Bayesian method and intel-
ligent algorithm. The cross-validation method can obtain the optimal parameters
under certain specific premises, and can better solve the ‘over-learning’ and ‘under-
learning’ problems well, so that the accuracy of the prediction results can meet the
requirements. Therefore, the cross validation method is selected for parameter opti-
mization. In this paper, the parameter ‘t” of the support vector machine is selected
as 2, and the cross validation method is used. The output of the selected parameters
is: bestc = 64, bestg = 0.0625. That is, the model we constructed, the final choice
of fitting parameters: ‘—t’ is equal to 2, ‘—c’ is equal to 64, ‘—g’ is equal to 0.0625.
Parameter selection results in matlab printed contour map is shown in Fig. 4, 3D
view is shown in Fig. 5.

(5) Training SVM model
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Fig. 4 Contour map of
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Fig. 5 3D picture of
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After the process of model training and simulation test, the prediction accuracy of
the final rockburst sample data is 89.2%, as shown in Fig. 6.

Fig. 6 Comparison of test
set and prediction results of
rockburst cases

Test set sample category

accuracy=89.2%

Test set sample munber
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In the case of 185 samples, the learning accuracy of support vector machine can
reach 84.5%, the prediction accuracy can reach 89.2%, and the prediction results have
high reliability. This shows that the machine learning level of SVM is very high, and
it is completely reasonable and feasible to use this model to predict rockburst.

4 Application

In order to verify the accuracy and applicability of the rockburst prediction model,
Daxiangling Tunnel project [15] is selected as the verification object to predict the
rockburst grade. The Daxiangling extra-long highway tunnel of Yalu Expressway
in Sichuan Province is located in Daxiangling at the junction of Yingjing County
and Hanyuan County, Ya’an City, Sichuan Province. It is a key and difficult control
project of Yalu Expressway. In the large deformation section of Daxiangling tunnel,
the surrounding rock is broken and the stability is extremely poor. It is easy to
collapse after excavation. There is not only the interference in construction, but
also the mutual influence and superposition on the formation disturbance. The poor
geological conditions have promoted the rockburst in this area.

The surrounding rock grade of the tunnel is mainly grade III surrounding rock and
grade IV surrounding rock. There are many rockburst phenomena in the construction,
mainly minor and medium rockburst, accompanied by strong rockburst in some areas,
which is harmful, as shown in Fig. 7. Therefore, reasonable prediction of rockburst
intensity level is more important. We selected the data of 14 typical measuring points
in the data sample of Daxiangling Tunnel, and listed the three indicators of the
previous chapter, as shown in Table 2.

These 14 sets of data are used as test sets. For a set of data, the three independent
variables are stress concentration factor SCF, strain energy storage index Wet, rock
brittleness index oc/ot, and the dependent variable is rockburst intensity level. The
fitting results are shown in Fig. 8 with an accuracy of 85.7%. The accuracy rate
shows that the rockburst prediction model based on support vector machine has high

Fig. 7 Partial rockburst occurred in Daxiangling tunnel
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Table 2 Prediction of rockburst Intensity of Daxiangling tunnel

Case No. | SCF |Wet |oc/oq |Rockburst |Case No. |SCF |Wet |o./o¢ | Rockburst
intensity intensity

1 043 | 1.7 |459 |Minor 8 0.57 |38 |25.6 |Medium

2 042 |24 (299 |Minor 9 043 |24 [299 |Medium

3 0.56 |19 |343 |Minor 10 056 |19 |343 |Strong

4 0.60 |34 |283 |Medium 11 0.51 |52 |50.9 |Strong

5 0.53 |3.6 |21 Medium 12 0.60 |34 |283 |Strong

6 0.66 |4.1 |[21.5 |Medium 13 0.56 |4.6 |31.3 |Strong

7 052 |43 |17.8 |Medium 14 049 |47 |49.6 | Strong

Fig. 8 Daxiangling tunnel
rockburst monitoring point
prediction results schematic
diagram
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applicability in Daxiangling Tunnel, which shows that this machine learning method
is more reasonable in dealing with nonlinear problems such as rockburst.

5 Conclusion

Through research, the conclusions of this paper are as follows:

(1) Rockburst is a multi-factor and multi-mechanism geological phenomenon, so
its prediction is a nonlinear problem. For a long time, experts and scholars at
home and abroad have proposed many criteria to predict the intensity level of
rockburst, but these methods have contingency and randomness. The method of
machine learning is simple to operate and the model has strong generalization
ability, which can further improve the reliability of the prediction model.

(2) In this paper, a representative case is collected to establish a sample database of
rockburst data, and the main factors affecting the occurrence of rockburst are
discussed. According to the engineering characteristics and the mechanism of
rockburst, the stress concentration factor SCF, the strain energy storage index
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Wet, and the rock brittleness index o /o, are used as predictors. Through data
processing methods such as cluster analysis, the most representative 185 samples
are obtained to construct a rockburst case database.

This paper introduces the basic working idea of support vector machine, and
combines the cross validation method to optimize the parameters, and clarifies
the advantages of support vector machine in solving nonlinear problems. The
prediction results are analyzed, and the prediction accuracy is 89.2%, which is
more accurate.

The support vector machine rockburst prediction model is used to predict the
rockburst of Daxiangling Tunnel, and the accuracy rate is 85.7%, which shows
that the model has strong feasibility and applicability in practical engineering.

The rockburst prediction model is a meaningful attempt to use machine learning
methods for disaster prediction. Although there are still many immature places in

the

application, it is believed that there will be broader development in this field in

the future.
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Application Practice of 3D Integration )
of Pipeline Information in Large-Scale i
and Complex Project Sites-Take

Changsha Airport Addition

and Alteration Project as an Example

Cheng Jiang, Xiaogang Dai, Yinqiang Huang, and Jinlei Li

Abstract Based on the practice of Changsha Airport Addition and Alteration
Project, this paper refines, studies and summarizes the type, integration and inter-
action of pipeline information in large-scale and complex project sites, According
to the whole life cycle of the Project, four types of pipeline information, including
self-owned attribute, system attribute, management attribute and additive attribute,
are sorted out. In actual engineering projects, there are two modeling ways, Method
I: direct BIM design modeling, Method II: transformation and modeling after CAD
design. The difference between Method I and Method II mainly sits on the differ-
ence in presentation form. One is three-dimensional and the other is two-dimensional.
However, the base of both of them representing pipeline information is attributes and
data. As long as these attributes and data can be extracted, information integration
can be realized and applied to project management in the later stage. Based on the
integrated research on the airport pipeline information, a corresponding BIM collab-
oration and management and control platform has been developed for the Project, and
research results have been applied to the actual management of the project pipeline
in an exploratory way, so as to achieve the project management requirements of the
airport pipeline in terms of design, progress, cost, prefabrication and processing,
and prepare for the later digital delivery and intelligent operation and maintenance
management.

Keywords Site pipeline - BIM - Information integration - Project management
application
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1 Project Overview

The Changsha Airport Addition and Alteration Project (hereinafter referred to as
“the Project”) covers an area of more than 1100 ha, including an airfield area
(including a runway and a taxiway), a parking area of 148 aircraft stands, a passenger
terminal area, a freight terminal area, a working area, access roads and a central axis
avenue outside the building line. The construction area is 1,048,800 m2. In addi-
tion to a Passenger Terminal and a Ground Transportation Center (GTC), multiple
supporting single buildings, municipal roads, viaducts, underpasses, municipal pipe
networks, comprehensive pipe racks, civil air defense basements will also be built,
covering more than 20 disciplines such as architectural, structural, municipal service
road, landscape, etc. The total length of various site pipeline is up to thousands of
kilometers.

2 Classification and Data Structure of Site Pipeline
Information

The site pipelines of large-scale and complex projects generally include seven types
of basic pipelines: water supply, sewage, rainwater, heat, gas, electricity and commu-
nication. In addition, there are special professional pipelines such as aviation oil at
airport sites. Airport pipeline information is the basis and important link for building
a “smart airport”. These pipeline information are generated by several participating
units by using professional design software. Therefore, whether it is the integra-
tion of original internal information generated by design software or the information
exchange integration of external software/platforms, all kinds of pipeline information
need to be classified, summarized, supplemented and confirmed on the integration
platform according to the actual situation. Among them, the most important is to
uniformly classify the types of pipeline information.

2.1 Type of Pipeline Information

According to the whole life cycle of the Project, the Project is divided into design,
construction, operation and maintenance stages. In the Project, four types of pipeline
information, including self-owned attribute, system attribute, management attribute
and additive attribute, are sorted out according to the requirements for professional
design software and its use in subsequent stages, as well as the commonness of
pipeline information. See Fig. 1 for details.

In addition to the first three types of basic pipeline information, data can also be
extended through additive attribute type. Additive attributes can be added through
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Pipeline Attribute Category
Self-owned attribute
Attribute Value Unit
Pipe material Copper /
Pipe size 150 mimn
Outside diameter of pipe 159 mm
Inside diameter of pipe 155 mm
Invert elevation of starting pipe 550.1 m
Invert elevation of end pipe 550.1 m
Pipe length 4.1 m
Pipe slope 0%
System attribute
Attribute Value Remarks
System type Water supply
Flow direction P1—-P2
Management attribute
Attribute Value Remarks
Installation unit
Installation date
Acceptance date
Maintenance date I
Maintenance date I_maintenance personnel
Maintenance date II
Maintenance date II_maintenance personnel
Additive attribute
Attribute Value Remarks
Additive attribute I
Additive attribute II

Fig. 1 Classification of pipeline information

XDATA (AutoCAD), feature set (AutoCAD Civil 3D), attribute table (AutoCAD
MAP 3D), plug-in provision, secondary development and other methods.
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Fig. 2 Data structure of pipeline information in Revit software

2.2 Data Structure of Pipeline Information Library

According to the designed pipeline attribute type, and the built-in data structure of
professional software, the data structure of pipeline information is supplemented and
redefined, as shown in Figs. 2, 3 and 4.

3 Creation of 3D Model of Site and Pipeline

After the data structure of BIM pipeline model is established, the suitable BIM design
software can be selected for 3D modeling. However, in actual engineering projects,
due to the design habits of designers and their inadaptability to BIM software, most
design units still use 2D method based on cad for preliminary design of sites and
pipelines, and then submit them to modelers for conversion into 3D models through
corresponding software. Therefore, there are also two modeling ways in the Project:
direct BIM modeling and BIM model transformation after CAD design. The technical
routes of these two modeling methods are as follows.
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Fig. 3 Data structure of water supply and drainage pipeline information in Tangent software

Method I: direct BIM design modeling: The Project involves many design units.
A small number of them use 3D BIM software (Revit, Civil 3D, OpenRoadcc, etc.)
to carry out 3D site and pipeline design, and directly build 3D model of pipelines.
The results are 3D models and 2D drawings. After proper processing, 3D models
can be directly imported into the project BIM management and control platform for
information integration and various applications. The technical route is shown in
Fig. 5.

Method II: transformation and modeling after CAD design: In the Project, most
design units still use 2D method based CAD for site and pipeline design, and the
results are still 2D drawings. In order to integrate pipeline information into the BIM
collaboration and management and control platform of the Project, participating or
construction units need to conduct 3D processing on 2D drawing results, convert
them into 3D models and supplement the missing pipeline information, import them
into BIM collaboration and management and control platform of the Project, and
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Fig. 6 Technical route of transformation and modeling after CAD design

integrate with models generated in Method I for information integration and various
project management applications in the later stage. The technical route is shown in
Fig. 6.

4 Integration and Interaction of Site Pipeline Information

4.1 Export of Site Pipeline Information

The created pipeline BIM model can export various geometrical information and
attribute information of the required pipeline through “direct export”, “plug-in
export”, “export.shp” and other methods according to the different application plat-
forms/software in the later stage, such as SuperMap, Unreal4 Revit, and Revizto.
The commonness of these plug-ins is that they are installed in Revit software. Users
need to first open the Revit software and click “Export” button to export the required
data. Some plug-ins also provide the function of model lightweight.

Although there are many ways to export pipeline information, data planning must
be done in advance. Before selecting the integrated software/platform, developers
of the other party should consult the design method and data structure of the native
software in detail, and comprehensively consider the integration and fusion of the
design software in the early stage and the integration platform in the later stage
necessary for final seamless connection of pipeline data.
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4.2 Integration of Site Pipeline Information

The difference between direct BIM modeling and 3D model transformation after
CAD graphic design mainly sits on the difference in presentation form. One is three-
dimensional and the other is two-dimensional. However, the base of both of them
representing pipeline information is attributes and data. As long as these attributes
and data can be extracted, information integration can be realized and applied to
project management in the later stage. Therefore, these two design methods have
been coexisting in the current design reality, and 2D graphic design is not completely
denied because of the emergence of 3D design.

Meanwhile, the design software used in these two design methods has certain
information integration capabilities. For example, for Tangent Water Supply and
Drainage Software (AutoCAD plug-in), which is commonly used in CAD design,
although design units often only use its 2D drawing function, the pipeline in it is
a 3D entity from the 3D perspective, and the attributes of the pipeline, such as
material, diameter and height, are also displayed in the feature bar. In addition, the
software can automatically summarize all pipe types, length, and number of valves
and fittings. This in itself is a certain degree of pipeline information integration.
Although Tangent software is inferior to foreign BIM software (such as Revit) in
3D cooperation with other disciplines, it is better than foreign software in terms of
convenience and localization of professional design. Therefore, at present, it still
occupies a large market share in China.

For another example, some design units use Hongye Municipal Pipeline Software
for site design. This is because the software is mainly aimed at municipal engineering.
Compared with Tangent Water Supply and Drainage Software, it is more profes-
sional and comprehensive. Similarly, the software also can provide complete pipeline
attribute and information integration, including 3D pipeline and tube well display,
as well as quantity statistics and summary of pipeline, tube well and equipment.

BIM 3D software is oriented to 3D and multi-discipline collaboration at the begin-
ning of design. Therefore, the concept of BIM 3D software is more advanced. For
example, Revit developed by Autodesk and Openroad developed by Bentley, which
are most commonly used in the building industry, have been widely promoted and
used in China. Taking Revit as an example, in addition to the pipe material, pipe
diameter, height, specification, system, length and other attributes of the pipeline,
the software can flexibly add other types of attribute information to the pipeline, and
conduct statistical analysis on the ancillary facilities of the pipeline and pipe fittings
through BOM function to achieve the initial collection of pipeline information for
design/construction/operation and maintenance. However, due to some problems
existing in these software and poor localization and industry adaptability, they have
not completely replaced 2D design software in China.
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4.3 Interaction of Site Pipeline Information

After the information of various pipelines and sites is integrated into an unified
platform, the pipeline information between the upstream and downstream of the
same pipeline, between different pipelines, and between the pipeline and the site can
be interacted through professional fusion and evaluation, so as to provide various
professional analysis for the pipe network in the site [1].

(1)

2)

3)

“4)

)

(6)

(7

®)

©))

Condition query: Query various information of the pipeline according to user
needs through the integration and interaction of upstream and downstream data
of the whole pipeline; conduct all-round query operations on the pipeline and
pipe points in terms of space, facilities, areas and fields;

Pipeline statistics: Summarize and count the length, quantity, weight, amount
and other information of the pipeline according to user needs through the
integration and interaction of upstream and downstream data of the whole
pipeline;

Cross and vertical section analysis: Reflect the buried depth of various pipelines
underground and the space among pipelines in a 3D visual and intuitive way
through the interaction of spatial information among pipelines and the height
information from the ground;

Pipe break analysis: Analyze the pressure fluctuation and the degree of influ-
ence on upstream and downstream pipelines after a pipe break to determine
the number of valves to be closed through the interaction of upstream and
downstream pipelines;

Collision analysis: Analyze the net distance among pipelines to determine
whether the design is reasonable through the interaction of spatial information
among pipelines;

Pipe network flow direction and flow analysis: Realize the creation of pipe
network flow direction model through the interaction of 3D pipe network scene
model data, and query the specific flow direction and flow of the pipeline in a
given area according to user needs;

Pipe network connectivity reliability analysis: Calculate the connectivity prob-
ability from the source point to the sink point in the pipe network, and use it as
the connectivity reliability index of the pipe network through the interaction
of 3D network scene model data, so as to analyze and judge the degree of
importance of the pipeline section in the pipe network, and check whether the
two points in the pipe network are connected;

Excavation analysis: Realize the ground excavation analysis and relevant
pipeline data statistics under any excavation surface, and provide 3D ground
excavation simulation of any area through the interaction of spatial information
between pipeline section, pipe point and excavation surface;

Early warning analysis: Provide early warning for pipeline sections that
may have problems through the interaction between production time of pipe
materials and environmental data;
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(10) Accident influence scope analysis: Analyze the degree of influence of pipeline
accidents on users around accident areas through the interaction between the
spatial information of the pipeline route and the influencing radius of the
destructive accident.

At present, all mature pipeline management software in the building market can
realize the above functions, as shown in Fig. 7 Function Module of Underground
Pipeline System [2].

4.4 Collaboration and Management and Control Platform
of Site Pipeline Information

To get through the information integration and work collaboration of all links in the
management of the Project, especially the collaborative design in the early stage,
the Project strives to build a BIM-based airport pipeline information collaboration
and control platform based on and centered on the pipeline BIM model. With B/S
architecture and 3D model, the platform can track, collaborate and control the Project
in the construction period from design, progress, cost, quality, prefabricated pipe
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fitting processing and other aspects, so as to improve project production efficiency,
increase construction quality, control construction progress and construction cost.

In addition to meeting the current project applications and functions, the platform
development also pays special attention to the following two aspects to ensure the
unity and scalability of the platform [3].

Ensure Unity: Uniqueness, Standardization, Precision and Intelligence. The
foundation of platforms is data, and the core of data is unify, including unity of
structure, standard and interface. Therefore, the steps to unify data are to build a
unified system and data standards for the generation and collection of upstream and
downstream data sources, gather the data processed according to the standards into
the library for unified management, establish an authoritative and unique site pipeline
database for the realization of associated storage of attribute data, graphic data, and
control data based on pipeline information, and provide intelligent tools for multi-
source heterogeneous data collection and processing to improve data processing
efficiency and accuracy. The database supports multiple data aggregation methods,
and automatic parsing and loading of data in multiple formats (including word, jpg,
Word, JPG, PDF, Excel, CAD, SHP, GDB, systems, and archives (paper/scanning)).

Face the Future: Exportable, Extensible, Connectable and Fusible. With the
continuous progress of technology in the future, there will certainly be new plat-
forms, new technologies and new languages. Therefore, it is necessary to ensure
the exportability of original data and process data, or ensure the connectivity of the
system, so as to facilitate good migration/integration into the new system. At the
same time, with the progress of technology, VR, AR and other visualization tech-
nologies will be integrated in the later stage. For example, when mobile phones/AR
helmets are used to observe underground virtual pipeline, the flow rate, temperature
and other information of the liquid in the pipeline can be monitored in real time
through the IoT technology, and pipeline information can be displayed in mobile
phones/PCs/webpages and other platforms through cloud technology.

5 Application Practice of Pipeline Information in Project
Management

At present, the Project has entered the construction stage. Based on the integrated
research on the airport pipeline information, a corresponding BIM collaboration and
management and control platform has been developed for the Project, and research
results have been applied to the actual management of the project pipeline in an
exploratory way, so as to achieve the project management requirements of the airport
pipeline in terms of design, progress, cost, prefabrication and processing, and prepare
for the later digital delivery and intelligent operation and maintenance management

[4].
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5.1 Application in Project Design Management

The Project is large in scale, involving more than ten major design units. Through
the BIM collaboration and management and control platform built, the collaborative
design mode based on BIM platform is realized for all design units. The combina-
tion of online and offline methods is adopted to improve the collaboration efficiency.
With the BIM collaboration and management and control platform, the project depart-
ment can coordinate the design interface, spatial relationship and technical cooper-
ation scheme, find and resolve design conflicts in advance, and achieve the refined
management of project design. Figure 8 shows the design collaboration interface.
For some forward design contents, the competent design department innovates the
management mode of design engineering with the help of this new collaboration
and management and control platform, directly incorporates project management
into the design process, advances the afterwards management of the old mode, and
achieves event management. At the same time, it incorporates the user department
into the design process by using the advantages of “What You See Is What You Get”
(WYSIWYG) BIM design. The user department’s interpretation of design results
and review of functional requirements greatly improve the quality of design results
and shorten the design cycle and the time required for confirmation.
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5.2 Application in Project Cost Management

The Project covers a wide area of land, with complex and numerous types of pipelines,
the total length of which is up to thousands of kilometers. Therefore, if the 2D design
is adopted in quantity calculation, a large amount of original data should be exported
from the 2D software for manual calculation. For example, when calculating the
pipe length, inspecting well depth and trench earthwork quantities, it is necessary to
manually input the well number, pipe diameter, pipe length, original ground eleva-
tion, design elevation, and pipe invert elevation into Excel tables, and calculate the
quantities based on the data exported from the software and the quantities formula.
However, it is easy to make mistakes when manually extracting elevation data from
drawings, which will cause errors in the calculation of quantities.

After using BIM software to complete the site pipeline design, the pipeline
information can be automatically integrated, the standardized data can be provided
according to the requirements of the system, and the real quantities can be quickly
and automatically calculated in the form of BOM, as shown in Fig. 9, which can be
compared with the bill of quantities for bidding to avoid omissions and large devia-
tions in the quantities. At the same time, the technology of automatically obtaining
quantities from BIM software can be easily used for later project change manage-
ment, and the change amount can be quickly calculated according to the change
of quantities, which can be used for determining change level and speeding up the
change process [5].

Za) - WA AR 201071 L

Fig. 9 Realize dynamic export of real site pipeline quantities by using BOM
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5.3 Application in Project Progress Management

In the Project, the BIM collaboration and management and control platform integrates
the 3D model of the pipe network, the quantity information, and the completion time
information of project nodes. By formulating corresponding rules and automati-
cally associating time parameters with components in the model, a BIM progress
control model can be finally formed. By using these basic data and comprehensive
data, the project department can schedule and control the construction schedule of
the Project, so as to meet various functional requirements of construction schedule
management, as shown in Fig. 10. The BIM model can store all the information in
the whole life cycle of the airport pipeline, realizing the information coexistence
and integration of multiple disciplines, the information sharing, transmission and
query through the platform with centering on the pipe network model, and the whole
process management of the construction progress [6].

BIM technology can also be used to simulate the method statement, which can
be comprehensively rehearsed before the formal construction, exposing problems
in the rehearsal process, and promoting construction units and relevant staff to take
effective preventive measures in advance, which can largely ensure the construction
progress and quality.
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Fig. 10 Central axis avenue pipeline mounting schedule I of Changsha airport addition and
alteration project
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5.4 Application in Project Prefabrication and Processing
Management

The Project has very high processing accuracy and quality requirements for prefab-
ricated pipeline components. If there are mistakes in the design scheme or prefab-
ricated components in the production process, it will have a serious impact on the
later construction. In order to avoid this situation, the design scheme of prefabricated
components shall be effectively verified according to the actual situation before
production, and communication shall be made with relevant departments to accu-
rately express the design intent, so that the design information can be accurately
transmitted to the production link and ensure the consistency of information.

The traditional pipeline production and installation is to measure, divide, prefab-
ricate, transport, store and assemble pipes on site according to 2D construction draw-
ings and on-site construction conditions. The traditional program has many problems,
such as complicated calculation process, troublesome material quality management
and low manufacturing accuracy, which greatly affects the accuracy of final compo-
nents. The integration of pipeline information based on BIM can well solve the
above problems, as shown in Figs. 11 and 12. BIM technology can generate accurate
pipe section splitting before construction based on digitized 3D visual model data,
attribute parameters and spatial relations of pipelines and pipe fittings, and count
the size, specification and quantity in the form of BOM, so as to achieve the project
objective of accurate production and control of prefabricated pipeline components.

5.5 Application in Digital Delivery and Intelligent Operation
and Maintenance Management of Project

In the Project, the BIM collaboration and management and control platform is used
to integrate various information and data of the airport pipeline, including drawings,
design data, construction data, operation and maintenance data, based on and centered
on the pipeline 3D model data, as shown in Fig. 13.

With the continuous progress of airport construction, various information and data
of the airport are being improved and accumulated. At the later completion stage, the
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platform will submit a BIM completion model (LODS00 in depth) that contains the
same information as the field for digital delivery. If the operation and maintenance
data is added to the platform, the platform can completely provide a comprehensive
and accurate 3D digital baseboard for the intelligent operation and maintenance
of the airport, which will continue to play a role in the long-term operation and
transformation of Changsha Airport in the future, and lay a solid foundation for
building a safe, smart, green, humanistic airport.

6 Summary

In summary, this paper investigates and analyzes the whole process of pipeline infor-
mation integration from design — operation and maintenance, points out that the two
design methods have native pipeline information integration, analyzes the platforms
and software that can be used for pipeline information integration on the market, sorts
out and formulates pipeline attribute tables, attribute attachment methods, export
and import platforms and other workflows, and carries out the application prac-
tice of airport pipeline information integration in the design and construction stages
based on the research. It covers design management, cost management, prefabrica-
tion processing management, digital delivery and intelligent operation and mainte-
nance management, which has reference value for realizing airport/large-scale project
pipeline information integration and digital application.
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Abstract Seismic interferometry (SI) can be used to reconstruct a pseudo-
acquisition from response of a passive source, while the reconstructed data can be
used to recover a portion of the model space that is different from that recovered
by the inversion of original measurements. The SI by crosscorrelation requiring the
seismic wave field to be evenly distributed, which limits the scope of application
of this method. SI by multi-dimensional deconvolution (MDD) broken through the
limitation that the wave field must be evenly distributed, but there are still some limi-
tations in some special practices. Interferometric point-spread function (PSF), like
the correlation function, is a necessary condition of the MDD method, but in some
practices it cannot be derived from the field data. A new MDD method is proposed
in this paper that free from PSF, and theoretically proved that it is equivalent to usual
MDD. We demonstrate the effectiveness of this method with two numerical exam-
ples of one-sided illumination, and the source blurring phenomenon in the results
of SI by crosscorrelation is effectively eliminated. The first numerical example is
far-field one-side illumination, which can also be treated with the usual MDD, and
the comparison of the results shows that the two MDD methods are equally effec-
tive. The second example is the near-field one-side illumination, and only the MDD
method proposed in this paper can be used because the PSF cannot be obtained.
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1 Introduction

Passive seismic is seismic imaging using sources of opportunity [1]. This method
does not use standard air guns, vibrators or dynamite, but only deploys an array of
seismic acquisition equipment to record the seismic response of opportunistic source.
Sources of opportunity include microseisms, ambient-noise, industrial noise, etc.
Because sources of opportunity exist for a long time relative to artificial sources, they
are suitable for time-lapse seismic assessments [1]. The main industrial applications
of passive seismic time-lapse assessments include: reservoir monitoring [2], stress
redistribution around the coal longwall mining panel [3-5], geological stability of
train tunnel [6]. The seismic response of passive source cannot be directly used for
imaging, because the passive source often has some obvious shortcomings, such as
the uncertainty of source location and of shot time, and multi-sources mixing, etc. In
order to use the passive sources to imaging the target medium, their seismic responses
need to be reconstructed. Reconstructing the seismic response of a passive source
into the seismic response between geophone pairs is a method known as seismic
interferometry (SI). This method is also called Green’s function extraction method,
or virtual source method, because one of the geophones appears to be a “virtual”
source for reconstructing seismic response.

