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Preface

Bearing capacity is not an easy term to define. It is used to express the traffic load a pavement
structure can withstand without showing severe damage. It is not a measure of the ultimate
structural strength that will cause a failure state for a single vehicle if exceeded. The ultimate
strength of a pavement is normally significantly higher than the bearing capacity. For rehabili-
tation projects, the bearing capacity is becoming more and more important, and it is a challen-
ging task for an engineer to determine the remaining bearing capacity of a structure and how
this capacity could be further utilized.

This conference is the eleventh in the series started in Trondheim 1982 and arranged at four-
year intervals under the title Bearing Capacity of Roads and Airfields, BCRA. At the sixth
conference in Lisbon, Portugal, railway tracks was added as the third important component.
The acronym is since then BCRRA. The conference has been organized at five cities in add-
ition to Trondheim (1982, 1990, 1998, 2005 and 2013): Plymouth, UK (1986), Minneapolis,
USA (1994), Lisbon, Portugal (2002), Champaign, USA (2009) and Athens, Greece (2017).

The BCRA/BCRRA conferences have contributed to creating and sharing knowledge in this
area through more than 2000 papers and an even higher number of participants in the
conferences.

The organizing committee would like to express gratitude to all that have participated in
making this conference possible.

‘/f / //2/
7
Inge Hoff

Chair of the organizing committee



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com



Eleventh International Conference on the Bearing Capacity of Roads,
Railways and Airfields, Volume 2 — Hoff, Mork & Saba (eds)

© 2022 copyright the Editor(s), ISBN 978-1-032-12049-2

Open Access: www.taylorfrancis.com, CC BY-NC-ND 4.0 license

Organizing committee

Inge Hoff, Norwegian University of Science and Technology (NTNU), Trondheim, Norway
Helge Mork, Norwegian University of Science and Technology (NTNU), Trondheim, Norway
Rabbira Saba, Norwegian Public Roads Administration (SVV), Trondheim, Norway

Leif Baklokk, Norwegian Public Roads Administration (SVV), Trondheim, Norway

xi


www.taylorandfrancis.com

Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com



Policies on the bearing capacity of roads, railways and airfields



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com



Eleventh International Conference on the Bearing Capacity of Roads,
Railways and Airfields, Volume 2 — Hoff, Mork & Saba (eds)

© 2022 copyright the Author(s), ISBN 978-1-032-12049-2

Open Access: www.taylorfrancis.com, CC BY-NC-ND 4.0 license

The relationship between surface crack features and bearing
capacity of the pavement

Nakamura Hiroyasu
Research Institute, NIPPO Corporation, 6-70 Mihashi Nishi-ku Saitama-shi,, Saitama, Japan

Kameyama Shuuichi
Hokkaido University of Science, 7-15-4-1 Maeda Teine-ku Sapporo, Hokkaido, Japan

Sakuraba Akira
TAIRIKUKENSETSU Corporation, 1-1-2 Hoshigauraminami Kushiro, Hokkaido, Japan

Kawabata. Shinichirou
Hokkaido University of Science, 7-15-4-1 Maeda Teine-ku Sapporo, Hokkaido, Japan

Tomiyama Kazuya
Kitami institute of Technology, 165 Koen-cho Kitami, Hokkaido, Japan

ABSTRACT: In Japan, a road surface characteristics measuring vehicle has been used for
pavement inspection since the 1970s. At the present time, about 60 road surface characteristics
measuring vehicles are used in Japan. There are three inspection items: cracks, rutting, and
roughness. Cracks are evaluated by the ratio of the area of cracks with a width of 1 mm or
more, but the length and width are not used. FWD is used to evaluate the structure of cracked
areas. However, the relationship between these inspection items and FWD has not been clari-
fied. Therefore, in order to manage the pavement efficiently, a new method for evaluating
cracks was examined. Using a measuring vehicle that can acquire cracks with a width of less
than 1 mm, the shape of the cracks were arranged. The shape of the crack focused on the
width, intersection, length, and area. The measurement was performed in four sections having
different types of cracks. As a result, there was no relationship between the conventional
crack evaluation method and FWD, but a correlation was confirmed between the crack length
and the FWD deflection.