SI is a rapidly developing research field in recent years, which generally
reconstructs the Green’s function between two geophones by the cross-correlation
method. Compared with the SIby cross-correlation, the deconvolution interferometry
proposed by Snieder et al. [7] has some advantages; for example, it can compensate
for the properties of the source wavelet, and there is no need to assume that the
medium is lossless [8]. Therefore, this method has a good performance for recov-
ering the impulse response from noise records by a long and complicated source-time
function. Nakata et al. [9] applied the cross-coherence method to the SI of traffic noise
to retrieve both body waves and surface-waves. By using only the phase informa-
tion and ignoring amplitude information, the method effectively removes the source
signature from the extracted response and yields a stable structural reconstruction
even in the presence of strong noise. These methods belong to 1D SI.

All of the methods mentioned above require the wave field to be evenly distributed.
The Green’s function between two points could be recovered using the cross-
correlation function of the ambient noise measured at these two points, because the
ambient-noise is more uniform from all directions [10, 11]. However, when the indus-
trial noise is used as the source, one-sided illumination can lead to severe distortions
of the retrieved Green’s function, which is proportional to a Green’s function with a
blurred source. These limitations can be partially solved by MDD methods [12]. The
source blurring of cross-correlation can be quantified by the point-spread function
(PSF), which can be obtained from the correlation function of the data [13]. The
source of the Green’s function obtained by the correlation method can be deblurred
by deconvolving the correlation function for the PSF [§8]. MDD greatly expands the
scope of application of SI. However, for a type of thread sources in tunnels, such
as the belt conveyor in the coal working face tunnels or subway trains, it is difficult
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to get PSF from the field data, because the geophones and the thread sources in
the same tunnel. In the studies conducted by Wapenaar et al. [14], similar problems
were encountered when trying to apply MDD for deblending data from simultaneous
sources, where the source and receiver arrays even coincided. The results indicated
that in the cases where the sources and receivers were very close together, it was not
possible to invert the PSF using conventional MDD-methodology. The aforemen-
tioned researchers believed that this problem had occurred due to the fact that the
spatial spectrum of the PSF was too broad. They reasoned that the problem could
potentially be mitigated by extending the overburden, or possibly by including an
additional spatial filter inside their formulation. Lu found that another PSF could be
obtained from the data of the adjacent tunnel, and a new MDD formula based on the
new PSF is derived [15].

In this paper, we propose a new SI by MDD method which free from PSF, which
is suitable for practices where PSF cannot be obtained from field data. This method
is similar to a multi-dimensional whitening filter, which can be proved to be partly
equivalent to usual MDD method.

2 Green’s Function Representation and SI by MDD

Figure 1a shows the illustration of SI by MDD for the situation of direct-wave inter-
ferometry. In an arbitrary inhomogeneous anisotropic dissipative medium, a volume
V was defined, which enclosed by a surface S with outward pointing normal vector
n = (ny, ny, n3). Surface S was coincided with the surface S,.. and a hemisphere S;.
For the practices discussed in this paper, S,.. stands for tunnels in which geophone
array X is arranged, and xp is a geophone in an adjacent tunnel. A straightforward
crosscorrelation of responses at x and xp gives a set of impulse response (Green’s
function) at one receiver Xp of virtual sources at the position of x. The mass density
in V is p. The sources are outside of V, and the i-th source is named X(S’). We define
the Fourier transform of G (xp, Xg, 1) as

é(xB,xs,w)z J exp(—jwt)G(xp, Xs, t)dt,
—0oQ

with j the imaginary unit and w the angular frequency. The convolution-type Green’s
function representation is given by [13]

G (Xp, X5, @) = —f (a,-E(xB, x, )G (X, X5, ©)

N

—G (X5, X, 0)3,G(X, Xs, w))n,-dx (1)

Jwp(x)
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Fig. 1 a Illustration of interferometry by MDD for the situation of direct-wave interferometry. b
Illustration of the point-spread function I"(x, x4, t) (Eq. 7) (Modified from [13])

(Einstein’s summation convention applies to repeated lower case Latin subscripts).

The notation G is introduced to denote a reference state with possibly different
boundary conditions at S and/or different medium parameters outside S (but in V

the medium parameters for G are the same as those for G). The bar is usually

omitted because G and G are usually defined in the same medium throughout space.
d; denotes that the differentiation is carried out with respect to the components of n;.

The convolution-type Green’s function representation (Eq. (1)) is a basic expres-
sion for SI by MDD in open systems [16]. G(x, Xg, w) is writed as the super-
position of an inward- and outward-propagating part at X on S, according to
G(X X5, W) = G’”(x Xs, w) + G"”’(x Xs, ). After a series of simplifications of
the integral of Eq. (1), convolution-type representation is obtained [13]:

G(xp, X5, 1) = [ Ga(xp,%, 1) ® G"(x, X, 1)dx 2)
SI‘EC
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where, ® denotes temporal convolution.

The passive source is regarded as a series of discrete sources X, and the wavelet
of each discrete source is w® (¢). The convolution of Green’s function and wavelet
'V (t) was used to obtain the corresponding wave displacement [13]:

@)
S

w(xx{ 1) = 6" (x. %0 1) @ V(1) 3)

u(xB, xg), t) = G(XB, xg), t) R 0w (1) “4)

Then, by substituting Egs. (3) and (4) into Eq. (2), the following was obtained
[13]:

u(xB,x(Si),t> = [ Gy4(Xp,X,1) ®ui”(x, X(Si),t)dX 5)
Sy

ec

In order to solve the above formula in the terms of a least square, the incident wave
uin (x A, xg) , t) was cross-correlated on both sides, and x4 represented one point in

x. Subsequently, the following was obtained [13]:

C(xp,Xa, 1) = [ Ga(Xp, X, 1) ® I'(X, X4, 1)dx (6)

Srec

where, the PSF is defined as
F(X7 XA, t) = Zuiﬂ(x’ X_(S‘i)7 t) ® uin(XAa X_(s‘l), _t)
i

=Y 6" (xx. 1) @G (xa X —1) @ WO@D) ()
and the correlation function (also known as virtual shot gather) is defined as
C(Xp,Xa, 1) = ZM<XB, Xg), t) ® ui"(xA, X(Si), —t)

= G(XB, x?, z) ® G (xA, x?, —t) W) (8

with WO (1) = 0 (1) @0 (1), and X denotes the superposition of all the sources.

I'(x,Xga, t), the interferometry PSF, as defined in Eq. (7) is the crosscorrelation
of the inward-propagating wavefields at x and x4, summed over the sources [17],
see Fig. 1b. When the medium is lossless and the wavefield is equipartitioned, the
PSF would approach a temporally and spatially band-limited delta function [13].
When these assumptions are violated, Eq. (6) shows that the PSF blurs the source of
Green’s function in the spatial directions [7]. MDD involves inverting Eq. (6). This
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removes the distorting effects of the PSF I (x, X4, ¢) from the correlati_on function
C(xp, X4, t) and yields an improved estimate of the Green’s function G;(Xp, X, )
[13].

Then, through the discretization of the integral in Eq. (6), the following was
obtained [13]:

C(xB, XX), t) = ZE,;(XB, xP 1) e F(x(k), XX), t) 9)
X

For all XX) on the receiver surface S,..
In the frequency domain, the convolution becomes the following multiplication:

é’(xB, XX), a)) = ZE,](XB, x(k), w)f‘(x“‘), XX), w) (10)
k

Then, by solving this system of equations, the required Green’s function was
obtained [13].

3 Practices in Which PSF Cannot Be Obtained from Field
Data

SI by MDD, based on Eq. (10), needs two sets of data, the one is the result of

SI by correlation function C (XB, XX), t) and the other one is I” (x(k), XX), t). The

matrix equation can be solved per frequency component via such as weighted least-
square inversion to obtain Gq(xp,x,1) [8]. In practices, C(Xg, X4, t) can always
be obtained, but the PSF is not always available. In this section we introduce two
practices, in where the PSF cannot be obtained from field data.

Working face is any place where coal is extracted during a mining cycle, at the
same time where is the primary disaster zone, geological hazards include caving
of roof, gas outburst, pressured water outburst, etc. Figure 2a shows a top view of
common longwall working face. After the coal is mined by the mining machine,
it is transported to crusher by scraper conveyors. After reduced in size, the coal in
crusher is loaded onto the conveyor belt and transported to the surface. Belt conveyor
isinstalled in the belt tunnel, and it is about 0.5 m from the coal wall. The belt conveyer
is in the belt tunnel from the beginning to the end, so the seismic ray can cover the
whole working face [5].

For the foundation below the subway tunnel, accumulated deformation of soil
under the subway loading should not be ignored. For example, when the deformations
of foundation exceed a certain range, the safety of adjacent buildings and underground
pipe networks will be endangered, causing a series of environmental and geotechnical
problems [6]. Figure 2b is a cross-sectional view of subway train tunnels and utility
tunnels under urban roads. Geophones are arranged in these tunnels to monitor the
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Fig. 2 a Top view of coal working face. b A cross-sectional view of the stratum below the road,
including subway tunnels and utility tunnel

stratum through which seismic waves pass by, using the trains’ noise as sources.
Geophones can only be arranged in these tunnels. Because it almost coincides with
the distribution of passive sources, it is difficult to obtain a high signal-to-noise ratio
PSF in the data of the train tunnel, so the usual MDD method is not suitable for such
practice.

Figure 3a shows 10 s of the response of belt conveyor’s noise along the belt tunnel
in a coal mine working face, with a total of 72 traces. The trace spacing is 10 m.
Seven of them are bad traces, which are 19-21, 26 and 31-33. The belt conveyor is
composed of belt and belt support, the spacing between each belt support is about 3
~ 4 m, and the belt support is installed on the tunnel floor. It can be seen from the
data that the belt conveyor is started at about 2 s. Figure 3b shows the PSF of the 36th
trace of the data shown in Fig. 3a. It is found that only the autocorrelation function of
the 36th trace has a relatively high signal-to-noise ratio, while the cross-correlation
function with other traces is completely covered by noise, so the PSF is invalid.
Therefore, the usual MDD method is not applicable to this practice.
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4 SI by MDD Free from PSF

The PSF does not needed to be calculated for the proposed new MDD methods which,
like multi-dimensional whitening filter, can extract PSF from the cross-correlation
function C(xp, X4, t) implicitly. Because the data process only uses the results of
SI by cross-correlation and not need calculate PSF explicitly from seismic response,
the method is named as MDD free from PSF.

Equation (7) defines the PSF in the time domain. Transforming the PSF to the
frequency domain, according to

f(x, X4, ®) =ZGi (x xg), ){GM<XA,X(S) w)}*viﬂi)(w) (11

Here we discuss how the alternative to the PSF is obtained from the result of SI by
cross-correlation.

C (X, X, w) is cross-correlation of response at geophones at Xz and X, in frequency
domain. x is coordinate of geophones of virtual sources. Transforming the Eq. (8) to
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the frequency domain, according to

Coxpxa @) = G(xp 50, 0)[6" (x4 30, 0) | WO@  12)

i

Similarly, the C (xg, X, w) according to

Cxax. o) = G(xpx 0){G" (x. %, )}*W(i)(a)) (13)

i

C(xp, X, w) and C(xp, X4, ®) are cross-correlated, according to

{C(XB,X a))} C(xB,xA,a)) Z Am(x X(S’),w>[Gm(xA,x(S'),w>]*

{6 (xn.x¢. )}*G<XB,XS a)){W(’)(w)} WO (w)
:ﬁ(x,xA,w){ (xB,xg>, )}*G(XB, ){W<’>(w)} (14)

The right-hand side of the above equation contains 3 components, and the first
part is just the PSF. The second part is

Z{G(XB,X(S'), )}*G(XB,X(S”, ) (15)

1

In the absence of multiples, this part has zero phase and has no effect on the total
phase.

The third part is the last term on the right side of the equation, which is the
conjugate of the source wavelet 3, W (w). W@ (0) = &9 (w) {@@ ()} has zero
phase, and the conjugate of them still has zero phase, which will not affect the phase
of Eq. 13, according to

S @] =3 0w (16)

so it will not affect the phase of Eq. 14, but this term will have a certain impact on
the total amplitude spectrum.

In general, { C (X5, X, ) }*é(x B, X4, ®) is an alternative of the point spread func-
tion I’ (x(k), x{, w) in terms of phase. The amplitude spectrum will be affected by
the zero-phase correlation wavelet. Compared with PSF, the amplitude spectrum
of {é(xB, X, w)}*é(xB, X4, w) is narrower, which is equivalent to that the PSF is

filtered by the source wavelet 3, W ().
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A * A A
{C(XB,X, a))} C(Xp, X4, w) can be written as P. The inverse filter can be

obtained per frequency component via weighted least-squares inversion, according
to

Pr= (1?’+»s21)_l (17)

where the £ is a stabilization parameter, I is the identity matrix. &2 is frequenc
y dependent. Applying the inverse filter for each frequency component and trans-
forming the result to the time domain is equivalent with the deconvolution in the
time domain.

5 Numerical Example 1: Thread Source One-Side
Illumination

The numerical example in this section is a general one-side illumination, the source
is a thread source, such as the train [18-21] or the highway [9]. With the development
of transportation infrastructure, this kind of passive source is getting more attention
[22-25]. In this example, there is a certain distance between the passive source and
the geophones (Linel shown in Fig. 4). In the example in the next section, the passive
sources and the geophones which as the virtual sources are almost coincident (shown
in Fig. 6).

Consider the configuration in Fig. 4, which consists of a set of thread sources
and two sets of geophone arrays. The length of geophone array is 500 m, and the
thread source is composed of a group of independent noise sources, with a total of
51 sources and trace spacing of 10 m. The source spacing is 10 m too. It is 300 m
from the thread source to Linel and 300 m from Linel to line2.

The source time function of each noise source is represented by arandom sequence
of standard normal distribution, which is uncorrelated with each other. The longer
the random sequence used, the higher the signal-to-noise ratio of the shot gather
obtained by cross-correlation. Because it propagates in the homogeneous medium,
the signal from each source point arrives at each geophone only with time delay and
energy diffusion attenuation.

Figure 5a shows the result of SI by cross-correlation, and the random sequence
length is 100,000. The virtual source is at the 26th geophone in Linel (the middle
trace), and this results in a great signal-to-noise ratio in the image. In the results,
the source blurring is very obvious due to the one-side illumination, especially in
the middle traces. Figure 5b shows the PSF of trace 26 in Linel, which is the cross-
correlation function between trace 26 and all the traces in Linel. Figure 5c is the
result obtained by using the usual MDD method, and compared with Fig. 5a, the
source blurring completely disappears. Figure 5d is the result obtained by using
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MDD method free from PSF proposed in this paper; the source blurring is also well
eliminated, and the signal-to-noise ratio is greater than that of Fig. 5c.

6 Numerical Example 2: Near Field Thread Source
One-Side Illumination

In Fig. 6, the thread passive source and geophones in Linel almost coincide with each
other, which simulates the belt conveyor or train source in an underground tunnel,
because the geophones as virtual sources can only be installed in the tunnel. This is
a common problem for all thread sources in the tunnel. Section 3 briefly describes
such practices.

In this example, the thread source is composed of 51 independent point sources
with intervals of 10 m. The source time function of each source is represented by a
random sequence with length of 100,000, which is uncorrelated with each other. The
two groups of geophones Linel and line2 are composed of 51 geophones respectively
with a trace spacing of 10 m. The distance between Linel and line2 is 300 m. In
actual, most of the coal working face width is about 300 m. This numerical example
can be directly used to study the interferometry imaging of working face with belt
conveyor as the source.
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Figure 7a is the result of SI by cross-correlation, which if the cross-correlation
function between the response of trace 26 (middle channel) of Line1 and the responses
of all traces of Line2. It is obvious that there are a series of spurious events
before the true event, and these spurious events are caused by one-side illumina-
tion. Compared with the source blurring in Fig. 5a, the source blurring in Fig. 7a are
some spurious events. True and spurious events can be easily distinguished in the
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numerical synthesis example, but it is difficult to distinguish them in the actual field
data. Figure 7b is the result of SI by MDD free from PSF proposed in this paper,
which largely eliminates the spurious events on the seismogram.

In the numerical simulation, the distance of geophone between the source and
Linel is an important influencing factor. If the positions of 51 source points and 51
geophones completely coincide with each other, the proportion of overlapped source
points is too large for a certain geophone, and the contribution of the remaining 50
source points can be ignored. Under the above conditions, there is no source blurring
in the cross-correlation results, which is inconsistent with the actual observation
results. In practices, the belt conveyor or train causes vibration on the tunnel floor,
and the geophone is installed on the tunnel wall, so there is a distance of 2-3 m
between the source point and the geophone at the same position.

For practices where PSF cannot be obtained in the field data, the usual MDD
method cannot be used to eliminate source blurring, while the MDD method free
from PSF proposed in this paper can be used to solve this problem. In Fig. 7b, the
spurious events still have some residuals, but the true event is clearer compared to
Fig. 7a.
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7 Conclusions

‘We propose a new MDD method free from PSF as an alternative to the usual MDD.
Using this method, MDD processing can be carried out directly from the results of
SI by cross-correlation. The main advantage of the new MDD method is that the
source of the Green’s function obtained by the correlation method can be deblurred
for practices where PSF cannot be obtained, while the conventional MDD method
must calculate PSF first. In addition, for practices where PSF can be obtained from
field data, the results of the new method show that the new method and the usual
method show similar processing effects.

The new method is similar to a 3-D whitening filter. Each geophone in Linel is
taken as the virtual source, and virtual shot gathers is obtained by cross-correlation.
The virtual shot gathers are arranged as a 3D array for whitening. MDD needs to set
stabilization parameters > which can only be determined by multiple attempts. The
results of ST by MDD are given by subjective evaluation, so the results obtained by
different people will be slightly different.

In practices, the SI by cross-correlation and by MDD method should be used
together. The research shows that both 1D deconvolution and MDD can improve the
resolution of shot gather, and at the same time, the method itself may cause spurious
events. There is no spurious event in the result of SI by cross-correlation, so it can be
used to determine which are spurious events in the result of SI by MDD. Although
the seismic interference of such sources will still face many problems in practical
applications, the use of linear sources in tunnels is getting more and more attention.
This new MDD method proposed in this paper provides an attractive solution.
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Numerical Simulation of Seismic )
Liquefaction for Treasure Island Site oo

Hua Lu@®, Ziyun Lin, Xudong Zhan, Yanxin Yang®, and Di Wu

Abstract By conducting numerical simulations of Treasure Island site in 1989 Loma
Prieta earthquake, the Hilbert-Huang transform was used to study soil liquefaction.
The UBC3D-PLM constitutive model was used to simulate the dynamic behavior
of sand, the non-liquefied soil was simulated by Hardening Small Strain model,
and the seismic information recorded in the PEER database was used for decon-
volution analysis by one-dimensional equivalent linear analysis method, and the
within motion was applied. Rayleigh damping is used in the numerical simulation
process, and the damping ratio is 5%. Based on the Hilbert-Huang transform anal-
ysis, itis concluded that the UBC3D-PLM constitutive model can effectively simulate
the dynamic behavior of soil. The amplification of the peak acceleration was from
the bottom of Sandy fill to the ground surface, and the low-frequency content was
shifted due to liquefaction in the process of transmission to the surface, and the
high-frequency content was identified at the surface.

Keywords Liquefaction - Dynamic analysis - UBC3D-PLM - Hilbert-Huang
transform

1 Introduction

Liquefaction induced by earthquake is one of the important research topics in
geotechnical earthquake engineering. During liquefaction of sand or sandy soil,
the pore water pressure of saturated sand increases rapidly under dynamic loads,
resulting in a decrease in the effective stress. When the effective stress approaches
to zero, the soil bearing capacity reduces and the soil will liquefy and behave like
liquid.

Liquefaction will cause severe damages to structures and foundations. For
example, in 1995 Kobe earthquake [1], the soil liquefied due to the seismic motions,
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resulting in widespread lateral spreading and the collapse of the road surface. The
liquefaction in 1999 Chi-chi earthquake [2], caused the settlement of buildings and
severe lateral spreading.

A variety of site liquefaction evaluation methods have been proposed. In
1970, Seed simplified method [3, 4] was proposed to identify sand liquefaction
phenomenon. In 1982, Tanimoto and Noda proposed the liquefaction potential index
method to identify liquefaction [5]. Davis and Berrill proposed the energy method
to identify sand liquefaction [6]. With the development of finite element method,
numerical simulation has become an effective an effective method for liquefaction
analysis, several constitutive models simulating sand liquefaction were proposed.
Wobbes et al. [7] verified the accuracy of the finite element method (FEM) for simu-
lating sand liquefaction based on shaking table test, and the results showed that the
method was feasible. Subasi et al. [8] analysis of three soil profiles with different
compactness with finite element method, and the simulation results yielded similar
results to the empirical method. When adopting numerical simulation, the appropriate
constitutive model should be selected for soil dynamic analysis, and the variation of
pore water pressure and the accumulation of plastic strain during dynamic loading
should be considered, which are the key factors to predict sand liquefaction.

In this paper, finite element method was used to analyze the liquefaction of the
site under the excitation of earthquake, and the UBC3D-PLM constitutive model was
used to simulate the liquefiable soil. To analyze the liquefaction characteristics, the
surface and subsurface motions recorded in the dynamic analysis were analyzed by
the Hilbert-Huang transform.

2 Case Study

In this paper, Treasure Island site was analyzed. The site is a man-made island
located northwest of Yerba Island in the San Francisco area. In the 1989 Loma Prieta
earthquake, liquefaction and lateral spreading were observed on the island. Bedrock
motions recorded at Yerba Island were available in the PEER database [9].

Soil profile shown in Fig. 1 was used in the analysis, based on the site investigation,
the Sandy fill shown in Fig. 1 was suspectable to liquefaction. Below the Sandy fill
layer, there exists the Young Bay mud and Old Bay mud in sequence. The Rock fill
was constructed adjacent to the seaside as used as supporting structure.

3 UBC3D-PLM

UBCSAND was developed by Beaty and Byrne [10] for prediction of liquefaction
behavior of sand, which has been implemented in Plaxis. P. V. UBC3D-PLM is a
3-D sand liquefaction model developed based on UBCSAND by Puebla et al. [11],
which greatly improved the accuracy of calculation results under cyclic loading and
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Fig. 1 The soil profile of Treasure Island

earthquake motions. The model requires four primary parameters as inputs. The
constant volume friction angle, ¢, @.v, the peak friction angle, ¢, ¢,, and cohesion,
¢, were evaluated from direct shear tests on material. In the absence of the test results,
the SPT blow count of the liquefiable soil, (N1)go, can be used to estimate the input
parameters.

3.1 Seismic Input

During the 1989 Loma Prieta earthquake, seismic waves were recorded on Yerba
Buena Island, available in the PEER database. Conducting one-dimensional equiv-
alent linear analysis, the input motion applied at the bottom of the model in the
finite element analysis from the deconvolution analysis is shown in Fig. 2. The
characteristics of input motion denoted as YBI 090 is shown in Table 1.

3.2 Numerical Model

The mesh of finite element model based on the soil profile of Treasure Island is
shown in Fig. 3. Three monitoring points are used to obtain the dynamic response of
the site. Point A is located at the surface of the sandy layer (the elevation is 0.00 m),
point B is located at the bottom surface of the sandy layer (the elevation —8.65 m),
and point C is located at the bottom of the model. The Mohr-Coulomb constitutive
model is used to model the behaviors of all layers of soil under static stress and
the Hardening Small Strain constitutive model is used to model the behavior non-
liquefiable soil in the dynamic analysis. Table 2 shows the material parameters as
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Table 1 The para maters of YBI 090
No Site Earthquakes Time(s) M,, PGA(g) Source
1 Yerba Island Loma Prieta (1989) 40 7.0 0.06 Power [12]

used in the Mohr-Coulomb model for modelling. The generation of the initial stresses
is generated via the gravity loading process. Where, the left and right boundaries
are set to normal fixed and defined as undrained and the bottom boundary is set
to completely fixed and defined as undrained condition. In the dynamic analysis
phase, Sandy fill was replaced by UBC3D-PLM sand liquefaction model, and the
parameters were evaluated based on the literature [13]. The drainage condition is set
to undrained-A, which represents the effective-stress analysis in Plaxis P. V. and the
material parameters are shown in Table 3. The x,;, and x,,x boundary conditions are
set to the free field boundary to absorb seismic waves and prevent seismic waves from
being bounced at the boundary, and the bottom boundary is set as the compliance
basis. At the same time, in order to avoid complete loss of shear strength of soil at
the xmin and xp,x and large deformation in the analysis results, 1 m-wide drainage
boundaries using Mohr-Coulomb constitutive model are set at X, and xpax, and the
soil parameters in the drainage area was the same as the adjacent soil. To reduce
the impact of boundaries on the analysis results, the model must be wide enough
[14], so the model width was set to 100 m. In order to eliminate the influence of
high-frequency components in seismic motion, the material damping ratio, &, was
set to £ = 5% and Rayleigh Damping was set based on the method by Hudson et al.
[15].

The motion was applied at the bottom of the model, converted to a specified line
displacement in Plaxis P. V. The x-direction displacement components have to be
divided by a factor of two, considering that the signal that downward going waves
needs to be absorbed.
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Fig. 3 Finite element analysis model

Table 2 Material parameters as used in the Mohr-Coulomb model for modelling

Parameters Rock fill | Sandy fill | Young Bay mud | Old Bay mud
Saturated unit weight (kN/m3) | 28.1 18.4 16.5 19.2
Dry density (kg/m?) 23 14.11 13.1 15.23
Cohesion (kPa) 1 1 5 5
Internal friction angle (°) 36 33 25 25
Shear wave velocity (m/s) 500 152 186 336
Poisson’s ratio 0.3 0.3 0.45 0.45
rsl:?;:;ein"’Ull;/lgl;Dp;fEﬁe;zS as Parameters Description (N1)eo = 8.45 [16]
dynamic analysis op (°) Peak friction angle 31.29
Oev (©) Friction angle at 30.45
constant volume
¢ (kPa) Effective cohesion 1
(N 1)so SPT blow count of the 8.45
liquefiable soil

4 The Results of Element Analysis

The step-by-step construction stages of finite element analysis are as follows, Phase
1. In the initial phase, the initial static stress is generated by gravity load process
and the steady groundwater seepage is used to generate the static pore pressure.
Phase 2. In this stage, plasticity analysis was used to simulate the static conditions
of the model to remove the unbalanced static stress. Phase 3. The dynamic analysis
was performed in this phase by using the UBC3D-PLM constitutive model for the
liquefiable soil, and the line displacement was activated.

4.1 Dynamic Response

The acceleration time histories at different elevations (Point A, B and C) are shown
in Fig. 4. It can be seen from Fig. 4a that the recorded value of the signal at the bottom
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of the model (point C) is the average value of the input signal, as the coefficient of
0.5 was specified when the signal was as input of within motion and a complaint
boundary condition was used. It can be seen from Fig. 4b the PGA at the ground
surface is 1.10 m/s?. From the point C to point A the peak value amplified from 0.84

to 1.10 m/s2.

4.2 Excess Pore Water Pressure Ratio

The time history curve of excess pore water pressure at point B is plotted in Fig. 5,
and according to Fig. 5, the soil liquefied at the time 11.95 s.

Fig. 5 Excess pore water
pressure versus time

Excess pore water pressure ratio
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4.3 Hilbert-Huang Transform

The Hilbert-Huang transform is a technique for non-stationary signal processing.
The signal is decomposed in the form of intrinsic mode function (IMF) by empirical
mode decomposition (EMD) [17, 18]. The two constraints of natural mode function
are as follows: (1) the number of extreme points and zeros should be equal or not more
than one difference; (2) The upper and lower envelope should be locally symmetric
with respect to the time axis, and then the corresponding Hilbert spectrum can be
obtained by applying Hilbert transform to each IMF.

In this paper, the Hilbert-Huang transform was conducted for analyzing the
nonlinear response of the site. The Hilbert spectrum of the recorded motion of Point
A, B and C. Figure 6 shows the distribution of the two acceleration time history signals
at monitoring points A, B and C in the time-frequency-amplitude spectrum. For the
bottom of the model (point C), the maximum amplitude was 0.23 corresponding with
the time of 12.1 s, and the corresponding frequency was 0.8 Hz. For the bottom of
the sand layer (point B), the maximum amplitude occurred at 12.4 s with a value of
0.24, corresponding with a frequency of 0.6 Hz. For the surface corresponding to
the top of the Sandy layer (point A), the maximum amplitude occurred at the time
of 13.0 s with a peak value of 0.55 and a corresponding frequency of 3.2 Hz. The
differences between the three Hilbert-Huang spectra shows that the amplification of
the amplification occurs from a depth of 8.65 underground to the surface, and the
low-frequency content is shifted due to liquefaction in the process of transmission to
the surface, at the same time, the high-frequency content is identified at the surface.

5 Conclusions

In this paper, the finite element software was used to simulate the liquefaction within
the Treasure Island site, in which UBC3D-PLM was selected for the sand liquefaction
constitutive model, and the calculation results were analyzed by Hilbert transform.

The UBC3D-PLM constitutive model can simulate the dynamic behavior of cyclic
and liquefiable soil and generate pore water pressure. For the motion YBI 090, the
sand layer liquefies in 11.95 s, and the PGA is amplified from 0.84 to 1.10 m/s> on
the surface. The amplification of the peak value is found from the depth of 8.65 m
underground to the surface, and the low-frequency content is shifted due to liquefac-
tion in the process of transmission to the surface, and the high-frequency content is
identified at the surface.
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Analysis of Mode and Response )
Spectrum of an OBS Anti-trawl Sinking ek
Coupling Frame Based on ANSYS

Workbench

Le Zong, Kaiben Yu, Yuexia Zhao, Shengqi Yu, Lichuan Zhao, Jun Ran,
Zhiguo Yang, and Baohua Liu

Abstract Three-dimensional solid modeling of an OBS anti-trawl sinking coupling
frame was carried out using the ANSYS, and modal simulation analysis of the overall
structure of the anti-trawl sinking coupling frame was made through the ANSYS
Workbench. The natural frequencies and mode shape contour diagrams of the first
six modes were extracted. The displacement response spectrum was analyzed, and
the equivalent stress and directional displacement contour diagrams were obtained.
Simulation results show that the natural frequency of the anti-trawl sinking coupling
frame evades the working frequency band of the OBS, which verifies the effectiveness
of the anti-trawl structure design.

Keywords OBS - Anti-trawl sinking coupling frame + ANSYS workbench

1 Introduction

An ocean bottom seismometer (OBS) is a geophone put on seabed for three-
component data acquisition, and ocean bottom seismometers are widely used for
study on the deep crust-mantle structure of the earth [1, 2]. With the development in
the fields of OBS apparatus development and deep detection technology in China,
China has carried out study on application of OBS in shallow-water continental
crust areas, such as Bohai Sea, on the basis of using an OBS for detection of the deep
structure of a deep sea, and has conducted seabed detection mainly with an OBS

L. Zong (X) - K. Yu - Y. Zhao - L. Zhao - J. Ran - Z. Yang - B. Liu

National Deep Sea Center, Ministry of Natural Resources, 69 Wenhai East Road, Jimo District,
Qingdao 266237, China

e-mail: Zongl@ndsc.org.cn

L.Zong - K. Yu - S. Yu - Z. Yang - B. Liu
Laboratory for Marine Geology, Qingdao National Laboratory for Marine Science and
Technology, 1 Wenhai Road, Jimo District, Qingdao 266237, China

S. Yu
Qingdao Innovation and Development Base, Harbin Engineering University, 1777 Sansha Road,
Huangdao District, Qindao 266000, China

© The Author(s) 2023 417
S. Wang et al. (eds.), Proceedings of the 2nd International Conference on Innovative
Solutions in Hydropower Engineering and Civil Engineering, Lecture Notes in Civil
Engineering 235, https://doi.org/10.1007/978-981-99-1748-8_37


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-1748-8_37&domain=pdf
mailto:Zongl@ndsc.org.cn
https://doi.org/10.1007/978-981-99-1748-8_37

418 L. Zong et al.

carried by a simple cross-frame-type sinking coupling frame [3]. However, owing
to growing marine engineering works and frequent fishing activities in the coastal
shallow-water areas, the apparatuses put on seabed in shallow-water areas were often
damaged by impact or dragged and displaced by fishing boat carried trawls, in partic-
ular, the apparatuses were fished out by fishing boat carried trawls and lost, so that
valid seismic measurement data could not be obtained finally [4]. In this paper, study
on and design of anti-trawl structure for OBS sinking coupling frame were carried
out in the environment for placement of OBS in a shallow sea based on the existing
work experience, and an engineering sample was made and used in the sea.

Since an OBS has a given working frequency band, and the natural frequency of the
OBS anti-trawl sinking coupling frame and the coupling between OBS and sinking
coupling frame and that between sinking coupling frame and seabed surface must
be taken into full consideration for the purpose of making the acquired data reliable
in acquisition of seismic data of seabed, it is crucial to carry out modal analysis of
sinking coupling frame. In this paper, based on the structural and technical features
of the OBS, modeling of an anti-trawl sinking coupling frame was carried out using
the SolidWorks, and modal analysis of the anti-trawl sinking coupling frame was
conducted using the large-scale simulation analysis software ANSYS Workbench.
The natural frequencies and mode shape contour diagrams of various modes of the
sinking coupling frame were obtained. Based on comparative analysis of the natural
frequencies of the sinking coupling frame and the working frequency range of the
OBS, the structure of the sinking coupling frame was optimized, so resonance was
avoided. This provides a theoretical basis for the rationality of the structural design
of the sinking coupling frame.

2 Basic Theory of Modal Analysis

Modes are the natural vibration characteristics of a structural system, and the natural
frequencies and natural mode shapes of a structure are the bases for analysis of the
dynamic response and other dynamic characteristics of the structure. An anti-trawl
sinking coupling frame is a vibration system with N degrees of freedom. According to
mechanics theory, the general equation of motion of an object in vibration mechanics
is as follows:

Mx +Cx+ Kx = F(t) (D)

where M is the mass matrix, C is the damping matrix, K is the stiffness coefficient
matrix, X is the displacement vector, and F is the excitation force vector.

The damping value of the vibration system of the anti-trawl sinking coupling
frame structure is very small and it has quite little influence on the self vibration
frequency of the system, so the influence of the damping value can be neglected
in modal analysis of the anti-trawl sinking coupling frame structure to calculate



Analysis of Mode and Response Spectrum of an OBS Anti-trawl Sinking ... 419

the natural frequencies and mode shapes. Consequently, the natural frequencies and
mode shapes of the structure can be studied by solving for undamped vibration under
the condition of no external load, and Eq. (1) is simplified as:

Mx+Kx=0 )

It can be known from vibration theory that the analytical solution of free vibration
of the system is:

x = Asin(w,t + ¢) 3)

where A is the principal mode shape, i.e., the mode shape of the system; w, is the
natural frequency of the system; and ¢ is the phase angle.
When Eq. (3) is substituted into Eq. (2), the following can be obtained:

(K —o’M)A =0 4)

Equation (4) is a multi-degree-of-freedom dynamic characteristic equation, with
non-zero solutions existing, it has n eigenvalues, i.e., w1, ®2, ..., wn, and wi is the
natural frequency of the ith mode of the system [5].

3 Composition of the Anti-trawl Sinking Coupling Frame

The OBS anti-trawl sinking coupling frame designed in this paper was mainly
composed of such parts as seabed coupling panel, guardrail, side support bracket,
OBS release opening, rope storage box, chassis, and anti-trawl shield, and the OBS
was mounted on the chassis.

The OBS anti-trawl sinking coupling frame employed a frustum-shaped stream-
line design with relatively high strength, which could effectively prevent the sinking
coupling frame platform and the carried OBS from being damaged by various fishing
boat carried trawls, and flow nets. The design diagrams are shown in Fig. 1 and the
real object pictures are shown in Fig. 2.

In the design, three-dimensional modeling of an OBS anti-trawl sinking coupling
frame was carried out using the ANSYS, and then finite element analysis of the
sinking coupling frame was conducted with the modal analysis types in the software
ANSYS Workbench [6], as shown in Fig. 3. The material of the sinking coupling
frame was austenitic stainless steel of a given model number, and the material
properties are shown in Table 1.
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Fig. 1 Diagrams of the OBS anti-trawl sinking coupling frame. 1-OBS, 2-Seabed coupling panel,
3-Guardrail, 4-Side support bracket, 5-OBS release opening, 6-Rope storage box, 7-Chassis, 8-
ANTI-trawl shield

Fig. 2 Real object pictures of OBS anti-trawl sinking coupling frame

Fig. 3 Finite element analysis model of the anti-trawl sinking coupling frame
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Table 1 Material properties Density (g cm?®) | Poisson’s ratio | Elastic modulus (MPa)

8030 0.3 2 x 101!

4 Analysis of the Anti-trawl Sinking Coupling Frame

To prevent the OBS anti-trawl sinking coupling frame from resonance under the
undersea conditions, the natural frequencies and mode shapes of the sinking coupling
frame need to be calculated. In this paper, modal analysis of the sinking coupling
frame was carried out using the constraint modal analysis method under the condition
that the sinking coupling frame was only subjected to gravity without any external
force applied. The bottom of the sinking coupling frame, which came into contact
with the seabed surface, was fixed with full constraints [7], and finite element gridding
of the sinking coupling frame was carried out using the free gridding method. The
density of grids was increased according to the mean value, and 182, 481 grids in
total were generated, with the number of nodes of 366, 244. Figure 4 shows the
schematic diagram of gridding.

After fixation constraints were applied to the bottom of the anti-trawl sinking
coupling frame, the natural frequencies and natural mode shapes of the OBS anti-
trawl sinking coupling frame were calculated through simulation. The mode shapes
of the first six modes are shown in Fig. 5, and the natural frequencies of various modes
of the sinking coupling frame and corresponding maximum deformation values are
shown in Table 2.

The mode shapes of low-order modes determined the dynamic characteristics of a
structure, and had higher influence on the dynamics of the structure than high-order
modes [8]. The working frequency of the OBS ranged from 0.0083 to 100 Hz. In

Fig. 4 Schematic diagram of gridding



422 L. Zong et al.

43000

(e) Fifth mode () Sixth mode

Fig. 5 Mode shapes of the first six modes

Table42 Natural frequencies Mode | Frequency (Hz) | Maximum deformation value (mm)
of various modes of the
sinking coupling frame 1 237.09 6.4526

2 237.38 7.6172

3 237.48 7.1536

4 242.25 5.5968

5 250.56 6.6192

6 254.76 6.5158
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theory, the designed resonance frequency of the anti-trawl sinking coupling frame
should evade 100 Hz. Moreover, there might be mutual influences between modes.
According to general experience, a frequency range 1.5-2 times the frequency of
vibration source needed to be considered, so all resonance frequencies below 200 Hz
should be avoided. It can be known from the analysis that the deformation of the
sinking coupling frame was mainly shield deformation. The natural frequency of
the first mode of the shield was 237.09 Hz, and it effectively evaded the working
frequency band of the OBS, avoiding the resonance phenomenon.

S Analysis of the Seismic Response Spectrum

Spectral analysis is an extension of modal analysis, and the spectra represent the
response of a single-degree-of-freedom to time-related load. Spectral analysis can
make the modal analysis results associated with a spectral curve, to calculate the
displacement and stress of the structure from the perspective of frequency domain,
thus to determine the dynamic response of the structure to a random load [9].

In this paper, analysis of mechanical strength of the anti-trawl sinking coupling
frame was carried out using the single-point response spectrum analysis method,
with fixation constraints applied to the bottom of the anti-trawl sinking coupling
frame. The equivalent stress contour diagram and displacement contour diagram of
the sinking coupling frame was obtained through simulation analysis, as shown in
Figs. 6 and 7.

450.00

Fig. 6 Equivalent stress contour diagram of the anti-trawl sinking coupling frame
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Fig. 7 Displacement contour diagram of the anti-trawl sinking coupling frame

As can be discerned from Fig. 6, the maximum stress of the anti-trawl sinking
coupling frame is 3.6694 MPa, occurring in the shield of sinking coupling frame,
and it is less than the yield limit of austenitic stainless steel, so the strength of the
sinking coupling frame meets the requirement. It can be discerned from Fig. 7 that
the maximum deformation value of the sinking coupling frame is 0.021768 mm,
which is very small. It can be known from summarizing the above analyses that this
sinking coupling frame structure meets the requirements.

6 Conclusions

Through analyses of an OBS anti-trawl sinking coupling frame with the above
methods, the following conclusions could be made:

(1) The vibration frequencies of an OBS anti-trawl sinking coupling frame can be
determined. Comparing the natural frequencies of the sinking coupling frame
structure obtained from analysis with finite element analysis software with
the working frequency range of the OBS can achieve avoidance of resonance
phenomenon. This method demonstrates that it is feasible to avoid resonance
through finite element analysis.

(2) Through finite element modal analysis, the natural frequencies of various modes
of the OBS anti-trawl sinking coupling frame effectively evaded the working
frequency band of the OBS and would not influence the results recorded by
the OBS, and resonance phenomenon was avoided. This demonstrates the
rationality of the structural design of the sinking coupling frame.
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(3) According to the spectral analysis, the shield of sinking coupling frame under-
went relatively large stress and had relatively great displacement, but the overall
stiffness of the sinking coupling frame was high and the structural design met
the requirements.
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Reliability Analysis on Horizontal )
Bearing of Pile Foundation in Sloping L
Ground Based on Active Learning

Kriging Model

Hao Liang, Chang Liu, and Xiuqing Yan

Abstract The uncertainty of pile and soil and slope effect are two of the major
factors affecting the horizontal bearing capacity of piles of transmission tower in
sloping ground. In order to analyze the influence of the two factors on the reliability
of pile, this paper proposes a reliability analysis method for horizontal bearing of pile
foundation in sloping ground based on proxy model. Firstly, the analytical model of
horizontal bearing of the pile foundation in sloping ground was derived, and corre-
sponding performance functions were constructed. Secondly, by combining Kriging
model method with the performance functions, the reliability analysis method of pile
foundations in sloping ground is established. Finally, taking a typical transmission
line project in mountainous area as an example, the horizontal bearing reliability of
pile foundation was analyzed. The results show that the proposed analysis method can
quickly converge to the horizontal bearing limit state of pile. Slope effect has more
significant influence on horizontal deformation than that of material yield. Among
the uncertainty parameters, the bearing capacity of pile foundation is sensitive to
the dispersion degree of horizontal force, pile diameter and the elastic modulus of
foundation pile.

Keywords Pile foundation in sloping ground + Kriging model - Reliability
analysis theory + Horizontal bearing characteristics * Transmission line

1 Introduction

During the construction of transmission lines in mountainous areas, a large number of
transmission towers are located in steep terrain and complex geological conditions.
Unilateral soil of the pile foundation located on the slope is missing, and the internal
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force and deformation of the pile foundation under horizontal load are complicated
[1]. Therefore, more attention should be paid to the safety of horizontal bearing
capacity of pile foundation in sloping ground under special terrain conditions such
as mountain area.

Numerous studies have been conducted on the horizontal bearing characteristics of
pile foundation in sloping ground. Cheng et al. [2] analyzed the influence of distance
between the foundation edge and the slope and slope ratio on the horizontal bearing
deformation performance of pile foundations through model tests and numerical
simulation. Sivapriya et al. [3] studied the key factors affecting the horizontal bearing
capacity of pile foundations according to model test. Yin et al. [4] revealed the
influence mechanism of slope spatial effect on displacement and internal force of pile
foundation under horizontal load. The above research mainly focuses on the influence
mechanism of slope effect through deterministic analysis method. However, in fact,
the horizontal bearing performance of pile presents obvious uncertainties due to the
strong random characteristics of pile and soil [5].

The uncertainty is one of the safety hazards which affect the horizontal bearing
capacity of pile. In that case, reliability analysis method has been used to evaluate
the horizontal bearing performance of pile. Yin et al. [6] derived the limit state
formula of pile-column bridge pile and analyzed the reliability of its horizontal
deformation by checking point method. Based on response surface and Monte Carlo
theory, Chan et al. [7] proposed a new reliability analysis method and conducted
reliability evaluation for horizontal bearing of pile foundations. However, current
studies are mainly based on traditional reliability theories such as check point method,
response surface and Monte Carlo. It is difficult to ensure the solution efficiency and
convergence when the limit state equation of pile foundation is high-dimensional and
complex. In addition, the research object is mostly pile foundation in level ground,
while the horizontal bearing reliability of pile in sloping ground is less considered.

This paper establishes a theoretical model of horizontal bearing capacity of trans-
mission tower pile foundation in sloping ground. An efficient analysis method of
reliability is proposed by introducing Kriging model, which can greatly improve the
calculation efficiency on the premise of accuracy. On this basis, the reliability of the
transmission tower pile foundation in sloping ground in an actual project is evaluated,
and the influence of different factors on the reliability is analyzed.

2 Theoretical Model of Horizontal Bearing of Pile
Foundation in Sloping Ground

2.1 Analysis of Pile Foundation Deformation Mechanism
Considering Slope Effect

As shown in Fig. 1, pile foundation in sloping ground affected by load includes the
slope affected section (/1) and the embedded section (/). Due to the free face in front
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of the foundation pile, the soil on both sides of the pile foundation is asymmetrical,
which weakens the horizontal resistance of soil in slope affected section, namely
‘slope effect’. The length of slope affected section is:

li=M\d tan 8 (1)

where A is reduction coefficient of slope effect(A € [3, 5] [3,5]); d is the pile
diameter; 0 is grade of slope.

The differential equation of deformation deflection of pile foundation considering
slope effect, can be written as follows:

d*x
El— +C(y)Bx =0 2)
dy*
where EI is the bending stiffness of pile; x is the horizontal displacement of pile; y
is the distance from the calculation point of deformation to the pile top; C(y) is the
resistance coefficient of pile side; B is the calculative width of pile; when d < 1 m,
B =0.9(1.5d + 0.5); otherwise, B=0.9(d + 1).
The m method is used to estimate resistance coefficient of pile side foundation:

y2
mi-, O<y<l

3)
m(y—NI), 1 <y<H

C(y)={

where m is the proportional coefficient of foundation resistance.
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2.2 Theoretical Analysis Model

The central difference theory is used to solve the deflection differential equation of
pile in sloping ground. Firstly, the influence depth of load is equally divided into ‘n’
parts, and two additional virtual nodes are set at both tips of pile. Then the boundary
conditions need to be determined. For the boundary conditions of transmission tower
pile, free pile top and embedded pile end can be considered. The difference schemes
of boundary conditions are as follows:

_ 2Ls
pile top Xp = 2x1 420 = X72M7 EI 4)
X1 —2x0+x_; = E_SI
pile end{ xN*lx_ X_NJ(r)l =0 5
N =

where x; is the horizontal displacement at different nodes; L and M are transverse
load and bending moment respectively; s is the distance between nodes.

The controlling difference equation at different nodes of transmission tower pile
in sloping ground is:

slope affected section x;_, — 4x;_;

BmiZ%s®
+16+ ETl, Xi —4xip1 + x40 =0 (6)

embedded section x; _» — 4x;_
Bm(is —1})s*

+ <6 + 1 )xi —4xi11 +x12=0 (7N
By combining the control difference equation of each node of pile foundation
with the boundary condition equation, the horizontal displacement matrix equation

of pile foundation in sloping ground can be obtained as follows:

ap,—2 do,—1 - - Ao N+1 QO,N+2 Xo 0
ay,—2 Gp,—1 ‘- AN4+1 A1 N42 X 0
ay,—2 aN,—2 -+ AN .N+1 ANN42 | | oo =1 (3
bi—2 bi—1 - bint1 bing2 0
.. e e XN—1 2Ls/EI
| b4, 2 by 1 -~ bany1 bani2 | | xv ] | Ms?/ EI |

where a; ; is coefficient of each node in the difference equation of foundation pile, and
i and j represent the calculation node from pile top to pile end and the serial number
of each node in the recurrence relationship, respectively. by, j is the coefficient of
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each node in the boundary condition, k = 1, 2, 3, 4, representing different boundary
equations, and /4 is the serial number of each node in the corresponding boundary.

By solving the above matrix equation, the horizontal displacements of transmis-
sion tower pile foundation under horizontal load can be obtained. In addition, the
difference scheme of rotation angle, bending moment and shear of pile in sloping
ground can be expressed as:

Vi = (Xig1 — xi1) [ 25
M; = (xi—1 — 2x; + xiy1)E1 [ 5 ©
Li = (—=xi—2 + 2xi—1 — 2x;41 + Xi42) ET [ 257

where y;, M; and L; are the rotation angle, bending moment and shear at different
nodes of the pile foundation respectively.

By substituting the calculated horizontal displacement into Eq. (9), the corre-
sponding rotation angle, bending moment and shear can be obtained.

3 Reliability Analysis Method of Pile Foundation Based
on Kriging Model

3.1 Horizontal Bearing Performance Function of Pile
Foundation in Sloping Ground

The failure modes of pile under lateral load mainly include excessive hori-
zontal displacement and material yield. When excessive horizontal displacement
is considered, the performance function is:

ga(s) =d(s) — Dy (10)

where g,(s) is the performance function of the horizontal displacement; s is system
random variables; d(s) is the horizontal displacement value; D; is the horizontal
displacement limit.

When material yield is considered, the performance function is:

gm(s) = M(s) — M, (1)

where gy (s) is performance function of material yield of pile; M (s) is the bending
moment value; M is flexural capacity.
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3.2 Active Learning Kriging Mode

The performance function of pile foundation includes complex process of hori-
zontal bearing analysis. Using traditional reliability theory may lead to imprecise
solution and excessive calculation scale. Kriging model technology can replace
complex analytical process by fitting physical process, making it possible to evaluate
performance functions efficiently and accurately.

In Kriging model, complex system is regarded as Gaussian static random process.
In that case, the optimal linear unbiased estimation and mean square deviation of the
system response at the unknown input point can be deduced as:

§e) = T @B +r R (Y - FB) (12)
o2 :af(l +u’ (FTR'F) u —rTR*r) (13)

where r is correlation function vector between the unknown input point and training
sample; u = FTR™'r — f.

The accuracy of initial Kriging model is greatly affected by selected samples.
Therefore, it is necessary to update the model through active learning function. In
this paper, efficient global reliability analysis method (EGRA) which is widely used
in the reliability field, is adopted for model optimization.

3.3 Reliability Analysis Method of Pile Foundation
in Sloping Ground

By combining Kriging model with the Monte Carlo simulation process (MCS), the
failure probability of pile foundation can be calculated efficiently. According to the
statistics of Kriging model response corresponding to numerous pile and soil random
variables, failure probability is:

i=1

where P is failure probability; P ' i simulated failure probability; n,,. is the number
of samples; I (-) is the fault indication function, and its expression is:

O0g(si) >0

1g(si) =0 ()

I(g(si) = {
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Fig. 2 Flow chart of reliability analysis of foundation pile in sloping ground

To sum up, the specific reliability analysis process of pile foundation in sloping
ground based on Kriging model is shown in Fig. 2.