Keywords: pavement, rack, bearing capacity, FWD, minute cracks

1 INTRODUCTION

Infrastructure built in Japan during the period of rapid economic growth from 1954 to 1975 is
now rapidly aging. For example, it is estimated that the percentage of road bridges at least 50
years old will double over the next decade from about 27% in 2019 to about 52% in 2029"). It
has been pointed out that if government finances remain in their current constrained condi-
tion, it may be difficult to secure sufficient funds for the maintenance, management, and
renewal of such infrastructure.

DOI: 10.1201/9781003222897-1
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Following the collapse of ceiling plates in the Sasago Tunnel on December 2, 2012, an inten-
sive inspection was conducted in February 2013 to confirm the safety of roadway stock and
prevent injury to third-parties. Subsequently, in June 2013, the Road Act was amended to
mandate relevant inspection standards and to establish a government-directed proxy system
for repair work. In March 2014, a ministerial ordinance on periodic inspections, together with
a public notice of same, was promulgated. And thus, from July 2014 onward, all bridges and
tunnels have been subject to a regime of detailed visual inspection once every five years.
Inspection items for bridges include cracking of decks and piers, and the degree of damage is
evaluated by close visual inspection of the presence, shape, and length of such cracks. Inspec-
tion items for tunnels include cracking at the tops of lining arches and portals, and if such
cracks are found, their location, length, and width (W) are measured using the same general
procedures as those for bridges.

To extend the service life of roadways in Japan through effective maintenance, the govern-
ment instituted a set of maintenance inspection guidelines in October, 20162 . Since that
time, inspections have been carried out in accordance with these guidelines”. The guidelines
set targets for the service life of national roadways considered to be particularly susceptible to
wear (e.g., those paved with asphalt). It is important to promptly repair and restore roadways
that have exceeded control values ahead of their target service life (i.e., sections of roadway
within “area d” in Figure 1)®.

Diagnostic category Pavement-deterioration curves

Excellent durability

1 T
Early term Mid-term Lateterm  Pavement service life
Target service life

Figure 1. General categories of pavement inspection and diagnosis®"

The guidelines stipulate that inspections be conducted visually or by using measurement
equipment. For equipment-based inspections, road surface condition measurement vehicles
(RSCMVs)” that photograph the road surface are widely used. These vehicles are used to
check for surface cracks and ruts and to determine the International Roughness Index value
of the road. A surface crack can begin as a single line and progress to a tortoise-shell pattern.
Therefore, among the three inspection items, cracking is considered to be the most strongly
related to the structural integrity of the pavement. Furthermore, cracks can provide a conduit
for rainwater to seep into the interior of the road, which can lead to potholes® and weakening
of the roadbed and road base”. It is thus critically important to properly assess road surface
cracking and take suitable action.

In Japan, crack ratio'® is used as an index for assessing cracks in asphalt pavement. This
ratio is determined by the method shown in Figure 2. The roadway surface is overlain with
a grid consisting of 0.5 X 0.5-m squares having an area of 0.25 m>. Then, the proportion of
squares containing a crack of ¥ > 1 mm is calculated. Using this approach, the crack rate can
be easily determined. When a single crack is found in a 0.25 m? square, the area of the crack is
taken to be 0.15 m?, whereas if two or more cracks are found, their area is taken to be
0.25 m>. However, if more than two cracks are found, the assessment is the same, and

4



0.5m - 0.15m? B 0.25m?
——

0.5m
—_——
|

Figure 2. Method for calculating the crack ratio of asphalt pavement.

information such as crack length, shape, and complexity is not used. Also, as stated above,
only cracks of W > 1 mm are counted; narrower ones are not, even though rainwater may also
seep through such cracks and similarly weaken the road base or roadb ed. This is because,
when RSCMVs first appeared in the 1970s, inspection capabilities were restricted by the low
camera resolution and limited data processing capabilities of the day. However, now that
photographic and data processing technology is considerably more advanced, it is possible to
analyze pavement cracking to a much higher level of detail.