4 Reliability Analysis of Pile Foundation in Sloping Ground

4.1 Calculation Conditions and Parameters

A UHV DC transmission line passes through the mountainous area of Ganzi Prefec-
ture. The slope of this area varies from 25° to 55° with an average gradient of 40°.
The transmission towers in this area adapt pile-type foundation using C25 concrete.
The pile length H is 15 m, the pile diameter d is 2.5 m, the elastic modulus E is
28 GPa, and the coefficient of variation of pile parameters are 0.025. The average
proportional coefficient of soil resistance m is 60 MN/m*. The horizontal load L and
bending moment M acting on the pile top is 1000 kN, 1500 kN m respectively. The
coefficient of variations of L, M and m are 0.25. The flexural bearing capacity of pile
is 8295 kN m, and the displacement limit of pile top is 10 mm.

4.2 Analysis of Calculation Result

Failure Probability of Horizontal Bearing. Based on the above calculation condi-
tions and parameters, failure probability of pile is calculated through the reliability
analysis process shown in Fig. 2.
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Table 1 Comparison of calculation results of different reliability analysis methods

Failure mode Analysis Number of | Failure Coefficient of | Relative error

method numerical probability | variation

analyses (%0)

Material yield | Kriging 234 3.81 0.0114 2.1%

MCS 2 x 10° 3.73 0.0116 -
Excessive Kriging 311 5.01 0.01 0.8%
horizontal MCS 2 x 10° 4.97 0.01 -
displacement

Assuming that the uncertainty parameters (s = [H, d, E, m, L, M]) obey normal
distribution and are independent of each other, the sample library is firstly generated
using the normal distribution theory, and the sample size is 105. Secondly, 50 training
samples are selected by Latin hypercube sampling and substituted into the analytical
model to obtain the corresponding displacement and bending moment of pile, so as to
evaluate the performance functions. According to the sample pairs composed of input
samples and performance function values, the initial Kriging model is constructed,
and the model is optimized with EFGA method until it met the convergence criterion
and the failure probability is finally determined. The comparison of results based on
Kriging model method and Monte Carlo method is shown in Table 1.

The failure probability calculated by MCS can be regarded as exact result. As
can be seen from Table 1, compared with material yield, the probability of excessive
displacement is higher. The failure probabilities simulated by Kriging method and
MCS method are basically the same, and the maximum relative error is only 2.1%.
In addition, 2 x 106 numerical analysis processes are needed in MCS to get failure
probability, while Kriging method needs 311 numerical analysis processes at most.
The comparison indicates that the reliability analysis method based on Kriging model
can significantly reduce the calculation cost and solve the complex limit state equation
of pile foundation efficiently on the premise of accuracy.

Influence of Uncertainty Parameters on Reliability of Pile Foundation. In this
section, the influence of the dispersion degree of random variables on the reliability
of pile foundation are analyzed based on the proposed method.

Figure 3 shows the failure probability of transmission tower pile foundation in
sloping ground under different coefficients of variation.

It can be seen from Fig. 3 that the reliability of pile is greatly affected by the
variability, and the influence is also different under different failure modes. When
the pile foundation fails due to material yield, the variability of the horizontal force
and pile diameter has the greatest influence on the reliability, followed by bending
moment, proportional coefficient of soil resistance and pile length. Compared with
the above parameters, the influence of variability of elastic modulus on the pile is
almost negligible. Among them, the failure probability keeps increasing approxi-
mately linearly with the increase of the variation coefficient of horizontal force, pile
diameter and bending moment. When pile fails due to excessive displacement, the
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Fig. 3 Influence of variability on pile foundation reliability under different failure modes

variability of pile diameter has the greatest influence on the reliability of pile founda-
tion, followed by the horizontal force, elastic modulus and proportional coefficient
of soil resistance, while the variability of bending moment and pile length have the
least influence on the horizontal deformation.

Influence of Slope Effect on Reliability of Pile Foundation. In order to reveal the
influence of slope effect on the reliability of pile foundation, this section calcu-
lates the failure probability and corresponding average safety margin of pile in
sloping ground under different reduction coefficient and slope gradient through the
constructed Kriging model.

Transmission tower piles located in level ground, 25°, 35° and 45° slopes are
selected respectively, and their failure probabilities are respectively calculated under
the reduction coefficients of 3, 3.5, 4, 4.5, 5 and no reduction, as shown in Fig. 4.

As shown in Fig. 4, when reduction coefficient or slope gradient is not consid-
ered, the failure probability of pile foundation is almost zero. Under the condition
of constant reduction coefficient, the increase of slope leads to the decrease of relia-
bility. When the slope or reduction coefficient is large, the failure probability increases
significantly with the increase of slope. For the same slope gradient, failure prob-
ability increases with the reduction coefficient, and the increase amplitude is also
affected by the gradient. The reliability decreases rapidly under the condition of
large slope. In addition, the maximum failure probability of excessive displacement
and material yield caused by the slope effect are 42.13% and 8.80%, respectively,
indicating that the slope effect has a greater influence on the horizontal deformation.

The value of performance function is the safety margin. Figure 5 shows the
average safety margin of pile foundation under different reduction coefficient and
slope gradient.
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As can be seen from Fig. 5, the change of reduction coefficient does not affect the
average safety margin for pile in level ground while the increase of the reduction coef-
ficient reduces the safety margin of pile in sloping ground. The reduction amplitude
of safety margin of displacement increases with the slope gradient, while the change
amplitude of safety margin of bending moment is not affected by the gradient. The
influence of slope gradient on the safety margin is similar to the reduction coefficient.
The safety margin decreases with the slope gradient. The average safety margin of
horizontal displacement and bending moment is minimized to 0.29 mm and 1867.91
kN m when the gradient and reduction factor are 55° and 5, respectively.
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5 Conclusion

In this paper, an active learning reliability analysis method of pile foundation in
sloping ground is proposed. Horizontal bearing reliability of transmission tower pile
foundation under actual conditions is evaluated using proposed method, and the
influence mechanism of random factors and slope effect on the reliability is further
analyzed. The main conclusions are as follows:

(1) Compared with traditional method, the proposed Kriging method can rapidly
significantly improve the computational efficiency.

(2) The displacement of pile in sloping ground is more likely to occur than that of
the material yield when the horizontal load is carried.

(3) Horizontal bearing capacity of pile in sloping ground is greatly affected by the
dispersion degree of elastic modulus of pile, horizontal force and pile diameter.

(4) Slope effect decreases horizontal bearing safety margin of transmission tower
pile, which may greatly increase the failure probability; slope effect has more
significant influence on horizontal deformation under two failure modes.
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Force Analysis of Anti-slip Pile Bodies )
on Soil Mudstone Slopes Under Heavy L
Rainfall

Xiaobin Liu

Abstract The soil mudstone slope anti-slip piles are used as the object of study to
analyse the pile forces under the action of heavy rainfall. Introduction to the project,
description of the general topographic elevation of the area; extraction of seepage
potential energy from soil mudstone, calculation of rainfall and rainfall infiltration,
assumption of vertical wall backs and horizontal fill behind the wall, calculation
of lateral pressure on the rock supported by anti-slip piles, analysis of its damage
mode according to the morphology of the bedrock surface and the conditions of the
rock outwash structural surface, and calculation of slope stability under the action
of strong rainfall. Analysis of the results: setting the length of the anti-slip piles at
15.5-17.5 m is most reasonable under the effect of heavy rainfall.

Keywords Heavy rainfall - Earthy mudstone * Slopes + Anti-slip piles - Force
analysis - Piles

1 Introduction

Slopes refer to all geological bodies on the surface of the earth’s crust that have
a lateral protruding surface. With China’s infrastructure construction in full swing,
various projects such as highway embankment filling and graben excavation, deep
foundation excavation, earth and rock dam filling, mining excavation and other
projects are also in full swing, and at the same time the number of slopes has also
increased. The formation and development of landslides are not independently influ-
enced by a single factor. The deformation and stability of earthy mudstone is a func-
tion of time. Just after construction, the deformation of the slope is not obvious. As
one of the three major global geological hazards, the occurrence of landslides is often
related to the success or failure of the entire project, accompanied by huge economic
losses and, in serious cases, even casualties. Slopes are sensitive to rainfall factors and
extreme rainfall factors can cause sudden changes in slope displacement [1, 2]. The
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stability analysis methods of slopes are all based on the geotechnical elastic-plasticity
theory. When the slope is overstressed, the strength of the soil is insufficient to main-
tain the elastic phase and enters the plastic phase, at which time the deformation will
continue to develop until destabilisation and damage, so the stability problem of the
slope can be considered as a strength problem. However, the stability of slopes also
has to consider internal and external factors. For a slope that has been excavated or
is being excavated, the internal factors have already been determined, such as phys-
ical factors like gravity and water content. Not many studies have considered the
combined effects of creep factors and extreme rainfall factors. The design of slope
stabilisation measures in engineering is only calculated with short-term stability in
mind, while the engineering geology and the performance of the support structure
are subject to change during long-term use due to natural phenomena such as rainfall.
Geometric factors such as slope height and slope gradient. The external factors such
as load and boundary condition changes are also crucial for slope stability analysis,
and the infiltration of water is one of the points that cannot be ignored. In slope
engineering, the influence of water on slopes is mainly manifested in the infiltration
of groundwater and rainfall infiltration, and most of the above-mentioned accidents
occur after continuous strong rainfall, so it is also crucial to study the influence of
seepage field on slope stability.

2 Project Overview

The soil-rock combination slope refers to the intrusion range of the underground
function area including both soil and rock layers. The project is located in the south-
west of S. Taking the S area as an example, through the regional geological bore-
holes included in the geological cloud platform developed under the auspices of the
Geological Survey, it can be found that the distribution of strata in the area is domi-
nated by rock formations, mainly sandstone and mudstone, and the nearby mountains
show a long monopoly shape with a general northwest direction. The terrain is low
and undulating, with an approximate elevation of 210-280 m. The alluvial ditches
are mostly “V” shaped, mostly dendritic in development, and are Quaternary flood-
plain, alluvial, loess-like chalk and gravelly soils, with a grain size of 200 mm. The
overlying soils are often fill, clay and sand, and the rock below the soils is strongly
weathered for about 1 m, while the lower part of the rock is moderately weathered and
weakly weathered in that order. The lithology is mostly shale, sandstone, mudstone
and sandy mudstone, with shale, sandstone and mudstone being the main ones. The
landslide of the new project is semi-circular in plan and bending in profile, with a
maximum height difference of 60 m, a trailing edge width of 114 m and a leading
edge width of 288 m, covering an area of 3.11 x 106 m?, with an average thickness
of 14 m and a volume of 33.64 x 106 m>. The rock type and distribution charac-
teristics, mudstone interbedded structure, except for a group of slopes with parallel
orientation and dip close to upright unloading fissures developed on the slopes of the
two banks near the river, the rock is generally relatively intact. Three distinct fissures
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are visible at the back edge boundary, with the longest fissure 162.07 m and the
deepest 44.3 m. As the leading edge of the landslide, the road at the site is severely
deformed, with severe arching of the road surface and significant cracking, with the
maximum crack width exceeding 22 cm. The left side boundary: the left side of the
landslide is bounded by an alluvial ditch, the road is severely arched and obvious
fissures can be seen, the fissures are about 6-12 cm wide, locally up to 17-22 cm.
right side boundary: the right side of the landslide is bounded by a ridge, the right
side of the mountain body is fractured and severely damaged, the maximum fissures
can be 22-35 cm. according to the borehole, the stratigraphy of the slope body from
top to bottom is: the Holocene landslide accumulation layer, the Upper Pleistocene
of the Quaternary The slide body is mainly composed of the Middle Pleistocene
Loess of the Quaternary, which is light brown in colour and hard in texture, with
occasional calcareous nodules.

3 Force Analysis of Anti-slip Piles on Earthy Mudstone
Slopes

3.1 Extraction of Seepage Potential Energy from Earthy
Mudstone

When the soil is completely dry, it can be regarded as a soil-air two-phase body, and
when the soil air is completely filled with fluid, then the object of analysis can be
regarded as a soil-water two-phase body, and the flow of water between the pores is
called saturated seepage. Under natural conditions, the lower part of the landslide is
the slip-resisting section [3, 4]. Due to the action of various external forces making
the leading edge of the slope the height of the prograde increases, the sliding resis-
tance gradually decreases, resulting in the leading edge of the slope deformation and
the slope surface cracks. For groundwater infiltration channels elongate deforma-
tion cracks, continuous rainfall formation of surface water can also be through the
infiltration of deeper slopes, a combination of these unfavourable conditions lead to
landslide body front edge deformation damage and landslide body front rear edge
support weakened or even open, the front edge of the sliding body rear edge deforma-
tion caused by the weakening of sliding resistance. Rainfall infiltration is also a kind
of vertical infiltration problem. The study of rainfall infiltration is mainly to investi-
gate the relationship between rainfall and infiltration recharge, i.e. how much rainfall
is converted into groundwater infiltration, especially in the seepage analysis of slope
problems, due to the slope, it is more important to clarify the relationship between
rainfall and groundwater infiltration, for which a rainfall infiltration model needs to
be established. In this regard, the calculation of rainfall and rainfall infiltration is
given by:
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In Egs. (1) and (2), E represents the depth of accumulation of rainfall per unit area
per unit time, G represents the rate of infiltration and ¢ represents the duration of
rainfall. From Egs. (1) and (2), it is possible to derive the depth of water accumulation
per unit time, i.e. by subtracting the rainfall infiltration from the rainfall volume.
In short, the steepness of the leading edge of the landslide eventually leads to a
concentration of stresses located near the foot of the slope, and the slope produces an
adjustment in the redistribution of stress internal forces due to the stress concentration
phenomenon, resulting in the deformation of the slide and a weakening of the support
for the middle section of the slide. Typical moisture content profiles are, from top to
bottom: saturated zone, transitional zone, conductive zone, wet zone, the boundary of
the wet zone is called the wetting front. And according to Darcy’s saturated seepage
theory, the maximum infiltration rate in any direction for a slope soil of the same
material can be found as follows:

1+1)°
,Bmax(e) = _ZM( +4) (3)
w

In Eq. (3), ] represents the saturated permeability, u represents the pressure head
and @ represents the water content of the topsoil. The essence of seepage is the flow
of liquids such as water in a pore medium. When the pore space is fully filled with
water it is called saturated seepage and when water is only occupying part of the
pore space it is called unsaturated seepage. According to the theory of soil water
potential, the total potential energy of water in both saturated and unsaturated soils
can be expressed by a formula:

n=n+mn+mn 4

In Eq. (4), n; represents the gravitational potential, 7, represents the pressure
potential and 13 represents the substrate potential. The matrix potential is the absorp-
tion of water by the porous medium thereby reducing the free energy of water, the
magnitude of which is a negative value, which is mainly caused by the matrix suction
(adsorption + curved lunar surface force). The matrix potential in saturated soils is
generally 0. The surface tension in the void is created by the presence of unbalanced
forces on both sides of the liquid surface. The central slip zone of a landslide is
mostly a geologically existing soft zone (surface) that softens with water, decreases
in strength and cannot withstand the thrusts generated by the sliding body at the
trailing edge and deformation occurs. The middle section of the landslide moves
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downwards as the plastic zone expands, and the overall sliding of the landslide
begins. Eventually the damage process of front traction, back loading, mid-slip zone
shear connection and landslide sliding is formed. When the soil is not saturated, that
is, when there is both air and water in the pore space, at this time the soil is a three-
phase soil, water and gas, the study of the unsaturated soil seepage law is unsaturated
seepage theory. Soil water infiltration can be broadly divided into vertical infiltration
problems and lateral infiltration problems according to the direction of infiltration,
lateral infiltration including embankment seepage problems, groundwater infiltration
problems, vertical infiltration including rainfall infiltration, the earliest research on
vertical infiltration problems is Klarman and Burdeman’s research on dry soil under
waterlogging conditions, through the experiment to obtain the relationship between
soil moisture content and soil depth. In addition, landslides often occur at the trailing
edge of dangerous rock collapse and human activities (coal mining, construction,
etc.) lead to the accumulation of the trailing edge of the landslide body, trailing edge
tension cracks, the accumulation of load on the trailing edge of the landslide body
gradually reaches and exceeds its ability to resist slippage, resulting in instability of
the trailing slide at the initial stage, but the front of the landslide body produced a
thrust, the slide body to the trailing edge deformation landslide centre compression
deformation, is a gradual loading process, resulting in drum-shaped tension cracks.

3.2 Calculation of Lateral Pressure on Rock Supported
by Anti-slip Piles

In the lateral pressure calculations for soil-rock combination slopes, the soil pressure
is calculated according to the Coulomb or Rankine active earth pressure formulae
and the rock pressure is calculated by converting the equivalent internal friction
angle also according to the earth pressure formulae. As the cohesion of the soil is
generated by the combined water and capillary pressure, its strength is very low
and mutual slip can be generated between the soil particles, therefore the damage of
the soil under the action of external forces is shear damage along the soft structural
surface between the mineral particles, so it satisfies Moore a Coulomb’s theorem.
If the shear strength of the anti-slip pile is inadequate, the pile is highly susceptible
to cracking under landslide thrusts, and even gradually expanding into pile shear or
fracture damage [5, 6]. This form of damage is permanent damage to the structure
itself, indicating that the pile has lost its ability to resist the slope slide. Considering
the lateral pressure generated by the soil layer when the soil layer will not slide along
the soil-rock interface, the mathematical expression of the lateral pressure of the soil
layer can be calculated according to the active earth pressure based on the flat section
assumption, assuming that the back of the wall is vertical and the fill behind the wall
is horizontal, the mathematical expression of the lateral pressure of the soil layer is
specified as follows:
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In Eq. (5), ¢, represents the soil weight, o] represents the height of the soil part
of the retaining wall and S represents the active earth pressure coefficient. However,
in the case of rock, although it has the same three-phase nature as soil, the mineral
particles form a strong polymerisation through crystalline and cemented connections,
so that the rock is much stronger than the soil and is in an unplastic state. This
damage may be due to a misjudgement of the slip surface, resulting in a low slip
resistance due to insufficient anchorage depth, or due to an unreasonable design of
the anti-slip pile cross-section and reinforcement, resulting in a pile with insufficient
bending and shear resistance. If the anti-slip pile is placed in a poorly anchored soil
stratum, the pile will be susceptible to tilting or tipping under landslide thrust before
damage occurs but the anchorage is insufficient to cause the overall instability of the
anti-slip pile. In terms of rock microstructure, rocks are composed of a variety of
mineral grains, pores and cements [7, 8]. It has the same three-phase nature as soil
and therefore borrows many of the theories of soil mechanics for the study of rock
mechanics. However, the strength of the rock is considerably higher than that of the
soil due to the strong polymerisation of the mineral particles through crystalline and
cemented joints. The formula for the active earth pressure ensemble for a standard
combination of loads is:

11— k|?
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In Eq. (6), k represents the cohesion of the soil, § represents the standard value of
the mean surface load and n represents the angle of internal friction of the soil. In this
case, the pile body is usually not structurally damaged, and the anchorage capacity
of the strata can be improved by means of grouting or adding anchor cables to limit
the deformation of the pile top to achieve the purpose of secondary reinforcement.
If the shear strength of the soil between the piles is low and the soil flows out from
between the piles, then the anti-slip piles are intact but the stability of the slope is
reduced and the anti-slip piles fail. If there is an outwardly inclined hard structural
surface, the calculation can be made according to the active rock pressure formula,
in which the soil layer should be considered as the surface uniform load, the specific
expression formula for the inclination of the outwardly inclined structural surface of
the side slope is as follows:

2gsinf cosy
V=l4+—"—"—7— @)
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In Eq. (7), g represents the cohesive force on the surface of the outwardly dipping
structure, 6 represents the angle of internal friction on the surface of the outwardly
dipping structure and y represents the angle of friction between the rock and the back
of the retaining wall. As the excavation area of the slope is a shallow stratum, the rock
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layer is assumed to be in a linearly elastic natural stress field without consideration of
tectonic stresses. The residual sliding force of the soil layer is calculated as follows:

U
Y = Wz—léz—l + Cz - Ez ®)

In Eq. (8), W represents the slip force per unit width of the z — 1 th calculation
bar due to gravity and other external forces, and & represents the slip force per unit
width of the z th calculation bar due to gravity and other external forces, C indicates
the transfer coefficient of calculation strip z — 1 to calculation strip z, Q indicates
the angle of internal friction between the rock slope and the fill, and 3 indicates the
length of the sliding zone at the bedrock face. Normally, the piles are not damaged
at this point and the original anti-slip piles can continue to be used when appropriate
measures are taken to manage the newly formed landslide. Anti-slip piles have a
significant effect on slope management and are widely used in slope engineering,
but their structural design parameters largely determine the reinforcement effect of
the slope. Therefore, the rock excavation unloading is in the elastic recovery stage,
and the corresponding rock pressure acting on the support structure is the elastic
deformation pressure. For the soil-rock combination slope supported by anti-slip
piles, as the piles are applied first and then the rock and soil in front of the piles are
excavated, the elastic deformation of the rock between the piles is completed soon
after excavation, but as the anti-slip piles limit the elastic deformation of the rock
afterwards, there is a residual elastic deformation pressure acting on the anti-slip
piles.

3.3 Calculation of Slope Stability Under the Effect of Heavy
Rainfall

The infiltration of rainfall is a dynamic process, the infiltration of water will change
the moisture content of the soil, the moisture content of the soil changes with height,
the surface soil is the first to reach saturation, when the moisture content of the
soil increases, first of all the soil capacity increases, the increased mass can be seen
as an additional load may cause significant changes in the force of the slope. The
soil-rock combination slope is composed of the upper soil layer and the lower rock
layer with different properties. The damage mode should be analysed according to
the morphology of the bedrock surface and the conditions of the outwardly inclined
structural surface of the rock layer, which mainly includes possible damage modes
such as internal circular sliding damage of the soil layer, sliding damage along the
soil-rock interface, flat sliding of the rock layer and composite damage of the rock and
soil layer [9, 10]. Secondly, the shear parameter of the soil decreases significantly with
changes in water content, and the reduction in shear strength causes slope damage to
occur in a less stressed state, a phenomenon that can also be explained by the extended
Moore Coulomb strength criterion, i.e. the presence of pore water pressure in the
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water-bearing soil leads to a reduction in inter-skeleton stress in the pore medium
and a consequent reduction in shear strength, which occurs when rainfall reaches a
certain level of damage. The structural relationship between the soil body and the
rock layer is shown in Fig. 1.

Due to the low strength of the soil, the slope stability of the soil layer can be
calculated using the circular sliding method. When the bedrock face dips outwards,
the soil layer may also produce sliding damage along the bedrock face, when the
transmission coefficient method can be used to calculate the stability of the soil layer.
Usually when the safety factor for such landslides is greater than 1.25, the soil slope
can be judged to be in a stable state. If, under special circumstances, the coefficient
of safety of a landslide is greater than 1.15, the soil slope can be judged to be in a
stable state. If the cohesion of the slope is equal to zero, the coefficient of safety of
the landslide can be expressed as:

tanm

€))

"~ tann
In Eq. (9), m indicates the inclination of the sliding surface and n indicates the
slope angle. With the continuation of rainfall, especially the continuous heavy rainfall
weather that occurs in the southern rainy season, the road surface becomes water-
logged and the groundwater level can be too high, which is the initial condition for
seepage field analysis, so it is also essential to study the coupled analysis of seepage
stress under different groundwater level conditions. After the end of rainfall, the
water accumulated in the slope will continue to seep out and the water table will fall
with time. At this time, different bedrock inclination angles will affect the rate of
dissipation of residual water, so the stability of the slope flow-solid coupling under
different bedrock angles should also be considered. Then the calculation formula for
the sliding force is:

P =2 S (g —up? (10)
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In Eq. (10), x represents the dip angle in the direction of the slide infiltration
pressure, Y represents the structural correction factor and u represents the single
wide infiltration pressure of block u. When there is an outward sloping structural
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surface of the rock layer, the wedge-shaped rock block is prone to sliding damage
along the outward sloping structural surface, and at the same time drives the upper
overburden layer to deform outward. The thickness of the upper soil layer is 8.2 m
and the bedrock face is gently sloping and slightly inclined inwards, so the soil
layer will not produce sliding damage along the bedrock face. When rainfall occurs,
as the rainfall continues, the water content of the upper layer of the soil gradually
increases, and the negative pore water pressure gradually dissipates. 8 days after
the strong rainfall occurs, the pore water pressure within the more moist soil of
the surface layer has increased to between —50 and —20 kN/m?. In calculating the
stability of slopes, the linear rupture surface method is often used in order to visualise
and simplify the analysis of such slope planes. Usually a slope containing permeable
gravel, sand, gravel or sandy soils will form a linear rupture surface when it breaks.
In this case, the equation for the shear strength of the soil is as follows:

(I-0a
d=a+r)y S+ D an

In Eq. (11), o represents the effective stress factor, r represents the pore water
pressure and D represents the material strength. The maximum negative pore water
pressure inside the slope also rose to —277 kN/m?, and the eight days of rainfall
caused the negative void is pressure within the slope to drop by 20% as a percentage
and 30% as a peak. As the permeability coefficient of the lower mud layer of the
slope is much smaller than the permeability coefficient of the soil above the rock
and the intensity of the rainfall, the negative pore water pressure of the mud rock
above the water table does not change much as seen from the cloud map. Rainwater
collects at the toe of the slope causing the water content at the toe to rise gradually
and the soil to become saturated until the precipitation is connected to groundwater,
at which point a large saturated seepage zone appears on the slope. The criteria for
slope instability damage include excessive displacement change, in order to analyse
the change in slope displacement field after the end of rainfall.