In this research, we utilized a vehicle-mounted measurement system consisting of a high-
resolution line laser and a newly developed crack detection program. We measured not only
conventional cracks W > 1 mm, but also microcracks (MCs) of W < 1 mm. The measured
cracks were classified into six categories according to width: < 1 mm (Category 1); 1-2 mm
(Category 2); 2-3 mm (Category 3); 3-4 mm (Category 4); 4-5 mm (Category 5), and >5 mm
(Category 6). Crack characteristics, including number of intersections/branches, crack length,
and crack area, were obtained. We then clarified the relationships between these characteristics
and the crack ratio as well as among the crack characteristics. We also conducted falling-weight
deflectometer (FWD) tests in order to investigate the relationships between crack characteristics
and pavement load-bearing capacity.

2 INVESTIGATION OVERVIEW

(1) Sections investigated

For this study, a private toll road (10 km long) was chosen for investigation. This road is
closed from 7PM to 7AM, so no traffic restrictions were necessary during that time, and we
were free to conduct our investigation without any particular impediments. The surface layer
of this section of road is a dense-graded asphalt mixture having the same pavement configur-
ation over its entire length; the average asphalt thickness was 15 cm. The intended California
Bearing Ratio (CBR) of the roadbed is not known because no record remains from its initial
construction; however, the roadway has a heavy vehicle traffic classification of N2. For this
study, we chose four 100-m sections with different surface-layer ages (Table 1). Section 1 had
the shortest service life (6 years), and Section 4 had the longest (21 years). Sections 2 and 3
rest entirely on fill, whereas Sections 1 and 4 both have a boundary between the cut and fill.

Table 1. Service life and road earthwork performed on inspected sections.

Inspection section Service life (roadway surface) Roadway earthwork

Section 1 6 years (repaired in 2013) Front 35 m: fill Back 65 mm: cut
Section 2 15 years(repaired in 2004) All fill

Section 3 9 years(repaired in 2010)

Section 4 21 years (repaired in 1998) Front 10 m: cut Back 90 m: fill




(2) Investigation method

In Japan, RSCMVs are used to perform annual inspections of roadway surface
conditions'". For the test results to be considered reliable, the resolution for detecting W was
set at > | mm. However, through the action of rainwater, even MCs of W < 1 mm can lead to
weakening of the road base and roadbed. Thus, in this study, we used a measurement vehicle
equipped with a high-resolution (0.5-mm length, 0.25-mm width) line laser like those used to
inspect for cracks in tunnel walls'®" 1 ¥ The device can detect cracks of W < 1 mm by
using the line laser camera to capture the road surface, as shown in Photo 1.

Photo 1. Road surface crack inspection by the test vehicle.

In general, road cracking tends to oc cur at the outer wheel position (OWP) and the inner
wheel position (IWP) of the road. However, because the line laser camera installed on our test
vehicle cannot scan both at the same time, we directed our roadway imaging at the OWP, spe-
cifically a 1.638-m swath of roadway centered on the OWP. In Japan, the crack ratio is
assessed for 100-m sections of roadway. However, the longer the assessment length, the more
difficult it is to identify specific damage locations because the features within are averaged
out. For the purposes of our survey, we first obtained images of roadway sections 100 m long
and 1.638 m wide. Then, we divided the images into 10 sections of 10 m each and determined
the crack ratio and other indices.

Also, because cracking on a roadway surface is considered to be closely related to the over-
all structural integrity of the pavement, we simultaneously carried out FWD measurements.
The FWD is a device that uses multiple sensors, including one placed at the center load plate,
to measure the surface deflection that occurs when a weight is dropped onto the pavement
surface. We took such measurements at 5-m intervals at the OWP over the entire length of the
investigated sections.

(3) Crack assessment method

To extract crack data from images taken by the test vehicle, we developed Pave-CAD,
a dedicated software program that runs on top of computer-aided design (CAD) software and
handles manually traced vector data. Figure 3 shows the process for calculating crack charac-
teristics. First, the acquired road surface image is displayed (Figure 4).

Then, W is manually measured using CAD measurement commands. In the case of an
unbranched crack, W is measured at the halfway point between the two ends. In the case of
a branched crack, W is measured at the halfway point between a given end point and branch
point (or between two branch points). Next, the cracks were classified by W into categories 1
to 6, as shown in Table 2, and each category was assigned a color using a CAD tracing func-
tion. By performing this operation for all cracks in the image, we generated a development
diagram (Figure 5) stratified by W category. From this, we can extract the crack ratio and
characteristics for each W category.

In this study, Category 1 was defined as W < 1 mm. However, we needed to know the
degree to which Pave-CAD is capable of detecting such fine cracks. So we randomly selected
75 cracks of W < 1 mm in Section 4, which was found to have the greatest diversity of W on



Figure 3.

Capture the roadway surface image, measure the
width of each crack

Trace the cracks, using a specific color for each
crack-width category (Table 2)

) 3 ‘

Generate a development diagram for each crack-
width category

2 ‘

Determine the crack characteristics

Procedure for calculating crack characteristics by Pave-CAD.

Table 2. Crack categories.

Category (i) Crack width Wi

1 W< 1mm 0.81 mm
2 Il mm< W<2mm 1.50 mm
3 2mm < W< 3mm 2.50 mm
4 3mm< W <4mm 3.50 mm
5 4mm< W<5mm 4.50 mm
6 Smm< W 5.50 mm

Figure 4. Acquired road surface image.

| _crack width [categoryl

Figure 5.

Development diagram stratified by crack width.
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Figure 6. Crack characteristics.

visual inspection. Among these cracks, the smallest had a W of 0.650 mm and the average
W was 0.814 mm. From this, we determined that our method can detect cracks having a W of
0.650 mm or more.

As shown in Figure 6, we extracted a number of crack characteristics from the development
diagrams, including the number of intersections (N; in Figure 6, N = 1) and the number of
branches (M; in Figure 6, M = 2). The crack length (/;) and crack area per square meter (s;)
were also determined. The crack area (s;) was calculated as the product of the crack length (/)
and the representative W (W) (Table 2); that is, s; = [; X W;. Furthermore, we calculated the
total crack length (L) as the sum of crack lengths 1i in the 10-m sections of categories 1-6 (L =
>li), whereas the total crack area (S) was calculated as the sum of all crack areas si (S = Zsi).
(4) Assessment of pavement load-bearing capacity

FWD measurements were performed to assess the load-bearing capacity of pavement
within the sections under investigation. We then corrected the obtained deflection data for
load (49 kN) and temperature (20°C)'>. In addition to deflection immediately below the
FWD load plate Dy (um), which is a widely used indicator of overall pavement load-bearing
capacity, we also employed the elastic coefficient of asphalt mixture E; (MPa) as calculated by
Equation (1), the roadbed CBR (%) as estimated by Equation (2), and the residual equivalent
thickness T (cm) obtained from Equation (3).We took FWD measurements at two locations
in each 10-m road surface image and used the averaged values.

_ 23522032 125

El o (1)

E: Elastic coefficient of the asphalt mixture layer (MPa)

Dy: Deflection at the centerline of the load plate (um)

D»go: Deflection at 200 mm from the centerline of the load plate (um)
hy: Thickness of the asphalt mixture layer (cm)

1,000
D1500 @)

CBR =

CBR: Roadbed CBR (%)
D1500: Deflection at 1,500 mm from the centerline of the load plate (um)

Do—D
Tho = —25.8log%+ 11.1 (3)

T ao: Residual equivalent thickness (pm)
Dy: Deflection at the centerline of the load plate (um)
D1500: Deflection at 1,500 mm from the centerline of the load plate (um)



3 ANALYSIS OF CRACK CHARACTERISTICS

Crack ratios inclusive of MCs within the sections under investigation are shown in Figure 7.
The W distribution for each section is shown in Figure 8. In Section 1, MCs vary markedly,
from 20% to 80%, with Category 1 cracks (W < 1 mm) accounting for about 70% of the total.
It should also be noted that some locations have many cracks and others have only a few.
Because the conventional crack ratio assessment method targets cracks of W > 1 mm, the
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Figure 7. Variation in microcracks (MC) in the investigated sections.