4 Case Studies

4.1 Construction Preparation

TJ-22 earth pressure gauges (range 0-0.1 MPa, diameter § cm) were buried behind the
wall and placed on the centreline of the anti-slip piles and baffles at distances of 2 m,
4m, 6 m, 8.5 mand 11.5 m respectively from the top line of the wall. The maximum
height of the excavated slope is 25 m, and the maximum slope technology is grade 3.
The slope of this section is a typical overburden bedrock type slope, the upper layer
of soil is a thicker gravel-bearing miscellaneous fill with a thickness ranging from
3-30 m, which varies greatly, and the lower bedrock is a sandy mudstone layer, and
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the dip of the rock layer at the project site is 10-30°. All three levels of slope slopes
are cut at a rate of 1:1 and the slope reinforcement scheme is proposed to use anchor
frame beam protection. The reinforcement gauge is a GXR series vibrating string
type reinforcement gauge corresponding to the main reinforcement. The rebar meter
is connected to the main reinforcement cut into sections and tied together with the
main reinforcement using sleeves and other strengths, and the test leads are carefully
led to the top of the pile and protected.

4.2 Force Analysis

Controlling the length of the anti-slip pile within a reasonable range can effectively
enhance the safety factor of the construction, therefore, this force analysis on the
anti-slip pile body of the soil mudstone slope, based on and a series of changes in
the pile displacement and pile shear stress parameters, the optimum pile body length
was selected. The variables were set to three types: anti-slip pile length 13.5-15.5 m,
anti-slip pile length 15.5-17.5 m, and anti-slip pile length 17.5 m and above. The
specific results are shown in Figs. 2 and 3.

As can be seen from Figs. 2 and 3, the pile displacement is minimum and the pile
shear stress is maximum when the length of the anti-slip pile is 15.5-17.5 m. For the
upper part of the pile, the shear stress is positive under the action of the landslide, for
the lower part of the pile, the passive soil pressure in front of the pile is greater than
the active soil pressure behind the pile and the shear stress is negative. When the pile
length is short, the absolute value of shear stress in the upper part of the pile is larger
than the absolute value of shear stress in the lower part, while when the pile length
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is long, the absolute maximum value of shear stress in the upper part of the pile and
the absolute maximum value of shear stress in the lower part are almost equal. With
the increase in the length of anti-slip piles, the displacement of each point of the pile
roughly shows a gradually decreasing trend, in the local range with the increase in
the length of anti-slip piles the displacement of each point of the pile has a slight
increase, indicating that too long anti-slip piles do not have a significant effect on
increasing the stability of the landslide body. Therefore, under the effect of heavy
rainfall, the length of anti-slip piles should be set at 15.5-17.5 m, which is the most
reasonable.

5 Conclusion

After rainfall occurs, the water content of the soil within a certain range of the slope
surface layer increases. The increase of water in the pore space increases the soil
weight on the one hand, and on the other hand, the increase of pore water pressure
leads to the decrease of matrix suction of the pore medium eventually reduces the
shear strength of the soil, so the increase of soil weight and the decrease of effective
stress of the slope are the main reasons for the damage of unsaturated soil slopes under
rainfall infiltration conditions. The long-term stability state of anti-slip pile slopes
under different strong rainfall types shows different response laws. The displacement
of the slope, which gradually stabilises under conventional creep, does not change
abruptly due to rainfall under low intensity long duration rainfall conditions, but
the rate of change of the slope displacement under heavy rainfall is much greater
than that under conventional creep, and the displacement of the monitoring point
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changes more significantly due to heavy rainfall. Due to the constraints of the study,
the reinforcement effect and soil arch effect under the double-row and multi-row
arrangement were not analysed in this study, which can be further explored in the
future.
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Water Environment Simulation m
and Ecological Restoration in Sanhekou e
Reservoir Basin

Yuqgiang Zheng, Ying Wang, Feng Gao, and Xin Zhang

Abstract Sanhekou Reservoir is an important water source for the Han Wei River
Diversion Project, which plays a very important role in supplying water to Guanzhong
area. Taking Sanhekou reservoir basin as the research object, MIKE21 model is used
to simulate the water environment of the reservoir basin. MIKE21 hydrodynamic
module is used to analyze the flow field characteristics of the reservoir study area in
high flow year, normal flow year and low flow year. MIKE21 water quality module
is used to simulate the water pollution of the reservoir, and analyze the maximum
concentration value of pollutant migration in 6, 12 and 24 h under four working
conditions, as well as the pollution peak value of 5 and 20 km sections. The results
show that the overall velocity variation range of the study area in the wet, normal
and dry years is 0-0.139 m/s, 0-0.102 m/s and 0—0.096 m/s respectively. In the four
working conditions, the maximum pollutant concentration of working condition 1 is
4.76 mg/L under 6 h of pollution leakage, and the peak value of pollutants under the
four working conditions of 5 km section is larger than that of 20 km section. In view
of the ecological environment problems in Sanhekou basin, reasonable ecological
restoration suggestions and measures are proposed.

Keywords Sanhekou reservoir - MIKE21 model - Water environment simulation *
Ecological restoration

1 Introduction

Water resources are important resources for people’s survival and development. With
the rapid development of social economy, people’s demand for water resources is
increasing, which makes water resources become more and more scarce. At the same
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time, it also causes increasingly serious water environment pollution, which not only
threatens people’s water safety, but also affects the sustainable development of the
country [1]. As one of the important water resources closely related to people’s
production, life and social development, the reservoir has the functions of flood
control, water storage and irrigation, water supply, power generation, fish farming,
tourism, etc. [2]. Due to the pollution of rivers, lakes and groundwater, reservoirs
have become an important guarantee of urban drinking water supply in China [3].
Therefore, reservoir water security, water quality and other water resources issues
have been highly valued by people [4].

Sanhekou Reservoir is one of the two important water sources of the Han Wei
River Diversion Project, which plays an importantrole in water supply in Guanzhong
area. At present, there is little research on the water environment of Sanhekou Reser-
voir. Therefore, this paper uses MIKE21 model to simulate the water environment of
Sanhekou Reservoir basin. At the same time, it puts forward some reasonable ecolog-
ical restoration measures and suggestions for the ecological water environment of
the basin, and provides theoretical reference for the water environment management
and protection of the reservoir basin.

2 Overview and Methods of the Study Area

2.1 Overview of the Study Area

The dam site of Sanhekou Reservoir is located about 2 km downstream of Sanhekou
Village, Daheba Township, Foping County. The total storage capacity of the reservoir
is 710 million m?, and the regulating storage capacity is 660 million m?. It is a multi-
year regulating reservoir. The normal pool level of the reservoir is 643 m, and the
dead water level is 558 m. Sanhekou Reservoir is located on Ziwu River, a tributary
of Hanjiang River. The reservoir area is composed of Wenshui River, Puhe River and
Jiaoxi River. The controlled drainage area above the dam site is 2186 km?, accounting
for 72.6% of the whole basin. Figure 1 shows the distribution of Sanhekou River
Basin.

2.2 Model Building

MIKE?21 is one of the more commonly used two-dimensional mathematical models
and can be used to simulate a variety of water environments. With the continuous
development of the simulation over the years, it has been widely used in the simulation
of water flow and sediment in rivers and lakes [5].

The hydrodynamic module of MIKE21 was used to analyze the flow field of the
watershed in the study area. Three typical years of 5% guaranteed rate flow rate in
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Fig. 1 Sanhekou river basin study area

wet year, 50% guaranteed rate flow rate in normal year and 95% guaranteed rate flow
rate in dry year are selected. The hydrodynamic calculation time was set as 1 year,
the inlet flow was input into the model according to relevant literature, and other
parameters were set as follows: dry water depth of 0.005 m, submerged water depth
of 0.05 m and wet water depth of 0.1 m. Water quality module of MIKE21 was used to
simulate water pollution, and its degradation coefficient was set at 0.25/day, diffusion
coefficient at 1 m3/s, and other parameters were set according to the situation of the
study area.

2.3 Calculation Condition Setting

It is assumed that a pollutant leakage accident occurs at the backwater end of any
tributary of Sanhekou River, causing similar nitrogen pollutants to enter the reservoir.
The flow rate is set according to the upstream incoming water in different hydrological
years (5% guaranteed rate wet year), and the summer flow rate is 144.6 m%/s as
a comparison. Two types of pollutant leakage flow were selected, with different
duration and different leakage flow as comparative analysis. The specific working
conditions are shown in Table 1. The initial concentration of pollutants was assumed
to be 0.5 mg/L (Class II).
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Table 1 Conditions set

Working Flow (m3/s)  Contaminant The last time
condition leakage (m3/s)  (min)

1 144.6 2 5

2 0.2 10

3 48.2 2 5

4 0.2 10

2.4 Model Validation

The hydrodynamic model is verified by the measured and simulated water level in
front of the dam in the reservoir area, and the results are shown in Fig. 2. It can be
seen from the figure that there is a certain deviation between the measured value and
the simulated value, but the overall trend is consistent, so the simulation effect is
good.

The validation of water quality model selects the measured value of COD and the
simulated value to compare and evaluate the accuracy of the model. The distribu-
tion comparison between the measured COD scattered points of 10 months and the
calculated value change curve of the state variable is selected, and the verification
results are shown in Fig. 3. It can be seen from Fig. 3 that the measured COD values
fluctuate slightly around the calculated values, but the basic trend remains the same.
It can be seen that the simulation of water quality model can ensure the accuracy of
calculation.
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Fig. 2 Verification diagram of water level in front of the dam in Sanhekou reservoir area
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Fig. 3 Verification of COD 2
in reservoir
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3 Results and Discussion

3.1 Hpydrodynamic Flow Field Analysis

The hydrodynamic module is used to analyze the flow field in the study area of the
reservoir in wet, normal and dry years, and the results are shown in Fig. 4.

Figure 4 shows the flow field diagram at the junction of three rivers on the left and
the flow field diagram at the junction of Puhe River and Wenshui River on the right.
As can be seen from Fig. 4a, under the hydrological calculation of 5% guarantee
rate in a wet year, the overall velocity of the study area ranges from 0 to 0.139 m/s,
in which the phenomenon of a larger velocity occurs in some areas where the river
channel suddenly narrows. It can be observed from the figure on the left that the
area of water at the intersection of water bodies is larger, the riverbed is wider, and
the flow speed is lower. Because of the complicated riverbed topography, the flow
velocity decreases from the bank to the center of the main channel. The downstream
channel shape of the junction is narrow first and then wide, and the velocity changes
from large to small, which accords with the law of reality. As shown in the figure on
the right, Jiaoxi River on the left, Wenshui River and Puhe River on the right river
confluence. Due to the change of the terrain on the right bank of Jiaoxi River and the
shrinkage of the river, the direction of the flow on the left bank shifts to the right and
quickly passes through the narrow area of the river.

As shown in Fig. 4b, the overall velocity in the study area is basically between
0 and 0.102 m/s in normal water years, and the velocity increases in some areas.
The velocity at the intersection of Wenshui River and Puhe River is between 0-
0.044 m/s. Before the intersection, the velocity at the area with large velocity on the
right bank of Puhe River exceeds 0.040 m/s. After the confluence of the two rivers,
they continue to flow downstream. After the confluence with Jiaoxi River at the third
estuary, the river channel becomes wider, and the flow velocity is between 0.024
and 0.032 m/s. The flow continues to converge downward in front of the dam, and
the flow velocity continues to decrease. Compared with the hydraulic calculation
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condition of 5% assurance rate in high water year, the overall flow rate is decreasing
due to the decrease of upstream inflow.

As shown in Fig. 4c, under the hydrological calculation condition of 95% guar-
antee rate in a dry year, the flow velocity shows an obvious decreasing trend, and the
flow velocity changes obviously. The overall flow velocity of this section is roughly
between 0 and 0.096 m/s. From the front of the dam to the junction of the three
rivers, the flow velocity is small, ranging from 0.015 to 0.045 m/s, while the flow
velocity is mostly in the narrow flow area, ranging from 0.072 to 0.096 m/s. The
velocity distribution of the whole study area is basically consistent with the results
of the previous two hydraulic calculation conditions.

As can be seen from Fig. 5, in wet years, the overall river channel in front of the
Sanhekou Dam becomes wider and the flow velocity of the water decreases, entering
an area with slow flow velocity. In normal water years, the water flow in front of the
dam tends to be static, and the overall velocity is less than that in wet water years.
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However, in dry years, the flow velocity gradually becomes smaller after the flow
is collected, and the flow velocity tends to 0 in some areas before the dam. On the
whole, the three hydraulic calculation conditions show a decreasing trend, and the
velocity changes regularly.

a. wet year

b. normal year

Fig. 5 Vector diagram of velocity in front of dam



458 Y. Zheng et al.

3.2 Water Pollution Simulation

Time Node Analysis. As shown in Fig. 6, the change process of pollutant content
under four working conditions at three different moments was analyzed. It can be
seen from the figure that the change trend of pollutant under four working conditions
is basically the same. After the occurrence of pollutants for 6 h, the peak value
of pollutants in each working condition is 4.76 mg/L, 2.70 mg/L, 3.64 mg/L and
2.23 mg/L respectively, among which the content of pollutants in working condition
1 is the highest, and the content of pollutants in working condition 4 is the lowest.
After 12 h of pollution occurrence, the peak value of pollutants in each working
condition is as follows: 3.46, 1.76, 2.75 and 1.81 mg/L, among which the content
of pollutants in working condition 1 is the highest and the content of pollutants in
working condition 2 is the lowest. After the occurrence of pollution for 24 h, the
peak value of pollutants in the four working conditions changed as follows: 2.31,
1.50, 1.86 and 1.23 mg/L, among which the maximum pollutant content was in the
first working condition and the minimum was in the fourth working condition.
According to the analysis of the first and second conditions, when the flow of the
river is constant, the pollutant leakage determines the pollutant diffusion rate. The
more the leakage, the shorter the duration of the peak, the less the leakage, the longer
the duration of the peak. At the same time, the closer to the pollution point, the greater
the pollutant content. When the pollutant content is unchanged, the longer the time
of pollution occurrence, the farther the peak occurs from the pollution leakage point.
According to the analysis of the first and third conditions, when the pollutant leakage
is certain, the river flow determines the pollutant diffusion rate. When the upstream
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water flow is larger, the diffusion rate of pollutants is faster and the residence time
of pollutants is shorter. The larger the incoming water flow is, the slower the peak
time is, and the farther the peak location is from the leakage point.

Analysis of Different Sections. It can be seen from the analysis in Fig. 7 that the
peak concentration of pollutants under Condition 1 is 4.36 mg/L at a distance of 5 km
from the accident, the peak time is 6 h after the leakage, and the pollution duration
is 6 h; The peak concentration of pollutants under condition 2 is 2.32 mg/L, the peak
time is 8 h after leakage, and the pollution duration is 8 h; The peak concentration of
pollutants under Condition 3 is 3.65 mg/L, the peak time is 10 h after the leakage, and
the pollution duration is 8 h; The peak concentration of pollutants under Condition
4 1is 1.89 mg/L, the peak time is 11 h after the leakage, and the pollution duration is
6 h.

When it is 20 km away from the accident, the peak concentration of pollutants
under Condition 1 is 2.35 mg/L, the peak time is 24 h after the leakage, and the
pollution duration is 10 h; The peak concentration of pollutants under condition 2 is
1.52 mg/L, the peak time is 29 h after the leakage, and the pollution duration is 7 h;
The peak concentration of pollutants under Condition 3 is 2.21 mg/L, the peak time
is 25 h after the leakage, and the pollution duration is 9 h; The peak concentration of
pollutants under Condition 4 is 1.31 mg/L, the peak time is 31 h after the leakage,
and the pollution duration is 6 h.

To sum up, it can be seen from the comparison between different working condi-
tions that at the same section, the pollution duration is affected by the incoming flow
and pollutant content. The greater the inflow, the shorter the pollution duration; The
greater the pollutant leakage, the longer the duration.

4 Countermeasures for Watershed Ecological Restoration

4.1 Ecological Status of the Basin

Ziwu River Basin is located in the Qinling Mountains and consists of Wenshui River,
Puhe River and Jiaoxi River. The main ecological and environmental problems in
the reservoir basin: the domestic sewage and garbage generated by the residents
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around the reservoir area are discharged into the basin at will, which affects the
water quality of the basin; In agriculture, due to the unreasonable use of pesticides
and fertilizers by residents, the utilization rate of pesticides and fertilizers is low, so
that some pesticides and fertilizers will flow into the reservoir with rainfall, irrigation
and surface runoff, causing pollution; In terms of livestock breeding, the main pollu-
tion source comes from the excreta of pigs, cattle, chickens, ducks, etc., which are
free range raised by farmers and livestock. These pollutants are directly discharged
without treatment, and eventually some of them will enter the water, causing the total
nitrogen, total phosphorus and other indicators of the reservoir to exceed the stan-
dard; At the same time, the construction of water conservancy projects also affects
the normal reproduction of aquatic organisms, resulting in the loss of biodiversity,
the decline of river water self purification capacity and buffer capacity against inter-
ference, resulting in the imbalance of ecological environment development and water
environment problems.

4.2 Ecological Restoration Measures and Suggestions

Habitat Construction. The original stone body in the river channel is used to build a
small permeable rockfill dam. The water flows through the rock crevices or overflow
from the dam crest, so it does not affect the connectivity of the river channel. The
water surface is raised to about 1 m, creating a deep water environment favored
by fish, and landscape cold water fish and benthos are put into the river channel.
Construct the water area conditions required for fish and other aquatic animals to
complete the whole life process in the river, such as spawning area, feeding place
and recreation area. Build a small ecological landscape community, allocate aquatic
plants and landscape fish, and increase the flexibility of river landscape.

The tributary of Puhe River is left with a small stone quarry, which is in a stepped
shape and has a small slope. In areas with different heights and flow velocities,
pave permeable materials such as sand gravel to build habitats and build small water
ecosystems. On the premise of not affecting the water circulation, create an environ-
ment suitable for fish reproduction and reproduction, and increase the abundance of
aquatic organisms. The original ecological restoration and water ecological restora-
tion shall be carried out according to the principle of sustainable development and
ecological priority to create conditions for the growth of aquatic plants and the
construction of ecosystems, so as to gradually complete the restoration of water
resources. The aquatic animal and plant communities are conducive to building a
perfect ecological food chain, restoring the natural restoration capacity of the water
area, and comprehensively improving the water quality of the basin.

Fish dropping. The construction of Sanhekou Reservoir has resulted in the reduc-
tion of fish exchange and genetic diversity due to the blocking effect. As the water
flow slows down and some water loving species on the dam gradually decrease, these
fish will be forced to go up to the upper reaches of the reservoir area or tributaries
to find a new living environment. The reservoir area will be dominated by sedentary
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fish groups, such as carp, carp, fish, culter, catfish, black plum, wheat head fish, and
artificially released salmon, fish, grass carp, etc. Drifting spawning fishes, such as
common edible fishes; Fish that produce sticky eggs, such as carp, gill, whale and
catfish, should be protected for reproduction. The water temperature of Sanhekou
Reservoir is stratified, and the number of fishes adapted to the life in the upper and
middle waters of the reservoir area may increase. There are 32 species of fish in
Ziwu River, mainly Cyprinidae. The spawning period of fish is from April to July.
After the reservoir is built, the average temperature drop of the discharged water is
the most obvious in May September, with the maximum temperature drop of 3.75
°C. The water temperature fluctuation is delayed about one month. The discharged
low temperature water will affect the life and reproduction of downstream fish.

Comprehensive management of reservoir area

(1) Inareas where agricultural cultivated land is concentrated, it is recommended to
change the traditional agricultural cultivation mode and apply fertilizer reason-
ably and accurately to the cultivated land near the river. During the crop fertil-
ization period, heighten the field boundary to prevent fertilizer from flowing
into the river. It is prohibited to use pesticides with high toxicity in the upstream
catchment area, and it is recommended to use pesticides with low residue and
low toxicity. It is prohibited to burn agricultural straw directly to pollute the
air. It is encouraged to break the compost in the straw cultivated land to reduce
pollution and improve soil fertility.

(2) The pollution of upstream rural residential areas is mainly feces, garbage and
untreated sewage. This directly affects the water quality of the downstream
reservoir, and corresponding countermeasures should be taken. The impact of
domestic garbage on the water quality of the reservoir is obvious. It is neces-
sary to speed up the construction and management of local household garbage
disposal sites and implement the resource utilization and harmless treatment of
household garbage. Build drainage collection and treatment system with village
and town households. Now, due to the loose distribution of residents living in
the reservoir area, it is difficult to build large-scale sewage treatment facili-
ties. Therefore, in order to treat various social sewage technologies and meet
the discharge standards, it is necessary to build a concentrated and single type
household sewage treatment device.

(3) The pollution load brought by aquaculture cannot be ignored. Research shows
that a certain amount of fish will have a large number of nitrogen and phosphorus
pollutants, which will flow into the water body in dissolved form, and the rest of
the fish residues will be deposited in the mud in solid form, which may become
endogenous pollution, causing eutrophication of the water body, and even more
serious harm to human and livestock breeding. Optimize the cultivation mode
of livestock and poultry and fish breeding industry, appropriately reduce the
scale of backward industries, centralize the treatment of untreated wastewater
pollutants discharged from livestock farms to meet the discharge standard, and
stipulate that wastewater shall not be discharged at will. It is recommended
to strengthen the construction of biogas projects, strengthen the promotion of
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the ecological cycle model of “livestock manure biogas crops”, and strive to
achieve the goal of cleaner production. Promote the construction of new clean
energy treatment projects, strengthen the promotion of the “livestock manure
biogas crop” ecological cycle model, and strive to achieve the goal of more
clean, harmless and efficient.

Conclusion

The MIKE21 hydrodynamic module simulation shows that the flow velocity
range in the study area of Sanhekou Reservoir basin is 0-0.139 m/s in high flow
years, 0-0.102 m/s in normal flow years and 0-0.096 m/s in low flow years. In
the dam area, the flow velocity will decrease, and some areas are close to the
still water state.

By using MIKE21 water quality module to simulate water quality pollution,
under four working conditions, the maximum pollutant peak value at 6, 12 and
24 h is working condition 1, which is 4.76 mg/L, 3.46 mg/L. and 2.31 mg/L
respectively. In the comparison between 5 km section and 20 km section, the
pollutant concentration in 5 km section under four working conditions is rela-
tively high. Combined with the actual situation, the threat degree of the reservoir
area under specific working conditions is obtained, which provides a reference
for the downstream dam monitoring and early warning.

For the ecological environment problems in the Sanhekou reservoir basin,
reasonable ecological restoration measures and suggestions are put forward
to build a perfect watershed ecosystem, restore the living and activity space of
organisms, and provide effective guarantee for the reservoir water environment
treatment and protection, and water quality safety.
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The Variation of Hydrological Regime )
According to the Daily Operation L
of a Complementary Hydro-Photovoltaic
Reservoir and Its Impact

Chonglin Wang, Sizhen Liang, Jingjie Feng, Ran Li, and Gaolei Zhao

Abstract Daily operation of a hydropower station is conducted to meet the energy
requirement. The hydraulic parameters of the downstream are significantly affected
by the dam operation, which has a negative impact on the aquatic system. When the
multi energy complementary method is used, such as hydro-photovoltaic (hydro-PV)
combined power generation, the problem will worsen. Hydropower station A (HSA)
on River X was selected to investigate the impact of daily operation. HSA is a part
of hydro-PV complementary power generation. The spawning and breeding period
of typical fish, April to July, was selected as the study period. According to various
scheduling, the changes of hydrological regime were analyzed. The results show
that the maximum flow variation was 334 m?3/s, and the variations in water surface
width and velocity during reservoir operation were between natural conditions. The
maximum daily water level variations under the two operating scenarios were 1.6 m
and 3.5 m respectively. The remarkable change of water level may have a negative
impact on aquatic organisms. Considering the daily variation limit of 1.2 m under
natural condition, the relationship between the allowable daily variation of reser-
voir outflow and the reference base flow was proposed. The results in this paper
serve as a technical reference for studying changes in the hydrological regime and
lessening their impacts on aquatic organisms in hydro-photovoltaic complementary
development.
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1 Introduction

The development of hydropower station can manage runoff, compensate for dryness,
control floods, and increase the assurance of irrigation and water supply [1-3]. Reser-
voirs have assumed a significant role in advancing socioeconomic development [4].
Dams have major impacts on river hydrology, primarily through changes in the
timing, magnitude, and frequency of flow, producing flow regime differing signifi-
cantly from the pre-impoundment natural [5-8]. The change of hydrological char-
acteristics with time and space, such as discharge, water depth, water surface width,
and velocity, are called hydrological regime [9]. The hydrological regime is a signif-
icant indicator of the ecosystem stability and plays important role in maintaining
the potential of aquatic organisms [10, 11]. To achieve the “30-60” carbon peaking
and carbon neutrality objective, China has accelerated the building of hydro-wind-
photovoltaic (PV) integrated clean energy base and encouraged the construction of
hydropower station [12]. As aresult of frequent and quick changes in power demand,
hydropower can be used to regulate short-term variability in the power grid [13, 14].

In the hydro-PV complementary system, the daily regulation of hydropower
station is operated according to the changes in photovoltaic output [15-17]. This
activity makes outflow changes more significant and frequent [18]. In the affected
basin, the combined operation of hydro-PV exacerbates intraday fluctuation in water
levels, velocity, water level width, and other hydrological characteristics [19]. The
ecosystem may be impacted by changes to the hydrological regime [20, 21]. In addi-
tion, the daily peak-shaving operation of the hydropower station also significantly
altered hydrological parameters [22]. The daily operation of the hydropower station
affects the survival of aquatic organisms [23-25] and even leads to the reduction
of fish populations [26]. For example, the daily operation of Itiquira power station
resulted in approximately 400 adult fishes being stranded and dying when discharge
flow rapidly changed over 18 h [27].

Statistical analysis and numerical simulation methods are mainly used to assess
the impact of reservoirs on hydrological regime. The statistical analysis method
mainly uses the observed historical data to examine the changes of hydrological
indicators. The indicators of hydrologic alteration (IHA) [28, 29] and the range of
variability approach (RVA) [30] are two commonly used statistical analysis methods.
IHA includes 33 indicators, and RVA is a subdivision of IHA. The effects of Kerr
Reservoir on the Roanoke River’s hydrological regime were assessed using the IHA
and the RVA [31]. For three different scenarios, the overall degree of hydrolog-
ical changes assessed by traditional RVA was 0.39, 0.42 and 0.40 respectively. The
construction of the Kerr Reservoir significantly altered the natural hydrologic regime
downstream. The RVA was also employed by Ban et al. [32] to analyze the hydrolog-
ical regime downstream of the Three Gorges Dam. Among indicators of hydrology,
the high-pulse duration, water level, and the rising rate of discharge were found to be
the properties worst affected by dam, which in turn has affected the success rate of
carp reproduction. Zhang et al. [33] simulated the runoff change of Dongjiang River
and made a scientific evaluation of the impact of the reservoir on the Dongjiang
River. Timbadiya et al. [34] employed one-dimensional hydrodynamic model to
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predict water level and submergence degree of the lower reaches of the Tapi River,
which is useful for developing flood control measures for the Tapi River. Jimeno
et al. [35] established the hydrological model to simulate runoff. The appropriate
model was selected for different research cases and the watershed scale and daily
time interval are used to evaluate the model.

At present, numerous research results on examines of time complementarity
between hydropower and PV power [36, 37]. However, there are few studies on
the hydrological regime under the influence of hydro-PV complementary operation.

This paper presents the analysis of pre- and post-dam hydrologic changes from
dams that cover the independent and hydro-PV complementary operation of HSA.
The hydrological changes were clearly quantified. Hydrological variables character-
izing crucial elements of the hydrological regime, such as water level, flow velocity,
and water surface width, were chosen for analysis. The daily variation of water
level in spawning grounds was limited, which was used to formulate the operation
scheme of HSA. The results in this paper serve as a technical reference for studying
changes in the hydrological regime and lessening their impacts on aquatic organisms
in hydro-photovoltaic complementary development.

2 Materials and Methods

2.1 Study Area

The River X is located in the inland basin of China, with rich hydraulic resources.
The largest planned hydropower dam in the basin, Hydropower Station A (HSA), is
currently being prepared for construction. HSA has multi-year regulation capacity.
In addition to participating in hydropower generation and runoff regulation, HSA is
also used to participate in peak shaving of hydro-PV complementary energy base in
the planning.

Fish that live in the X river breed and spawn mostly from April to July. The 175 km
downstream of HSA is a crucial area to protect river ecology and important spawning
area. Two sections—a section downstream of the dam site (DB) and spawning ground
(SG) were selected to study the changes of hydrological regime under different
operation scenarios.

2.2 Model Equations

Continuity equation:

90 A
o

Momentum equation:
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where ¢ is the coordinate of the calculation point time, s; g is the lateral inflow, md/s;
Q is the flow, m3/s; x is the coordinate of the calculation point space, m; A is the area
of the cross section, m?; C is the Chezy coefficient; R is the hydraulic radius, m; g is
the gravity acceleration, m/s’; and / is the water level, m.

2.3 Parameter Determination

The river roughness is a crucial parameter that must be taken into account. In this
study, the roughness coefficient is 0.053, which was determined by inverse calculation
of the observation data.

2.4 Boundary Conditions

The planned outflows of HSA were chosen as boundary conditions, as shown in
Fig. 1.

3 Results and Discussion
3.1 Flow Variations

After the completion of HSA, the average flows of typical day in April and May
were lower than the natural average flow, with a maximum decrease of 254 md/s.
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With a maximum rise of 334 m?/s, the average flow of typical day in June and July
exceeded the natural average flow.

The hydrologic changes associated with the regulation of flow are reflected in the
shape and characteristics of the hydrograph and/or flow duration curve. The daily
flow procedures of DB and SG in July served as a representation, as shown in Fig. 2.
Daily flow mostly had two peaks caused by the independent operation of HSA. In
contrast, the hydro-PV complementary operations were high on both sides and low
in the middle. In the process of the unsteady flow moving downstream, the peak flow
will gradually decrease, the valley flow will gradually increase, and the flow process
will gradually flatten,

The flow variabilities of the representative section are displayed in the Fig. 3.
The daily and hourly flow variations significantly change when the results of HSA
operation are compared to those of natural river. The daily variances of hydro-PV
complimentary operation were greater than those of natural conditions, with the
largest variances being seen in June. In June, the variances of DB and SG were
increased by 485.3 m3/s and 350.7 m3/s respectively. For HSA’s independent oper-
ation, a less pronounced pattern became apparent. The typical daily flow variances
were lower than that under natural conditions in April, May, and June thanks to
HSA’s independent operation. In July, the typical daily flow variance was greater
than that under natural condition.

The maximum hourly flow variation of natural river was 16 m®/s in July. The
maximum hourly flow variations in the independent and hydro-PV complementary
operations were substantially bigger than those found in the natural condition.

3.2 Water Level Variations

The water level variations of the representative section in July were displayed in
Fig. 4. The hourly water level process of representative section shows that it is
similar to the flow change characteristics, the variation from upstream to downstream
is smaller.
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The maximum daily and hourly variations of the water level of the representative
section were described in Fig. 5. According to the results, the maximum daily and
hourly water level variations caused by HSA were greater than the natural condi-
tions of the corresponding month. Under natural condition, the water level variations
of DB and SG were 0.2-1.2 m and 0.3-1.2 m, respectively. When HSA operates
independently, the daily water level variations of representative sections DB and SG
were 1.0-1.7 m and 1.0-1.6 m respectively. When the hydro-PV complementary
operation, the daily water level variations of DB and SG were increased to 2.0-3.6
and 2.1-3.5 m.

The maximum hourly variation of the natural water level was about 0.1 m. The
maximum hourly variation of water level during independent operation was 0.6 m
in July, while the maximum hourly variation during the hydro-PV complementary
process was 2.4 m.
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3.3 Velocity Variations

The velocities of the representative sections were shown in Fig. 6. Before the
construction of the dam, the velocity ranges of the DB and SG were 1.3-3.0 and 2.0-
4.2 m/s, respectively. The maximum flow velocities of the DB and SG when HSA was
operated independently were 2.3 and 3.5 m/s and the minimum flow velocities were
1.4 and 2.4 m/s. Under the hydro-PV complementary operation, the maximum and
minimum flow velocities at DB were changed to 2.4 m/s and 1.1 m/s, respectively.
Accordingly, the SG were changed to 3.6 and 2.1 m/s.

The flow velocities after the construction of the HSA were less than the maximum
flow velocity and greater than the minimum flow velocity of natural condition. They
were less than the highest flow velocities under natural conditions but more than
the minimum flow velocities. The flow velocity variation range of SG was narrowed
after the construction of HSA.
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Fig. 6 Velocity of the representative sections
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3.4 Water Surface Width Variations

Water surface width variations and water surface width change rates of the represen-
tative section were displayed in Figs. 7 and 8. From April to July, the average water
surface width of DB and SG in natural conditions were 44-58 m and 40-63 m. The
maximum daily variations of water surface width at DB and SG were 3.0 and 4.5 m,
accounting for 5.9 and 7.2% of the average water surface width.

The maximum daily water surface width variations at DB and SG during inde-
pendent operation were 4.4 and 4.8 m, accounting for 8.3 and 8.7% of the average
water surface width under natural condition. The maximum daily variations of the
water surface width of the hydro-PV complementary operation at DB and SG were
9.1 and 14.6 m, accounting for 18.1 and 30.1% of the average water surface width.
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3.5 The Impacts on Fish

Fish behavior is strongly influenced by the hydrodynamic environment of the river
[38]. Abrupt change of water level can lead fish to strand and even die. A sudden
increase in flow velocity may cause viscous spawning fish to lose their spawning
factors [39]. A series of hydrological data was utilized to simulate the daily variation
in water level and velocity at SG during spawning and feeding from April to July
under natural conditions. The results are shown in Figs. 9 and 10.

The daily variations of the water level at SG on a typical day from April to
July under independent operation ranged between 1.0 and 1.6 m. The maximum
daily variation of the water level under complementary hydro-PV operation was
increased to 2.1 m, which was significantly greater than the daily variations under
natural condition. The maximum flow velocity at SG for typical day of hydro-PV
complementary operation was 3.6 m/s, while it was less than 4.2 m/s during natural
condition. During the spawning and breeding period, the daily variations of water
level were larger than they would have been under nature.

The effect of the hydro-PV complementary operation was stronger than the inde-
pendent operation of HSA. The variation amplitudes of different flow velocities and
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water levels were extracted in sections to determine the acceptable hydraulic param-
eter standards for fish. As shown in Figs. 11 and 12, under natural conditions, the
highest flow velocity and water level variation ratios were 2.8-3.0 m/s and 0-0.1 m,
respectively. Rivers should be naturalized in order to lessen the effects of a dam on
the river as much as feasible [40, 41]. It can be seen from Figs. 11 and 12 that the
water level variations were within 1.2 m, and the flow velocities were within 4.4 m/s.
The daily variation in water level and velocity had a substantial influence on fish
spawning and reproduction as the limit value.

3.6 Analysis of the Operational Scheduling Optimization

Under different operations for the HSA, the daily variations of water level at SG
caused by daily scheduling during spawning and breeding were larger than variation
levels under natural conditions. Therefore, the high variation in the water level may
not meet the requirements of hydrological stability for fish spawning and breeding.

During the spawning and breeding season, which lasted from April to July, the
flows of hydropower plant A were maintained at 186—2240 m?/s. As trial calculation
circumstances, a number of typical flows, such as 200, 300, and 400 m?/s, were
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employed. As a restriction for the trial computation, the daily variation of the water
level at SG was less than 1.2 m. The allowable variation of the outflow of HSA was
shown in Fig. 13.

AQ = 0.1729Q + 164.58 3)

where AQ is the allowable flow variation of the HSA, and Q is the HSA base flow.

4 Conclusion

In this paper we assessed the hydrological impacts caused by HSA in China. A one-
dimensional unsteady flow model was used to conduct the study. We found that the
operation of HSA would significantly alter the hydrological regime of downstream.
On the basis of the simulation findings, the following conclusions were made.

The average flow on a typical day in April or May after the construction of HSA
was lower than the yearly natural flow, with a largest reduction of 254 m3/s. With
a maximum rise of 334 m%/s, the average flow on a typical day in June and July
exceeded the yearly natural flow.

Under the independent operation of HSA, the daily variation of water level at SG
is 1.0-1.6 m during spawning period; the flow velocity is 2.4-3.5 m/s, the maximum
daily variation of water surface width is 4.8 m, and the variation rate is 8.7%. Under
the hydro-PV complementary operation of HSA, the daily variation of water level is
2.1-3.5 m and the flow velocity is 2.1-3.6 m/s at section SG from April to July. The
maximum daily variation of water surface width is 14.6 m, and the variation rate is
30.1%.
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The maximum daily variation in water level at the spawning ground during the
spawning and breeding period under natural condition was 1.2 m. The flow velocities
ranged from 2.0 to 4.2 m/s, and the daily water level variations of independent
and hydro-PV complementary operations were far greater than that under natural
conditions. The flow velocity variation was consistent with what would be seen in
natural conditions.

The daily water level variation at the spawning ground was more affected by a
power station’s independent and hydro-PV complementary operation than it would
have been under nature. To account for the maximum daily variation of outflow and
various base flow relation, the trial calculations for the spawning ground used a daily
water level variation limit of 1.2 m.

Research on the best scheduling is required to support the ecological protection of
the rivers where hydropower and other energy generation projects are developed, as
well as research on the effects of the combined operation of hydro-PV complementary
and counter-regulating hydropower stations on hydrological changes.
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Effect of Dry-Wet Cycling on Shear )
Strength of Phyllite-Weathered Soil oo
in Longsheng, Guilin

Jianliang Yin, Zhikui Liu, Zhanfei Gu, Yan Yan, Yong Xiong Xie,
and Bingyan Huang

Abstract The phyllite-weathered soil is a regional speciality. It is essential to study
the changes in shear strength of phyllite-weathered soil under dry-wet cycles to under-
stand the changes in mechanical properties of phyllite-weathered soil in the process
of dry-wet climate and to manage the slope of phyllite-weathered soil. This paper
simulated 12 dry-wet cycles on the specimens of remodelled phyllite-weathered soil.
Direct shear and SEM tests were conducted on the specimens in the Oth, 3rd, 6th, 9th,
and 12th drying paths. The effects of moisture content and the number of dry-wet
cycles on the shear strength of phyllite-weathered soil were analysed macroscopically
and microscopically. The following conclusions were obtained: (1) The cohesion of
the weathered soil of phyllite will be reduced by increasing the number of cycles,
and the more the number of dry-wet cycles, the more pronounced the reduction; the
internal friction angle of the weathered soil of phyllite will be reduced by increasing
the number of cycles, but the pattern of the decrease in the internal friction angle is not
obvious. (2) The increase in the number of dry-wet cycles will increase the stiffness
and brittleness of the phyllite-weathered soil specimen, and it will change from the
weak hardening type of plastic damage to the solid softening type of brittle damage
after a certain number of cycles. (3) The SEM test found that phyllite-weathered
soil particles in Longsheng, Guilin are large, and most of the particles are in face-
to-face and angle-to-face contact, which is easy to form a hollow structure, and the
dry density value of the soil in the natural state is small. At the same time, the soil is
reddish-brown in colour because of the leaching of Fe, O3. The shear strength index
of the cemented phyllite-weathered soil with Fe, O3 is more significant than that of
phyllite-weathered soil in other areas. The soil has a good shear strength index and
a small dry density.
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Keywords Phyllite-weathered soil + Dry-wet cycles * Shear strength -
Micro-scanning + Longsheng county

1 Introduction

Longsheng County is located in the mountainous area northwest of Guilin City, which
is a typical phyllite rock area in China. The “Longji Terraces” is a famous tourist
scenic spot in the area. Longsheng County has less land and more mountains, an
inch of land, and sizeable topographic relief, resulting in natural landslides and slope
instability caused by cutting slopes to build houses, which is one of the most devel-
oped areas of landslide disasters in northern Guilin. The main soil layer in Longsheng
County is the residual clayey soil of the Quaternary System weathered by the phyllite
rock. The lower rock layer is the phyllite rock of the Arch cave group (Pt3ng) of the
proterozoic danzhou group. As a particular regional soil, phyllite-weathered soil is
formed by metamorphic phyllite rock through long-time physicochemical and weath-
ering transportation. Longsheng County of Guilin belongs to a typical subtropical
climate zone with a hot and rainy environment. Under the specific climate conditions
of the region, the soil of the phyllite-weathered soil slope of phyllite is often in a
saturated and unsaturated state and has experienced a long period of dry-wet cyclic
action. The shear strength of the soil will be affected by the damp and dry cyclic
action, thus affecting the stability of the landslide or slope.

Allam [1] found that the soil’s stiffness and brittleness would increase with the
number of dry-wet cycles, and the earth’s compression modulus and shear strength
would decrease with the number of dry-wet cycles. Zeng [2] obtained from the test
of swelling soil in the Nanning area that the shear strength of swelling soil will be
weakened continuously with the increase of the number of dry-wet cycles until it
tends to be stable. Liu [3] summarised the empirical formula of shear strength decay of
expansive soil by increasing the number of dry-wet cycles through the direct shear test
and also proposed that the shear strength decay is due to the development of fissures
during the dry-wet cycles. Chen [4] Through the test, it is concluded that the cohesive
force of red clay tends to decrease with increasing dry density, and the angle of internal
friction continues to grow under the same water content. After the remodelled red
clay cement bond is broken, the cementing force is weakened and cannot be recovered
in a short time. The increase in dry density causes the effective cementing area of
soil particles to decrease to a greater extent than it increases, leading to a decrease
in cohesion. The analysis of mechanical properties of swelling soil during dry-wet
cycles by Xu [5] found that its strength is closely related to the number of dry-wet
cycles and water content status. Zhang [6] argues that the mechanical properties of
unsaturated soils undergo irreversible changes after dry-wet cycles by finding that the
hygroscopic-dehygroscopic cycle process not only decreases the effective internal
friction angle ¢’ of unsaturated soils but also has a specific effect on the value of the
suction internal friction angle ¢b. Liang [7] measured soil microstructure parameters
rapidly and accurately using scanning electron microscopy and IPP image processing
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techniques, and fractal theory contributed Ideas to studying the pore microstructure of
red clay soils. Wan [8] conducted a systematic experimental study on the mechanical
properties and microstructural characteristics of compacted clay under the action
of dry-wet cycles (indoor simulated landfill climate) to reveal the intrinsic nature of
deformation characteristics and strength decay of compacted clay under the act of dry-
wet cycles from the microscopic level, in response to the problems such as damage
of compacted clay impermeable structure of landfill closure cover system under the
action of dry-wet cycles. The influence of factors such as threshold size, analysis
area size, scan point location, and magnification on the quantitative study of soil
microstructure was investigated by calculating its apparent porosity and soil particle
morphology fractional dimensional number from a series of SEM photographs by
Tang [9], and the influence mechanism of each factor was explored. In addition,
about there are also changes in the shear strength of various types of soils under the
action of dry-wet cycles. Liu [10-12] investigated the effects of dry density and dry-
wet cyclic activity on the water-holding capacity of soils. Zhang [13—15] studied the
law of fracture evolution of soils under the action of dry-wet cycles. Zhao [16-19]
researched the shear strength test and the fracture evolution law of phyllite-weathered
soil and red clay mixture.

There are few studies on the mechanical properties of phyllite-weathered soil, and
the mechanisms affecting the mechanical properties of phyllite-weathered soil are not
very clear, especially no studies on the soil-water interaction of phyllite-weathered
soil (including dry-wet cycles). According to previous research [16—19], phyllite-
weathered soils are powdered soils or powdered clay soils with a small plasticity
index, low clay content, quiet strength, poor water stability and water retention, and
poor soil adhesion. In contrast, the phyllite-weathered soil in the Longsheng region
has a high Fe, O3 content after leaching, and following cementation, the soil’s char-
acteristics alter in numerous ways. This paper used the shear test to investigate the
strength change of unsaturated phyllite-weathered soil during dry-wet cycles. The
test results were analysed from unsaturated soil mechanics and soil structure perspec-
tives. The research results are significant for understanding the change law of the
mechanical properties of phyllite-weathered soil during dry-wet climatic processes.
The significance of the research findings lies in their contribution to a better under-
standing of the variations in mechanical characteristics of phyllite-weathered soil in
dry and wet climates and the management of phyllite-weathered soil slopes.

2 Test Material

The test soil was taken from the weathered soil of phyllite rock on the south side of
the unstable slope of Heng Yi Road, Long Ji Xue Fu, Longsheng, Guilin City. The
soil is reddish brown, with a depth of 1-2 m, a natural moisture content of 30-55%,
and a natural dry density of 1.15-1.35 g/cm?.

The main clay minerals were kaolinite and illite. Other primary physical property
indexes are shown in Table 1.
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Table 1 Basic physical property indexes of phyllite-weathered soil

Specific | Free Sand Powder | Clay mass | Liquid Plastic Plasticity
gravity expansion | mass particle | fraction limit (%) | limit (%) | index (%)
(g/cm3) rate (%) fraction | mass (%)
(%) fraction
(%)
2.68 44 18.2 48.2 43.6 57 34.5 22.5

3 Test Method

3.1 Specimen Preparation

The air-dried moisture content of the soil samples was measured to be 3.7% after
being air-dried, crushed, and sieved through a 2-mm mesh. The original moisture
level of the crushed soil sample was adjusted to 28, 30, 32, 34, 36, 38 and 40%
by adding the appropriate amount of water and mixing carefully. Soil samples were
sealed in plastic bags, placed in a humidifying cylinder, and allowed to stand for
48 h to ensure that the moisture in the models was evenly distributed. Then, weigh
the required amount of soil sample, pour it into the ring knife, and crush it with a
hydraulic jack such that the specimen’s diameter is 61.8 mm and its height is 20 mm.
Referring to the density index of the in-situ soil, the initial dry density of the test
design specimen is 1.25 g/cm?.

3.2 Dry-Wet Cycle Test Scheme

The experiment was structured to include 12 dry-wet cycles. Seven moisture content
control points were established during the drying process: 28, 30, 32, 34, 36, 38 and
40%. The process of the dry-wet cycle is shown in Fig. 1. Firstly, some pressed heavy
plastic soil specimens were sealed and stored with an initial moisture content of 40%.
The remaining heavy plastic soil specimens were placed on a porous plate and dried
at room temperature (temperature: (20 £ 3) °C). The water content was calculated
by weighing the specimens and obtaining the change in mass. When the desired
moisture content control point of the specimens was reached, the specimens were
taken out and sealed with cling film for 48 h to allow for a more uniform distribution
of moisture inside the specimens, thus reducing the experimental error. When the
desired moisture content control point is reached, the specimens are taken out and
stored in cling film for 48 h so that the internal moisture of the specimens can be
distributed more evenly to reduce the experimental error. For the straight shear test,
four parallel samples were prepared for each moisture content control point. The
remaining specimens were dried until the residual moisture content; then immersed
in water to saturate the specimens under side-limited conditions for 48 h. After that,
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Fig. 1 Schematic diagram 554 m Moisture content control test points
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the specimens were removed, and the drying process was repeated. The straight shear
test was performed at the corresponding moisture content control point at 0, 3, 6, 9,
and 12 cycles.

3.3 Direct Shear Test

The test instrument is the ZJ-type strain-controlled straight shear instrument produced
by Nanjing Ningxi Soil Instrument Co. To determine the effect of dry-wet cycles on
the shear strength indexes (cohesion and internal friction angle), two sets of parallel
direct shear tests were conducted for each group of specimens at a shear rate of
0.8 mm/min under normal stress conditions of 100, 200, 300 and 400 kPa when the
specimens’ moisture content reached the control point. A total of 280 samples were
pressed to carry out the above dry-wet cycle tests, and the test protocol is shown in
Table 2. Figure 1 depicts the process of the dry-wet cycle in schematic form.

3.4 Scanning Electron Microscope Experiments

The electron microscope scanning instrument used in this experiment is Field Emis-
sion Scanning Electron Microscope (FESEM), model S-4800. The technical param-
eters are the magnification range from 25 x to 800,000, and the chemical element
analysis range from 4Be to 99Es. In this experiment, the effect of dry-wet cycles
on the weathered soil of Longsheng phyllite was mainly studied, so the test group
with 34% moisture content was taken as an example, and tiny cubes of about 1 cm?
were selected from the middle part after the dry-wet cycles for freeze-drying with
liquid nitrogen. Since the phyllite-weathered soil of Longsheng is not a conductive
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Table 2 Test scheme

Water content | Direct shear test options under different positive pressures
Dry-wet cycle | Dry-wet cycle | Dry-wet cycle | Dry-wet cycle | Dry-wet cycle
0 times 3 times 6 times 9 times 12 times

28 J J J J J

30 N J N N J

32 N J J N N

34 J N N J J

36 v v v v v

38 N J N N J

40 N N J N J

material, the sample was sprayed with gold to complete the SEM preparation. At
1000x, 5000x, 10,000x and 20,000 x magnification, soil samples of phyllite rock
subjected to 0, 3, 6, 9, and 12 cycles of dry-wet conditions were photographed.

4 Test Results and Discussion

4.1 Direct Shear Test Results and Analysis

The specimens meet the test requirements after completing the fabrication and dry-
wet cycle process according to the scheme in Sect. 3.2. By geotechnical criteria [20],
specimens of phyllite-weathered soil were submitted to direct shear testing, and the
test results are presented in Tables 3 and 4.

Table 3 Direct shear test of phyllite-weathered soil with dry-wet cycles under different water
content conditions (cohesion)

Water content | The cohesion of phyllite-weathered soils (KPa)
(%) Dry-wet cycle | Dry-wet cycle | Dry-wet cycle | Dry-wet cycle | Dry-wet cycle
0 times 3 times 6 times 9 times 12 times

28 32 41.3 39.6 359 31.1

30 39 50.7 47.2 45.3 39.6

32 46 54.2 52.7 51.3 43.2

34 53.2 58 56.8 54.9 48.2

36 48 53.3 51.7 50.2 46.1

38 42 47.1 46.3 44.7 38.2

40 38 38.2 36.7 35.1 29.2
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Table 4 Direct shear test of phyllite-weathered soil with dry-wet cycles under different water
content conditions (internal friction angle)

Water content | Internal friction angle of phyllite-weathered soil (°)
Dry-wet cycle | Dry-wet cycle | Dry-wet cycle | Dry-wet cycle | Dry-wet cycle
0 times 3 times 6 times 9 times 12 times

28 26.7 232 24 26.2 27.5

30 24.8 21.7 22.3 23.1 24.5

32 22 17.9 18.6 19.7 20.3

34 18.7 16.2 17.1 18.5 19.2

36 20.1 18.2 17.8 18.9 19.2

38 20.5 16.2 16.7 18.9 20.1

40 18.7 14.3 15.2 16.4 17.1

The graphs of the variation of cohesion and internal friction angle with moisture
content under the controlled number of dry-wet cycles (Fig. 2a and b) and the graphs
of the variation of cohesion and internal friction angle with moisture content under
the controlled number of dry-wet cycles (Fig. 3a and b) are plotted according to the
contents of Tables 3 and 4.

From Fig. 2a, it can be observed that the cohesive forces of the remodelled phyllite-
weathered soil specimens increased significantly from 0 times dry-wet cycles to 3
times dry-wet cycles due to the action of dry-wet cycles in the case of controlled
water content, except in the case of 40% water content, and that the cohesive forces
of the remaining six controlled water content specimens underwent varying degrees
of cohesive reduction from 3 times dry-wet cycles. Among these, the extent of the
drop in force of cohesion is shown to be at its greatest between 9 and 12 cycles.
The cohesive strength of the specimen group with 34% water content was the largest

28 |~ 28%
|—®— 30%|
o 26r A 329
\; —¥— 34%
—~ S 24+ - 36%
g 3] 38%
] & 9o 40%
=] <
=}
2 5 20l
= 8
8 3 18f
35F / 2
s 16+
<
30F 14k
0 3 6 9 12 0 3 6 9 12
Number of wet and dry cycles (times) Number of wet and dry cycles (times)
(a) (b)

Fig. 2 Variation of cohesiveness and the angle of internal friction with the number of dry-wet
cycles under-regulated moisture content
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Fig. 3 Variation of cohesion and internal friction angle with moisture content

group in this test, and the maximum cohesive force of 54.2 kPa was obtained after
the third cycle of the test. The magnitude and direction of the change in cohesion
with the number of dry-wet cycles for these two test groups with a control moisture
content of 32 versus 36% were comparable. The cohesive forces of the two groups of
tests with 28 and 40% control moisture content had lower values in this test. Under
the condition of constant water content, the cohesive force of the weathered soil
specimens of phyllite showed an overall trend of increasing and gradually decreasing
after the dry-wet cycles.