degree of cracking may be substantially underestimated. About 80% of the cracks in Section 2
are MCs and there is little variation, indicating that the cracks are relatively uniform through-
out the section. About half of the cracks have a W < 1 mm. If we were to use the conventio-
nalmethod to measure the same stretch (W > 1 mm), the crack ratio would be roughly half, or
40%. More than 80% of the cracks in Section 3 are MCs, and cracks occur over nearly the
entire surface. Most these cracks are W < 1 mm. Using the conventional method, the degree
of cracking in this section would be greatly underestimated. That is, the method would not
adequately express the situation as it actually is on the road surface. However, in Section 4,
the percentage of MCs with W < 1 mm is small at 20%, so there would be little deviation from
the actual situation even with the conventional m ethod. Figure 8 and Table 1 show that as
the service life of the surface layer increases, the percentage of MCs (W < 1 mm) decreases as
the cracks grow wider.

Table 3 shows the relationships between MCs and several crack characteristics. The stron-
gest correlation was found for total crack length L, despite the low R? value of 0.36. As
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Figure 8. Proportion of crack-width categories in
the investigated sections. Figure 9. Relation between MCs and L.



shown in Figure 9, there was a tendency for L to increase with the number of MCs. However
there was much variation, and so a clear relationship could not be confirmed.

The relationships among crack characteristics obtained in this study are shown in Table 4.
The R? value fo r number of intersections N vs. the number of branches M was 1.00, but this
is because about 95% of the cracks in the surveyed sections had two branches.

Table 3. Correlations (R?) between MCs and crack characteristics.

No. of No. of Total crack  Total crack
intersections N branches M  length L area S
MC  0.09 0.09 0.36 0.20

Table 4. Correlations (R2) between crack characteristics.

Total crack | Number of | Number of Total
length intersections | branches | crack area
L N M S
L 0.72 0.71 0.72
N 1.00 0.63
M 0.62
S
® section 1 A section 2 ® section 1 A section 2
X section 3 Osection 4 X section 3 Osection 4
500 30
A A =0.13x+ 0.90
£300 | =
g g 15
5200 | 10
= 100 y=2.89x-45.94 5
Rz2=0.72
0 ' ' 0 50 100 150 200
0 50 100 150 200 I
Figure 11. Relationship between L and S.

Figure 10. Relationship between L and N.

Otherwise, we found strong correlations among total crack length L, number of intersec-
tions N, number of branches M, and total crack area S. The relationship between L and N is
shown in Figure 10, and that between L and S is shown in Figure 11. Because both N and
S tended to increase linearly as L increased, we chose crack length as the representative char-
acteristic for this study.

4 RELATION BETWEEN CRACKING AND PAVEMENT LOAD-BEARING
CAPACITY

The relationship between MCs, which is the crack ratio inclusive of MCs with W < 1 mm as
determined by the mesh method, and the pavement load-bearing capacity is shown in Table 5.
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R? values of the deflection immediately below the FWD load plate Dy and the residual equiva-
lent thickness T'ap are about 0.4, whereas those of the asphalt mixture layer modulus of elasti-
city E; and the roadbed CBR are even lower. As for the relationship between MCs and D,
which has a high R? value in Table 5, D, tended to increase with increasing MCs, but there
was much variation and so no clear relationship could be confirmed (Figure 12). In this study,
road surface cracking is categorized according to W (Table 2), and thus crack ratios can be
determined as a function of differences in the W under evaluation. Figure 13 shows the R?
values of crack ratio and D, when all cracks are included (W,;;) and when the applicable W is
increased in 1-mm increments. We can see that the R? value decreases substantially as the
W of the target crack increases. This suggests that in this field of study, it is necessary to meas-
ure cracks of W < 1 mm.

0.6
]
=
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MCs(%) Figure 13. Relationship between crack width and
R? correlation of crack ratio C and deflection at
Figure 12. Relationship between MCs and D centerline of FWD load plate Dy

Table 5. Correlations (R?) between MCs and load-bearing
capacity.

Do E; CBR T

MC 0.40 0.23 0.05 0.44

Table 6 shows the relationship between pavement load-bearing capacity and crack
characteristics for all cracks, including MCs with W < 1 mm. The R? value for total
crack length L is higher than that of the other characteristics, and the correlation
between L and Dy is high.

Table 6. Correlations (R?) between crack characteristics and load-bearing

capacity.