From Fig. 2b, it can be seen that the angle of internal friction shows a general
trend of gradually decreasing after the action of dry-wet cycles with constant water
content. The value of the angle of internal conflict for the group with low water
content is more significant than that for the group with high water content.

From Fig. 3a, it can be observed that the cohesive force of the phyllite-weathered
soil tends to increase and then decrease as the water content increases over the same
number of cycles. The phyllite-weathered soil with three dry-wet cycles had the
highest cohesion among the group. In this test, the cohesive force of the phyllite-
weathered soil sample after 12 wet—dry cycles has the lowest value. And it can be
observed that: the cohesive force after 3 dry-wet cycles > the coherent force after 6
dry-wet cycles > the cohesive force after 9 dry-wet cycles > the coherent force after
0 dry-wet cycles > the cohesive force after 12 dry-wet cycles.

From Fig. 3b, it can be observed that the internal friction angle of the phyllite-
weathered soil decreases, then increases by a certain amount with the increase of
water content over the same number of cycles, and then decreases again. The values
of internal friction angle are more significant for the two groups of phyllite-weathered
soil after O times cycles and after 3 times cycles and smaller for the group after 12
times cycles.
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4.2 Comparative Microscopic Analysis of Phyllite-Weathered
Soil

Figure 4 shows the SEM images of the weathered soil specimens with water content
controlled at 34% phyllite-weathered soil after O cycles. The electron microscope
scan can be used to obtain the microstructure of the phyllite-weathered soil, observe
the particle morphology of the soil particles, and estimate the division size of the
soil particles from the scale in the picture. It can be clearly marked from Fig. 4d
that the grains of the phyllite-weathered soil without circulating remodelled main-
tain a lamellar structure with flaky, long flat lamellar grains with a grain length
of 1040 wm and a thickness of 0.5-3 pm. Most soil particles are in face-to-face
and edge-to-face contact with each other. Therefore, the interior of the phyllite-
weathered soil will form a fly-over structure. The natural dry density is small. At
the same time, it can be seen that the arrangement of the particles of the phyllite-
remoulded soil is basically disordered, and the directional arrangement trend of the
particles cannot be obviously found. The overall structure of this combination of soil
aggregates is unstable in geotechnical mechanics. A laminar structure dominates the
microstructure of phyllite-weathered soil. The soil comprises varying-sized lamellar
units, primarily in face-to-face contact but partially in edge-to-face and edge-to-edge
connections to pile up and gather, forming erected lamellar agglomerates. The parti-
cles of cemented oxidised cemented clay are dispersed on the surface of the soil or
fill the pores above. Under the contact bonding of these cement, the flake aggregates
are connected into the laminated structure. The contact between the particle units is
not close, the distribution is irregular, the pores between the particles are large, and
the structural compactness is poor. The soil samples were damaged under pressure,
which is mainly due to the damage to the body of the contact unit, that is, the damage
to the bonding force between the contact soil particles, the change of the soil struc-
ture, the transformation of the contact mode, the arrangement direction between the
soil particles and other tissues.

Figure 5 is the SEM image of the phyllite-weathered soil sample with a water
content of 34% after different cycles of 20,000 times. Figure 5a demonstrates that
the particles of remodelled soil without a dry-wet cycle are relatively complete, with
more large particles, a greater pore depth, and a large number of small particles on
the surface of large particles. After three dry-wet cycles, as depicted in Fig. 5b, the
pore depth becomes shallow, the large particles are shattered, and the small particles
on the surface of the large particles are drastically diminished. After 6 and 9 cycles,
the particles were further broken, and the fine particles increased significantly. The
arrangement and combination of particles cannot find clear rules and show anisotropy.

The SEM image scanning is binarised, and MATLAB calculates the pores and
particles to obtain the proportion of pores and particles, and then the line chart is
drawn.

It can be seen from Fig. 6 that the proportion of pores in phyllite-weathered soil
samples under four different magnifications decreases first when the dry-wet cycle
is 0 to 3 times. In the case of dry-wet cycles of 3-9 times, the pore ratio of samples
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Fig. 5 Phyllite weathered soil sample magnified 20,000 times SEM image after different cycles
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amplification 1000 and 5000 times continue to increase. The proportion of pores in
the samples magnified by 10,000 times and 20,000 times increased in the case of 3—6
times dry-wet cycles and decreased in the case of 6-9 cycles. This differs from the law
of 1000 and 5000 times enlarged samples. Since the image of the sample magnified
10,000 and 20,000 times have larger soil particles and pores, the entire image is
occupied by fewer soil particles and pores, and the data obtained by the proportion
of pores in the image is more one-sided. So magnified 1000 and 5000 times, the
response of the image results is more convincing. In the case of 9—12 wetting—drying
cycles, the proportion of pores in phyllite-weathered soil continues to decrease.
The proportion of pores in phyllite-weathered soil decreases when experiencing 0-3
wetting—drying cycles, increases when experiencing 3-9 cycles, and decreases again
when experiencing 9-12 cycles. After 0, 3, 6, 9, 12 dry-wet cycles, the proportion
of pores in SEM images is about 55%, 40%, 44%, 59% and 51%, respectively.

5 Discussion and Mechanism Analysis

In the direct shear test results, the corresponding strength indexes (c and ¢) of the
remoulded soil samples after O cycles are lower than those of the remoulded soil
samples after 3 cycles. This is because when the cycle is not experienced, the particles
of the phyllite-weathered soil are large, the degree of compaction is not very high (the
dry density of the remoulded soil sample is designed to be 1.25 g/cm?), the overall
structure of the remoulded soil sample is loose, and there are many aggregates. This
leads to large pores and cracks in the remoulded soil sample. There will be bubbles
and a large amount of free water in the pores, so the obtained shear strength index is
low. After three dry-wet cycles, these pores and cracks will gradually be filled by the
solid phase components of clay, non-clay minerals, organic matter, and precipitated
salts. Therefore, the shear strength index of phyllite-weathered soil samples after 3
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times of dry-wet cycle is higher than that of phyllite-weathered soil samples after O
times the dry-wet cycle. This falls in line with the findings of other cohesive soils.

In most instances, the soil is an integrated body of soil particles, and the displace-
ment between soil particles determines the deformation process. In the process of
dry-wet cycles, the content of clay minerals and soil organic matter will be lost more
and more with the increase of cycle times, which is one of the reasons why the shear
strength index of phyllite weathered soil decreases with the increase of cycle times.

The 0 dry-wet cycle test with a relatively large test error was temporarily taken
out. The shear strength indexes of phyllite-weathered soil samples after 3, 6, 9,
and 12 wetting—drying cycles were analysed. In the same drying process, in the
optimal moisture content (33.7%) dry side, with the decrease of moisture content,
the cohesion of the sample decreases the internal friction angle increases. On the
side higher than the optimal moisture content, as the moisture content decreases, the
cohesion of the sample increases, and the internal friction angle increases [21-23].
This is because the sample suction gradually increases during drying, contributing
to cohesion and shear strength. In addition, the volume of the specimen shrinks
during drying, the pore ratio decreases, and the structure become denser, which
also contributes to the increase in the shear strength index. In addition, during the
drying process, the sample volume shrinks, the void ratio decreases, and the structure
becomes denser, which is also an important reason for the increase in the shear
strength index.

As shown in Fig. 7, after 3, 6, 9, and 12 wetting—drying cycles, the shear stress-
displacement curve (normal stress 300 kPa) of phyllite soil with 34% moisture content
are taken as an example. It can be seen from the figure that after 9 and 12 dry-wet
cycles, the phyllite samples with 34% water content showed apparent brittle failure.
The peak strength loss of the sample with 12 dry-wet cycles is more significant than
that of the sample with 9 dry-wet cycles. Combined with Fig. 8, phyllite weathered
soil samples after 3 times, 6 times, 9 times, and 12 times dry-wet cycles after a direct
shear test. It can be seen that after 3 and 6 dry-wet cycles, the sample has apparent
displacement but no shear fracture, and the shear stress does not decrease. Combined
with Fig. 7, it is inferred that the failure mode of the sample is weak hardening plastic
deformation. After the 9th and 12th wetting—drying cycles, the sample was sheared
off. But it is worth mentioning that after the 9th wetting—drying cycle, the specimen
still has a weak connection after being cut. The sample after the 12th dry-wet cycle
was utterly cut off. Combined with the shear stress-displacement curve of Fig. 7, it
can also be seen that the residual shear strength value after the 9th dry-wet cycle is
more significant than that after the 12th dry-wet cycle.

The stiffness and brittleness of phyllite-weathered soil samples showed an
increasing trend during the dry-wet cycle. The failure mode of the direct shear test
changed from a weak hardening type of plastic failure to a strong softening brittle
failure. This is because, during the drying process of the remoulded soil sample, the
suction of the soil leads to the shrinkage deformation and structural adjustment of
the soil and the crystal replacement of the clay minerals in the dry-wet cycle, which
is irreversible. The principal clay mineral of phyllite-weathered soil is kaolinite.
Isomorphous replacement and exchange capacity occur in the process of the dry-wet
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cycles. These factors are deep and need to be analysed with geotechnical engineering
soil properties.

In addition, the bound water film between soil agglomerates is an essential factor
affecting the shear strength. During the wetting process of the sample, the thick-
ness of the surface-bound water film between the soil particles is thickened, and the
water film force is weakened. In Table 3, cohesion decreases in the optimal moisture
content wet test, and internal friction angle decreases in the same dry-wet cycle with
increased moisture content. During dry-wet cycles, the water film of soil particles
becomes thinner with the increase of cycles. The soil develops cracks after experi-
encing multiple dry-wet cycles, and the number of cracks increases with the rise of
dry-wet cycles, which is one of the reasons why the shear strength index decreases
with the increase of dry-wet cycles.

The microscopic particles of the phyllite-weathered soil are large-sized particles
with substantial occlusion, which may increase the dilatancy of the soil. Thus the
shear strength is more significant. After the dry-wet cycles, the large-sized particles
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are broken, thus reducing the dilatancy and decreasing the strength of the soil. Figure 5
shows that the particles of the phyllite-weathered soil specimen after 12 cycles are
significantly smaller than those of the phyllite-weathered soil specimen after 0 and 3
cycles. The clay minerals of the phyllite-weathered soil are mainly illite and kaolinite.
Kaolinite is a hexagonal flake and correlates with its degree of crystallisation, while
illite is lamellar. The water-holding capacity of the mineral particles of the clay is
weakened after multiple dry-wet cycles, the particles are reduced, the needle-like
particles become smooth after movement, and the cohesion and internal friction
angle are reduced. Due to the dry-wet cycles, the clay minerals are leached. The
conversion of secondary minerals and the weakening of Fe,O3 cementation are also
reasons for weakening the shear strength of phyllite-weathered soil. The strength
of phyllite-weathered soil is also related to the properties of adsorbed cations, the
exchange of ions affects the stability of the soil, and the exchange of cations affects
the shear strength.

6 Conclusion

(1) Inthe case of the same water content, after the dry-wet cycling action, with the
increase in the number of cycles, the cohesion of the phyllite-weathered soil
will decrease. The more the number of dry-wet cycles experienced, the more
pronounced the decrease is. Under the same water content, the internal friction
angle of phyllite-weathered soil tends to increase and then decrease with the
number of cycles in general, but the regularity is not obvious.

(2) Under the same water content, the increase in dry-wet cycles increases the
stiffness and brittleness of the phyllite-weathered soil specimens. When the 9th
cycle is experienced, the failure mode of the specimen will change from weak
hardening failure of plastic failure to muscular softening failure of brittle failure.

(3) After0,3,6,9,and 12 dry-wet cycles, the proportion of pores occupied by pores
in SEM images is about 55%, 40%, 44%, 59%, and 51%, respectively. During
the cycling process, the small clay particles first fill part of the larger pores
through the dry-wet cycling motion, and the proportion of the area occupied by
the pores decreases. Then, after the subsequent cycles, the large particles are
broken, increasing the area occupied by the pores.

(4) As the number of cycles increases, the larger particles and agglomerates in the
phyllite-weathered soil decrease, the fine particles increase, and the cementation
strength decreases, thus reducing the shear strength of the phyllite-weathered
soil.

(5) The SEM test revealed that the phyllite-weathered soil in the Longsheng area
has larger particles, and most of the particles are in surface-surface and corner-
surface contact, which can easily form a hollow structure. The dry density value
of the soil is small in its natural state. At the same time, the reddish-brown
colour of the soil is due to the leaching of Fe,Os3. The shear strength index
(cohesion and internal friction angle) of the phyllite-weathered soil cemented



Effect of Dry-Wet Cycling on Shear Strength of Phyllite-Weathered ... 493

by Fe, O3 is larger than that of the previously studied phyllite-weathered soil. At
the same time, the soil has a better shear strength index while having a smaller
dry density.
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Quantitative Evaluation of Four Kinds )
of Site Seismic Response Analysis L
Methods Using DTW

Rui Sun and Wanwan Qi

Abstract In order to quantitatively evaluate the one-dimensional site seismic
response analysis methods, this article selected 2418 ground motion records of
Japan KiK-net strong-motion seismograph network and 2418 groups of accelera-
tion response spectra calculated by DEEPSOIL, SHAKE2000, SOILQUAKE and
SOILRESPONSE, and then‘ used the dynamic time warping (DTW) algorithm to
calculate the DTW distance between the measured acceleration response spectrum
and the calculated acceleration response spectrum. The average DTW distance and
change trend in different PGA ranges were compared and analyzed. The average
DTW distance of the four methods in weak ground motion were similar, and in the
strong ground motion, the average DTW distance of SOILRESPONSE was smaller
than the other three methods. The DTW distance of the four methods increased with
the increase of PGA, the growth rate of SOILRESPONSE was significantly lower
than the other three methods. DTW distance can accurately and effectively reflect the
difference between response spectrum, which provides a new method for quantitative
evaluation of one-dimensional site seismic response analysis method.

Keywords DTW - Site seismic response analysis + Quantitative evaluation

1 Introduction

Site seismic response analysis is an important part of geotechnical seismic engi-
neering. At present, one-dimensional numerical simulation method is mainly used to
site seismic response analysis. The frequency domain equivalent linearization method
and the nonlinear time domain method are two main methods for one-dimensional site
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seismic response analysis. According to these methods, programs such as LSSRLI-
1 [1], SHAKE [2], DEEPSOIL [3], etc. have been developed and widely used in
the domestic and international engineering community. However, the reliability and
applicability of these methods need to be verified by comparing with the measured
records.

Dynamic Time Warping (DTW) algorithm is a method to calculate the similarity
between two time series by finding the optimal mapping, which has been widely
used in many fields [4, 5]. In earthquake engineering, the DTW algorithm has also
been preliminarily applied. For example, Joswig et al. [6] used the DTW distance
to judge the main events in earthquake, Li et al. [7] showed that DTW distance can
quantitatively reflect the similarity of simulated seismic field.

This paper based on 2418 ground motion records of Japan KiK-net strong-motion
seismograph network and 2418 groups of acceleration response spectra calculated by
DEEPSOIL, SHAKE2000, SOILQUAKE and SOILRESPONSE. We calculated the
DTW distance between the measured acceleration response spectrum and the calcu-
lated acceleration response spectrum, comprehensively evaluated the DTW distance
of different PGA ranges and the overall change trend, and quantitatively analyzed
the application scope of the four numerical simulation methods.

2 DTW Algorithm

2.1 Computing Method of DTW Distance

The core idea of DTW algorithm is to find the optimal mapping between two given
time series through dynamic adjustment, and judge the similarity of two time series
by calculating the distance between the optimal mapping. The smaller the distance,
the higher the similarity [8]. This distance is called DTW distance. The DTW distance
between two spectra is calculated as follows:

(1) Assuming the measured acceleration response spectrum P and the calculated
acceleration response spectrum Q, the number of period is m and n respectively,
where P = {p1, p2, ..., p3, pm}, O =1{q1, 92, ... qn };

(2) The Euclidean distance is used to calculate the corresponding distance between
any two points of the two sequences, which is recorded as d(p;, g;);

(3) Calculate the cumulative distance to get the matrix D, the calculation is shown
in Eq. 1 and the D(m, n) is the DTW distance.

d(p1.q;)+ D, j—1),i=1
D=1d(pi,q)+DGi—-1,1),j=1 )
d(pi»qj) +min(DG — 1, j), DG, j— 1), DG — 1, j— 1), i #1,j # 1

The path formed by the optimal mapping is called the regular path w, as shown
by the red solid line in Fig. 1. There are three conditions to be satisfied by the regular
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Fig. 1 DTW algorithm regularization path

path w. Firstly, the regular path must start from the lower left and end at the upper
right, that is, from w; = (1, 1) to wy = (m, n), because the period of the response
spectrum has a sequence. Secondly, an element wy, _ | = (7', /") in the path must satisfy
I—1i <1landj—j <1,so that each element in P and Q appears in the path without
jumping, and ensure the continuity of the regular path. Finally, an element wy, _ | =
(@, j) in the path and the next point wy _; = (i, j) must meet the requirements of
— i >0andj—j > 0, so that the points on the path are monotonous with the time
axis, and ensure that the mapping lines do not cross.

2.2 DTW Distance Verification

In this paper, the original response spectrum was enlarged by 2 and 3 times respec-
tively, and the DTW distance between the original response spectrum and the enlarged
response spectrum was calculated. As shown in Fig. 2, the DTW distance between
the original response spectrum and the enlarged 2 times response spectrum is 1.781,
and the DTW distance which enlarged 3 times is 3.563. It can be seen that the greater
the difference between the response spectra, the greater the DTW distance.
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Table 1 Number of ground motion records in different PGA ranges
PGA range/g < 0.05 0.05-0.1 0.1-0.2 >0.2 Total
Number 993 1045 302 78 2418

3 Data Sources

Based on the Japan KiK-net strong-motion seismograph network [9], this paper
selected 2418 horizontal ground motion records, and collected the acceleration
response spectra calculated by four numerical simulation methods [ 10], which named
DEEPSOILS.0 (DP), SHAKE2000 (SHAKE), SOILQUAKE16 (SQ), and SOILRE-
SPONSE (SR). Table 1 shows the number of ground motion records in different PGA
ranges.

4 Calculation Results

4.1 Comparison of DTW Distance in Different PGA Ranges

In this paper, 38 period points were selected uniformly in the 0—4 s spectral period
according to the logarithmic distance, and calculated the DTW distance between the
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measured acceleration response spectrum and the calculated acceleration response
spectrum.

The average DTW distance of each method in different PGA ranges is shown in
Fig. 3, and the error line is 0.5 times of the standard deviation. It can be seen from
Fig. 3 that the average DTW distance of the four methods has little difference for
ranges with PGA less than 0.2 g, which the difference is about 0.1, the average DTW
distance and standard deviation of SQ method are relatively large. When PGA is
greater than 0.2 g, the average DTW distance and standard deviation of SR method
are the smallest, and the average DTW distance of the other three methods are
similar. It can be seen that the average DTW distance and standard deviation of the
four methods increase with the increase of PGA ranges.

Figure 4 is the typical working condition comparison between the calculated
acceleration response spectra of the four methods and the measured response spec-
trum. The measured PGA is 0.049 g in Fig. 4a, the calculated response spectra of
the four methods are basically consistent, and the corresponding DTW distances are
all about 0.5. The measured PGA is 0.088 g in Fig. 4b, the difference between the
calculated response spectrum of DP method and the measured response spectrum is
slightly greater than that of the other three methods, and the DTW distance of DP
method is correspondingly greater than the other three methods. The measured PGA
is 0.104 g in Fig. 4c, the calculated response spectrum of SR method is the closest to
the measured response spectrum, the DTW distance is 1.477, which is the smallest,
and the DTW distance of the other three methods is about 2. The measured PGA is
0.436 g in Fig. 4d, the difference between the calculated response spectrum of SR
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DTW Distance
e
T

N
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Fig. 3 DTW distance for different PGA ranges
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Fig. 4 Comparison between calculated and measured acceleration response spectra

method and the measured response spectrum is the smallest, and the DTW distance
is 3.842, which is the smallest, and the DTW distance of the other three methods is
greater than 7. It can be seen that the greater the difference between response spectra,
the greater the DTW distance. DTW distance can truly reflect the difference more
realistically.

4.2 General Trend Analysis

The change trend of DTW distance with PGA is shown in Fig. 5. It can be seen
from Fig. 5 that there is an obvious linear relationship between DTW distance and
PGA, and the fitting curve is shown by the red solid line. In terms of discreteness,
DP and SHAKE methods have less discreteness, while SQ method has the largest
discreteness. In terms of the general trend, DP and SHAKE methods have little
difference, and the growth rate is relatively fast, and SQ method takes the second
place. SR method has the smallest growth rate, and the DTW distance in strong
ground motion is smaller than the other three methods, with the maximum value of
14.2.
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5 Calculation Results

ey

@

3

DTW distance is used to calculate the similarity between two response spectra
by finding the optimal mapping, which can better reflect the difference between
two response spectra, and can be used to quantitatively evaluate the difference
of response spectra.

When PGA is less than 0.2 g, the calculation errors of the four numerical simu-
lation methods are similar. When PGA is greater than 0.2 g, the calculation
errors of SR method are less than those of the other three methods.

The calculation errors of the four methods increase with the increase of PGA,
while the growth rate of SR method is relatively small. Especially in strong
ground motions, the DTW distance of SR method does not show an obvious
growth trend, and the calculation error is relatively small.
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Study on Adsorption Model )
and Influencing Factors of Heavy Metal L
Cu?* Adsorbed by Magnetic Filler

Biofilm

Zhaoxu Li, Xiaoping Zhu, Min Zhang, Wei Guo, Qian Wu,
and Jianguo Wang

Abstract The use of biofilm to repair heavy metal pollution in rivers has become a
research hotspot in various countries and has attracted more and more attention. The
adsorption of heavy metal ions by biofilm depends on many physical and chemical
factors. In this paper, the model and its influencing factors of the adsorption of heavy
metals by biofilm attached onto the magnetic fillers containing 10% strontium ferrite
were studied. The study found that pH is the most important factor that interferes
with the adsorption of heavy metal Cu?* in biofilm. When the pH is 6.2, the adsorption
capacity of heavy metal Cu?* reaches maximum value. In comparison, temperature
has no significant effect on the adsorption of Cu®* by biofilm. When the temperature
increases from 5 to 30°C, the adsorption rate of Cu?* increased by 11.2% accordingly.
This study has important theoretical reference value for heavy metal Cu®* in-situ
repairation in rivers or lakes using magnetic filler biofilm method.

Keywords Heavy metal Cu®* - Magnetic filler biofilm - Adsorption model -
Influencing factors

1 Introduction

In recent years, with the rapid development of economy, the population has increased
dramatically, and a large number of industrial wastewater and domestic sewage
containing heavy metals have been discharged, resulting in serious pollution of heavy
metals in rivers [1]. It is increasingly urgent to repair heavy metal pollution in rivers.
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Atpresent, in-situ remediation of polluted rivers by biofilm has become a hot research
topic in many countries. While people pay attention to the removal effect of biofilm
on ammonia nitrogen, nitrogen, phosphorus and COD in river and lake water, they
also pay much more attention to the heavy metal adsorption by biofilm [2, 3]. It is of
great practical significance to study the adsorption performance of biofilm for heavy
metals in river and lake environment [4].

With the increasing attention paid to water environment treatment, magnetic
induced microbial effect has been introduced into the field of water environment
treatment, and its application has attracted the attention of more and more researchers
at home and abroad [5—8]. The related research group of this paper found that the
magnetic filler containing 10% strontium ferrite has strong adsorption efficiency for
heavy metals [9]. In this paper, the newly developed magnetic filler was used to
culture biofilm, and the adsorption model of heavy metals by magnetic filler biofilm
and its influencing factors were studied, which provided basic theory and data support
for the study of in-situ remediation of heavy metal Cu**polluted rivers or lakes with
the magnetic fillers.

2 Materials and Methods

2.1 Cultivation System Installation and Operation

In this study, a biofilm culture device was made to carry out the experiment for testing
the biofilm adsorption capacity of heavy metal Cu?* (Fig. 1a). For the culture device,
its main component is the glass container, which size was 1200 x 400 x 650 mm (L
x W x H). The glass container is divided into 5 water flow channels by 4 glass baffles
(Fig. 1b). There were 5 water flow channels are sequentially connected by four flow
holes, which are vertically arranged on the staggered edges of the glass diaphragm to
facilitate the water flow. The water pump was fixed to pump the culture liquid from
the plastic tank into the culture device through the water inlet. The nutrient solution
in the glass container overflows back to the plastic tank from the water outlet. In
order to maintain a certain concentration of DO in the culture medium, an air pump
was designed to pump air directly into each water channel.

‘When the biofilm was cultivated with the biofilm culture device, the surface sedi-
ment of the river course was collected from the river and evenly spread on the bottom
of the glass container, with a thickness of 5 cm. The surface sediment of the river
contained abundant microorganisms, which were used to inoculate microorganisms
when cultivating biofilm.

The biofilm culture solution contained a variety of nutrients (all in mg/L), mainly
including: 4.60 of Na3PO4-12H,0; 1.89 of NaH,PO4-2H,0; 17.7 of (NH4),SO4;
2.05 of MgS04-7H,0; 2.54 of NaCl; 0.74 of CaCl,-2H,0; and 1.91 of KCI. The
biofilm culture solution was continuously pumped into the glass container from the
plastic tank, and then flowed back to the plastic tank through the glass container outlet
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Fig. 1 Schematic diagram of biofilm culture device: a Biofilm culture device. b Elevation of glass
container for cultivating biofilm; (1) glass container; (2) plastic tank; (3)three-dimensional fillers;
(4) cylindrical buoy; (5) water pump; (6)flow meter; (7) water switch; (8) air pump; (9) cylindrical
aeration head; (10) water flow inlet; (11) water flow outlet; (12) glass baffles; (13) water flow hole;
(14) flow channel

again by overflow. In order to accelerate the growth of biofilm, glucose was added
to the biofilm culture medium to maintain the concentration of chemical oxygen
demand (COD) at about 120 mg/L. The flow rate of biofilm nutrient solution in the
reactor was set as approximate 0.3 m>/(m? s).

The filler used for cultivating biofilm was three-dimensional magnetic elastic filler.
The main components of the magnetic filler were shown in Table 1. Each magnetic
filler had a length of 10 cm and a diameter of 10 cm. Five pre weighed magnetic
fillers were strung together and assembled into a bunch. These bunches of magnetic
filler were strung onto PVC pontoons, and then they were put into the water channels
of the biofilm culture device, respectively.

During the biofilm cultured, the DO concentration in the culture solution was
controlled at about 4.0 mg/L. With the aid of a time control switch, the biofilm
culture solution was aerated for about 10 min every half an hour. The pH of the
biofilm culture solution is controlled at 6—8 with the aid of 1 mol/L hydrochloric acid
and 1 mol/L sodium hydroxide. The SC100e instrument (American Hach Company)
was used to monitor the DO and pH parameters simultaneously. In order to ensure
the normal growth of microorganisms in the biofilms, 40% of the culture medium in
the plastic tank was replaced every two days to maintain the nutrient contents at a
certain level.

Table 1 Percentages of filler components (%)

Polyethylene terephthalate | Strontium ferrite powder | Dispersant | Others (such as surface
(PET) active agent)

83 10 2 5
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By domesticating and culturing, the microorganisms in the culture solution, the
biofilms adhered onto the magnetic fillers in the culture device and grew cumulatively.
After continuous culturing for 60 days, the biofilms adhered onto the fillers accumu-
lated to a certain amount, when the adsorption and influencing factors experiments
of heavy metal Cu?* could be carried out.

2.2 Sampling Method of the Biofilm

On the 60th day of biofilm culture, the magnetic fillers adhered with biofilms were
carefully taken out from the culture device, placed them in a 2000 mL beaker, add
1000 mL phosphate buffer (PBS, pH 7.2), which contained 0.092 g L' KH,PO,,
0.036 g L~! K,HPO, and 0.493 g L~! NaCl. Then, the magnetic fillers were stirred
vigorously with a glass rod to remove the biofilm from the magnetic fillers. The
obtained biofilm suspension was transferred into a 2000 mL volumetric flask. 200 ml
PBS was added into the beaker, and the elution operation was repeated again, and
the operation was repeated three times, then all the obtained biofilm suspension was
transferred into the volumetric flask. Finally, the PBS was fixed into the volumetric
flask to 2000 ml for the following experiment.

The total biomass of biofilm in unit volume suspension was determined by
measuring the dry weight (DW) of biofilm. The specific operation method was as the
following. Firstly put 50 ml uniform biofilm suspension into a crucible [10]. After
weighed, the crucible was placed into the electric blast drying oven at 105 °C until it
reaches constant weight, and then placed the crucible in a desiccator to cool to room
temperature and weighed it again. The total biomass of biofilm in the unit volume
suspension was determined by using the mass difference of the two weight. Made
three parallel determinations, and took the average of the three mass differences as
the final determination result.

2.3 Determination of Adsorption Isotherm

Adsorption Model of Heavy Metal Ions by Biofilm. Heavy metal adsorption by
biofilm is a complex process, mainly including transmembrane diffusion and trans-
port. For the single component adsorption system of biofilm, there are two classical
equilibrium adsorption models. For multicomponent adsorption, an extended adsorp-
tion model had been developed based on the single component adsorption system
model [11].

Langmuir adsorption mode:

QbC,
1+bC.

(D

qe
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Frenndlich adsorption mode:

1
4e = KrCe (2)

In the formula:

g,—the amount of heavy metals adsorbed by the adsorbent per unit mass when
the adsorption equilibrium is reached, mg/g; Q—the amount of metal adsorbed by
the adsorbent per unit mass, mg/g; b—the adsorption constant, L/g;

C.—the mass concentration of heavy metals in solution at adsorption equilibrium,
mg/L; K, 1—Frenndlich constant.

Determination of Adsorption Isotherm. In the first step, took six 150 ml conical
flasks and added 150 ml of Cu?* solutions with the mass concentration (C0) of 10,
20, 30, 40, 50 and 60 mg/L respectively. In the second step, adjusted the pH of the
solution to 5.0, and added 10 g biofilm (wet weight) to the conical flask. Put the
conical flask into the constant temperature freezer and shaked it for 1 h. The speed
of the freezer is 120 r/s. And then, the suspension in every conical flask was filtered
using 0.45 pm microporous membrane and fixed the volume to 250 ml. At last,
the mass concentrations of Cu element in the treated samples were determined by
ICP-AES.

2.4 Experiment on the Influencing Factors

The pH Influencing Factor. Six 250 ml conical flasks numbered from P1to P6 were
taken and added 150 ml of Cu?* solution with a mass concentration of 40 mg/L., then
20 g biofilm (wet weight) were added to every conical flask, and adjusted the pH of
the solution to 2.0, 3.0, 4.0, 5.0, 6.0. 7.0 and 8.0, respectively. Then, put the conical
flask into the constant temperature freezer at 20°C and shaked them for 1 h. The
rotating speed of the freezer is 120 r/s. And then, the suspension in every conical
flask was filtered using 0.45 pm microporous membrane and fixed the volume to
250 ml. At last, the mass concentrations of Cu element in the treated samples were
determined by ICP-AES.

The Temperature Influencing Factor. Similar to above, six 250 ml conical flasks
numbered from W1 to W6 were taken and added 150 ml of Cu?* solution with a
mass concentration of 40 mg/L, then 20 g biofilm (wet weight) were added to every
conical flask, and adjusted the pH of the solution to 5.0. Secondly, put the conical
flask into the constant temperature freezer at a series of temperatures (5, 10, 15, 20,
25, 30 °C) and shaked them for 1 h, respectively. The rotation speed and subsequent
filtering operation and detection were the same as those in subsection.
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I?:)I::, 12 Cly—v AorEkSml%l sli ;rlir:;itters ICP-AES working parameters Setting value
RF power (KW) 1.3
Flow rate of cooling gas (L/min) 15.0
Flow rate of spray gas (L/min) 0.8
Flow rate of auxiliary gas (L/min) 0.2
Solution uptake rate (mL/min) 15.0
Analytical wavelength of Cu element (nm) 327.393

2.5 Determination of Heavy Metal Cu**

The concentration of heavy metal Cu?* in the above samples were determined by
ICP-AES method. The main working parameters of ICP-AES instrument were as
follows: the radio frequency (RF) power is 1.3 kW; the cooling gas flow rate, the
spray gas flow rate and the auxiliary gas flow rate were 15.0, 0.8 and 0.2 L/min,
respectively; the observation mode was radial or axial, and the solution uptake rate
was 15.0 m L/min; the analytical wavelength of heavy metal Cu determined was
327.393 nm (Table 2). The concentration of heavy metal Cu?* in the samples were
determined three times in parallel, and the average values were taken. The amounts
of heavy metal Cu?* adsorbed were calculated according to the concentrations of
Cu?* before and after the adsorption and the corresponding volumes. The adsorption
amounts of heavy metal Cu?* in the experiment were calculated according to the
concentration values of Cu®* before and after the adsorption and their corresponding
volumes.

3 Results and Discussion

3.1 Determination of Adsorption Model of Heavy Metal Cu**

The adsorption model of heavy metal Cu?* adsorbed by magnetic filler biofilm was
studied as an example showed in Fig. 2.

The adsorption isotherm of Cu?* adsorbed by magnetic filler biofilm was perfor-
manced as the Fig. 2a. It can be seen from Fig. 2b that the saturation adsorption
capacity of the magnetic filler biofilm containing 10% strontium ferrite compo-
nent for Cu®* is about 0.37 mg/g. The experimental results of the saturated adsorp-
tion capacity of the magnetic filler biofilm containing 10% strontium ferrite on
heavy metal Cu?* were processed to perform linear fitting of Langmuir model and
Freundlich model, and the equilibrium model of the biofilm adsorption of heavy
metal Cu?* was discussed, as was shown in Fig. 2b and c. The results showed that
the adsorption of heavy metal Cu* by biofilm is in better agreement with Langmuir
model than Freundlich model. The correlation coefficient R? of Langmuir model is
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Fig. 2 Adsorption model of heavy metal Cu>* adsorbed by magnetic filler biofilm: a Adsorption
isotherm; b Linear fitting of Langmuir model; ¢ Linear fitting of Freundlich model

0.982, and the correlation coefficient ruler of Freundlich model is 0.950. Therefore,
the adsorption of heavy metal Cu?* can be fitted by Langmuir model.

3.2 Study on Influence FACTORS of Heavy Metal
Adsorption by Magnetic Filler Biofilm

The pH Influencing Factor. As shown in Fig. 3, the adsorption capacity of the
magnetic filler biofilms for heavy metal Cu?* showed a parabolic relationship with
the pH value. There is an optimal pH range for adsorbing heavy metal Cu®**, and
the optimal adsorption pH range is 5—7. When the pH value reached 6.2, the adsorp-
tion capacity was the largest. It can be inferred that the adsorption capacity of the
magnetic filler biofilm for heavy metal Cu®* decreases when it deviates from the most
appropriate pH range. As is the reason that when the acidity increases, the degree
of amino protonation in biofilm proteins, which exist in biofilm microorganisms
or extracellular polymers, etc., increases, and its coordination ability with metals
weakens. Moreover, a large amount of H* and H;O™ in the system will compete for
adsorption sites with heavy metal Cu?*, which results in a decrease in the adsorption
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ability of magnetic filler biofilm for heavy metal Cu?*. When the pH value is greater
than the optimal range, heavy metal Cu®* will hydrolyze to generate corresponding
hydroxides and deposit on the surface of the biofilm, which will affect its biosorp-
tion active sites to a certain extent, and also lead to the decline of the ability for the
magnetic filler biofilm to adsorb heavy metal Cu?*.

The pH value can not only have a significant impact on the active sites of heavy
metals bound by biofilms, but also have a significant impact on the chemical reactions
of heavy metal solutions (such as inorganic coordination, organic complexation,
redox, hydrolysis, precipitation, etc.) [12]. The adsorption capacity of biofilm for
heavy metal Cu®* increases with the increase of pH value, but there is no linear
correlation between the two. At the same time, the heavy metal Cu?* will slightly
precipitate when the pH value is 5.5. Thus it can be seen, too high pH value will not
be conducive to the heavy metal Cu®* biological adsorption [13].

The Temperature Influencing Factor. It can be seen from Fig. 4 that temperature
has a certain effect on Cu?* adsorption by magnetic filler biofilms, but it is not very
significant. At 5°C, the Cu?t adsorption rate was 46.3%, and at 30 °C, it was 57.5%.
When the temperature increased by 25 °C, the Cu>* adsorption rate only increased by
11.2%. Compared with pH value, the effect of temperature on biosorption is relatively
small. Generally speaking, biosorption is an exothermic reaction process. Therefore,
the adsorption capacity of microorganisms to heavy metal Cu?* increases with the
decrease of temperature. However, sometimes biosorption is also an endothermic
reaction process. Han et al. [14] found that S Cerevisiae’s adsorption capacity for Cu
increases with the increase of temperature (at 293 k, the adsorption capacity for Cu
is 0.00809 mmol g~'DW., and when the temperature rises to 323 K, the adsorption
capacity continuously increases to 0.0206 mmol g~'DW.), which is an endothermic
reaction. However, too high a temperature will not only destroy the active site of the
biosorbent, resulting in a decrease in the amount of heavy metal Cu?* adsorbed, but
also increase the operating cost [15, 16].

The adsorption of heavy metal Cu?* by magnetic filler biofilm depends on many
physical and chemical factors. In addition to pH value and the temperature, other
factors such as the adsorption time, the amount of magnetic filler biofilm, microbial
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activity in the biofilm, the initial concentration of heavy metal Cu?*, and other coex-
isting heavy metal ions will affect the adsorption of heavy metal Cu** by magnetic
filler biofilm. For example, the adsorption capacity of cells with biosorbents for heavy
metal ions at the early and late growth stages is stronger than that at the stable growth
stage (plateau stage) [17]. Some studies have shown that the magnetotactic bacteria
preferentially adsorb Zn?* in the binary competitive adsorption system for the coex-
istence system of Cu?* and Zn?* (the concentration of both ions is the same), and
the adsorption rate is reduced by 36.76 and 24.5% compared with the single system
of them, respectively [18].

4 Conclusions

In this paper, the adsorption model and influencing factors of heavy metal Cu** by
magnetic filler biofilm were studied. According to the research, the adsorption of
heavy metal Cu?* by magnetic filler biofilm can better fit Langmuir model linearly
than Freundlich model. The adsorption of heavy metal Cu?* by magnetic filler biofilm
is affected by many factors. Among the many factors affecting the adsorption of heavy
metal Cu®*, pH is the most important factor affecting the adsorption of heavy metal
Cu?* by biofilm. The temperature have certain effects on the adsorption of heavy
metal Cu?* by biofilm. In addition, the microbial activity in the biofilm and the initial
concentration of heavy metal Cu* in the solution will also affect the biosorption of
heavy metal Cu*. This study on heavy metal Cu** absorbed in magnetic filler biofilm
has a very broad application prospect in water environment treatment, which will
play a far-reaching influence and role in the treatment and improvement of aquatic
ecological environment quality in China.
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Reliability Evaluation Methods )
of Accelerated Degradation Test for oo
Fiber-Optic Gyroscope Under

Temperature Environment

Renging Li, Jin Li, Yan Song, and Kun Wang

Abstract Fiber Optic Gyroscope (FOG) is a kind of rotation sensor with high reli-
ability and long lifetime. Accelerated life test is hard to obtain enough failure data
for reliability evaluation. By analyzing failure mechanism, the sensitive environ-
ment stress and performance degradation parameters of FOG are determined. Then
an accelerated degradation test (ADT) is undertaken to obtain reliability informa-
tion. Wiener process is introduced to describe performance degradation path and the
Arrhenius model is selected as accelerated model. Considering epistemic uncertainty
in monitoring, an interval linear regression model for ADT is introduced. Then the
reliability of FOG at operating environment stress is evaluated. By discussing the
reliability assessment results, the methods in this paper are feasible for FOG.

Keywords Fiber optic gyroscope + ADT - Wiener process * Reliability - Interval
regression model

1 Introduction

Fiber Optic Gyroscope (FOG) is a kind of rotation sensor, which has the merits of
high reliability, long work lifetime, large dynamic range, simple architecture, light
weight, and so on [1]. As an important navigation equipment, FOG has been widely
used in aircraft, ships and satellite. It’s necessary to evaluate the reliability of FOG
accurately to manage products scientifically and effectively.

With high reliability, accelerated test is usually introduced to obtain more relia-
bility information of FOG. Ma et al. [2] summarized the accelerated test technology
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of mechanical gyroscopes and optic gyroscopes. And the conclusion is that ALTs
and ADTs of critical component are valid way to evaluate the overall life of the
gyroscopes. Chao et al. [1] developed research on the reliability of superfluorescent
light diode (SLD) through accelerated life test. By analyzing the failure mechanism
and the configuration of SLD, an Arrhenius life-stress relationship was obtained. By
utilizing Weibull distribution as its life distribution function, reliability assessment
was achieved. Zhang et al. [3] developed research on accelerated life test of the key
component of FOG and assessed the reliability.

As FOG is high reliable, it’s hard to obtain failure data by ALT. ADT is also
utilized to evaluate reliability of FOG. Chen et al. [4] studied feasibility of acceler-
ated degradation test for FOG. By analyzing the performance data under temperature-
accelerated stress, the accelerated ability of performance degradation was demon-
strated. In paper [5], step-stress accelerated degradation test with two accelerating
stresses was proposed to evaluate FOG’s reliability and lifetime. And a degradation
path model including residual standardized coefficients was presented to describe
degradation path.

The degradation data is usually processed as precise data. But during tests, there
exists measurement tolerance and different cognition from testers, which results
in epistemic uncertainty of performance degradation data [6]. For imprecise data,
Wang et al. [7] developed reliability analysis on competitive failure processes under
fuzzy degradation data. David et al. [8] researched a non-linear fuzzy regression for
estimating reliability in a degradation process. Liu et al. developed an evaluation
method for accelerated degradation testing with interval analysis based on Wiener
process [6].

The main purpose of this paper is to investigate reliability evaluation methods of
ADT for fiber-optic gyroscope under temperature environment. The sensitive stress
and performance degradation parameters are obtained through failure mechanism
analysis. An ADT is undertaken to obtain performance degradation data of FOG.
Then a reliability evaluation method based on Wiener process and interval regres-
sion model is introduced to assess the reliability of FOG. The remaining parts are
organized as follows. Section 2 is devoted to describe the ADT undertaken for FOG
and the performance degradation data. In Sect. 3, the reliability of FOG is evaluated
based on Wiener process. In Sect. 4, an assessment method based on Wiener process
and interval regression analysis is utilized to evaluate the reliability. Conclusions are
drawn in Sect. 5.

2 An ADT Testing for Fiber Optic Gyroscope

2.1 Failure Mechanism and Sensitive Stress

Fiber Optic Gyroscope is a kind of rotation sensor, which has the merits of long work
lifetime, large dynamic range, small size, and so on. FOGs usually contain optical
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components, electronic components and architectural components. As key compo-
nents, optical components consist of superfluorescent light diode (SLD), photode-
tector, phase modulators and optic coupler. Compared with well-developed electrical
components, optical components are less reliable [2]. Ma et al. [9] and Zhang et al. [3]
conducted failure mode, effect and crisis analysis to FOGs. From the crisis matrix, the
drop of light power of the SLD is the most critical problem, which means SLD is the
most fragile part of FOGs. SLDs usually contain lighting tube, semiconductor, heat
radiator structure, thermal resistor, fiber pigtail and so on [1]. Research on the failure
mechanism of SLD is conducted to obtain cause of failure and sensitive stress. From
literature [3], the failure of lighting tube itself and the coupling failure between fiber
pigtail and lighting tube is the frequent failure modes of SLD. And abrupt failure,
quick failure and degradation failure are three primary failure modes of lighting
tube. The degradation failure is prevalent. Abrupt and quick failure modes usually
result from technologic defects, which can be carried out by stress screening test.
But degradation failure is nonreversible and always occurs with the accumulation of
working stress. The performance degradation is affected by environment temperature
and temperature is the sensitive stress of FOG [10]. So, temperature is selected as
accelerated stress for ADT in this paper. The main performance parameters of FOG
are zero bias, zero-bias stability and scale factor.

2.2 An Undertaken ADT

As FOGs have long life and high reliability, an ADT is undertaken to obtain reliability
information of FOGs efficiently. In this paper, test samples and test stresses are shown
in Table 1.

The performance parameters, monitoring period and corresponding failure
thresholds are selected in Table 2.

Table 1 Test samples and Num | Test samples No. | Number of test | Accelerated test
test stresses o
samples stresses (°C)
001#, 002# 2 T,=175
2 003#, 004# 2 T, =80

Table 2 The performance Num Performance Failure threshold Monitoring
parameters parameter period (h)
1 Zero bias —5~5%%h 96
2 Zero-bias <02 96
stability
3 Scale factor < 600 ppm 96
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Fig. 1 The processed degradation data of scale factor parameter

An ADT with censoring time ¢t = 1056 h is conducted to obtain performance
degradation data. From testing results, only scale factor has an obvious degradation
trend and the processed data are shown in Fig. 1.

3 Reliability Evaluation Method for ADT Based on Wiener
Process

With good statistical prosperity, stochastic modeling and analysis is usually intro-
duced for degradation modeling for highly reliable products [11]. And Wiener process
is widely used in degradation modeling [12—15]. The performance parameter X (t) is
assumed to follow a general Wiener process as following [16].

X(t) = uA1) + o B(A1)) (D

If X(0) # 0, X(t) = X(t) —X(0). Here, o is diffusion coefficient. B(.) is stan-
dard brown motion. A(t) is a monotone increasing function and A(t = 0) = 0.
With a goodness-of-fit, let A(t) = 7. And w is drift coefficient. For Weiner process,
increments of degradation AXj is expressed as follow.

AX; ~ N(uAt;, o°Aty) 2
Here, AX; = X(t;) — X(t;— 1) and At; = A(t;) — A(ti— ).

Astemperature is the accelerated stress, Arrhenius is selected as accelerated model
shown as [17, 18].
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Here, dM /9t is degradation rate. Ea is activation energy. T indicates temperature.

And k is Boltzmann constant. A is constant.
The relationship of drift coefficient u and T can be expressed as following [2].

Ihp=a+p8/T
Here, « = 1In(Ap) and 8 = —Ea/k.
When X(t) crosses a pre-specified failure threshold C, the product is failure and
the first-passage-time 7'¢ satisfies Inverse Gaussian distribution as following.

A(Tc) ~ I1G(C/u, C*/o?) 4)

And the reliability function R(t) is expressed as following.

C—uA
R(UIC, 0. ) = @(#(t()”)—
2uC C + 1A
exp( o )q)(_ o /AD ) ®

The log-likelihood function of Eq. (2) can be maximized to obtain the maximum
likelihood estimators of parameters in Eq. (5). When the operating stress is 25 °C,
the R(t) curve is shown in Fig. 2.

From Fig. 2, R(t) = 0.80662 when ¢ = 8000 h.
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Fig. 2 The R(7) curve based on Wiener process
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4 Reliability Evaluation Method for ADT Based on Wiener
Process and Interval Regression Analysis

There is epistemic uncertainty in ADT modeling [3]. In order to describe the epistemic
uncertainty in ADT, interval analysis is introduced to evaluate reliability of ADT.
An interval linear regression model can be written as following [4].

FXY)=Ao+Aiyi +---+Ayy, =AY (6)

Here,y=(1,y;...,yq)is aninput vector. F'(¥) is the corresponding estimated interval.
A = (Ap..., Aq) is an interval coefficient vector and A; = (a;, ¢;), where q; is a center
and c; is a radius. By interval arithmetic, F(Y};) is expressed as.

F(Y;) = {(ao, co) + (ar, ci)yi1 + -+ {aq, ¢g)Vig
= (a"yi. " |yil)
_ T ._ T L= . 1T
Here, a = [ag, a;..., a4]", ¢ = [co, C1,..., ¢g]" and y; = [1, yi1,..., Yigl -

By interval arithmetic, the possibility and necessity estimation models are
expressed as [4].

F*(Y) = Aj+ Ajyi+---+ ALy, = ATY (7)

Fo(Y) = A+ Agyi+ -+ Ay vy = ALY ®)

It’s assumed that A;* = (a4, dj)and A+ = (aj, ¢;). Quadratic programming approach
is introduced to solve Egs. (7) and (8) as following.

: T T T
min d (;w,nm )d+5a a

a’yi+d" |yl = F(Y;)
subject a’y; —d" |y;| < F(Y;)
to dj>0 j=0,1,....9
i=12,...,n ®)
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n
min cT<;|yi||yi|T>c+écTc
1=

a'yi +c'lyil < F(¥)
subject a’y; — c'|y;| = F(Y;)
to ¢;>0 j=0,1,...,¢q
i=1,2,...,n (10)

The monitored degradation interval vector F(Y) satisfies the following constrains.
F.(Y) S F(Y) S F*(Y) Y

According to Egs. (9-11) can be expressed as following quadratic programming
problem.

min d" (; |yi||yi|T>d +&@ a+c"o)
ayi+ "yl +d" |yl = F(Y;)
a’yi ="yl +d" |yl < F(Y)
subject a’y; +cTyi| < F(Y))
to a’y; — "yl < E(Yy)
¢;j>0d;>0j=0,1,....q
i=1,2,...n (12)

For Wiener process satisfied Eq. (1), the expectation E(X(t)) = p A(t). For a data set
with crisp inputs A(t) and interval outputs [X, X], i can be abstained.

For the processed data are shown in Fig. 1, let Ax ~ N(2, 0.04) and let X +
IAx], where the higher degree of epistemic uncertainty with large Ax. Then interval
degradation data [x;;;X;;x] is obtained. Here, i indicates the number of accelerated
stress levels and i = 1, 2. The j is the number of testing samples in ith stress level
and j = 1, 2. The k indicates the monitoring time and k = 1, 2...,11. For interval
degradation data (jjk, [x;jk, X;jx]), model (9) is selected to obtain [s;;, f;;]. Then
[, 1271 is expressed as. T

2
K= mln{j(zjl [Eij’ ”ij]}

2
u; = max{jl:]1 [ﬂij’ u,-j]}

The diffusion coefficient o is expressed as following.
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2
- = 5
\/(xijk = X + O = X0 —
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For (T}, [& , m]), Eq. (6) is introduced to develop interval regression analysis. By

solving model (12), &, ¢ and d can be obtained. With known operating stress, [0, ol
is obtained. And R(t) is expressed as.

[E’EOIC 0, Ho € [@,m]) _

[R(th, 0. T00), R(t|C, o, @)]

When Ty = 25°C, the reliability R(t) is shown is Fig. 3.

From Fig. 3, [E, ?] = [0.80137, 0.83118] when ¢ = 8000 h.

From Figs. 2 and 3, the epistemic uncertainty can be considered in the reliability
evaluation model based on Wiener and interval regression analysis. When Ax varied,
[R. R] = [0.80747, 0.83601] when ¢ = 8000 h with Ax ~ N(1, 0.02) and [R, R] =
[0.79545, 0.82648] when t = 8000 h with Ax ~ N(3, 0.06). When mean value of Ax
increases, the value of AR = R — R increases, which means it’s necessary to reduce
epistemic uncertainty.
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Fig. 3 The R(¢) curve based on Wiener process and interval regression analysis
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5 Conclusions

In this paper, failure mechanism analysis is introduced to obtain sensitive environ-
mental stress and performance degradation parameter of FOG. An ADT is under-
taken to obtain performance degradation data. Then a reliability evaluation method
based on Wiener process is introduced. Considering epistemic uncertainty, a relia-
bility assessment method based on Winer process and interval regression model is
introduced. The reliability assessment results illustrate the feasibility of ADT for
FOG.
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