Dy E; CBR T 40
Total crack length L 0.55 0.27 0.10 0.49
Number of intersections N 0.33 0.13 0.08 0.29
Number of branches M 0.33 0.13 0.08 0.29
Total crack area S 0.32 0.27 0.02 0.35

The relationship b etween L and Dy is shown in Figure 14. D, tends to increase linearly with
total crack length L, and there is little variation. Figure 15 shows the R? of L and D, as W is
increased in 1-mm increments. It should be noted that the R? values for > 1 mm are much
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lower than those for Wy From this, it is considered that total crack length (including MCs of
W < 1 mm in addition to the cracks of W > 1 mm typically included in such analyses) is
a better crack-assessment index that reflects the load-bearing capacity of the pavement.
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Figure 15. Relationship of L and D, R? values
Figure 14. Relationship between L and Dy, with crack width.
5 SUMMARY

In this research, we utilized a high-resolution line laser to detect MCs (W < 1 mm). Making
use of our newly dev eloped Pave-CAD software, we categorized cracks by W, determined the
crack characteristics (number of intersections/branches, crack length, and crack area), and
determined the crack ratio inclusive of MCs as well as the relationships among crack charac-
teristics. We also conducted FWD tests to investigate the relationships between crack charac-
teristics and pavement load-bearing capacity.

The findings of this study are as follows.

e Using a vehicle-mounted high-resolution line laser, we were able to detect cracks of
W<1mm.

* We found almost no relationship between MCs and crack characteristics (number of inter-
sections/branches, crack length, and crack area). However, there were strong correlations
among total crack length L, number of intersections N, number of branches M, and total
crack area S.

+ We could not confirm a relationship between MCs and D,. However, the R? value between
total crack length L and D, was 0.54. When the W analyzed was limited to > 1 mm, the R?
value decreased. Therefore, by including MCs in our calculation, we can appropriately
express the load-bearing capacity of the pavement.

« It is preferabl e to assess cracks of not only > 1 mm, but also MCs of W < 1 mm and to
use total crack length L rather than crack ratio as the assessment index.

* We did not find a relationship between cracking and pavement load-bearing capacity when
considering only cracks of W > 2 mm. Therefore, we intend to collect data on thicker
cracks in future research.
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ABSTRACT: The plate load test is commonly used to determine the bearing capacity of
unbound granular materials. It is widely used in road construction, and the test is mandatory
as final documentation of compaction quality of unbound layers of pavements in Norway.
The test is sensitive to field conditions and test execution, and several Norwegian contractors
struggle to meet requirements for the test results despite repeated compaction efforts. This
paper aims to assess the effects of in-situ road conditions, the superstructure materials and the
test procedure and calculation method on the results of plate load tests. A case study and
a field test were conducted. The case study compared four different road construction sites in
Norway based on results from semi-structured interviews, collected results of plate load tests
and field observations. Additional interviews and plate load test results from other road con-
struction sites were also considered, although not for direct comparison in the case study. The
field test applied two test procedures (Norwegian and Swedish) and two plate sizes (300 and
600 mm) on three superstructure layers (frost protection, subbase, and interlocking layers).
The results of all tests were calculated using three calculation methods; the Swedish method,
the Norwegian method, and a modified Norwegian method. The interview results indicate
that crushed asphalt and/or insulation materials in the superstructure, moisture content and
time from compaction to testing are the most influential factors on the plate load test results,
although this should be verified with further testing. The field test results suggest that the
interlocking material is important to fulfil the requirements for the E,/E; value. The use of
different test procedures and calculation methods showed significantly different results in
some but not all cases and should therefore be investigated further. Other comparisons were
largely inconclusive, likely due to limited number of tests.

Keywords: Plate load test, bearing capacity, superstructure, compaction, road construction

1 INTRODUCTION

As with any investment, maximizing the service life of road structures is of great interest to
society. One of the factors that influence the service life is the road’s bearing capacity, which is
greatly influenced by the quality of compaction (Mork, 2018). In order to ensure an adequate
pavement life, national standards and guidelines define a minimum level of compaction of
superstructure materials. The static plate load test (PLT) is one of the oldest and most com-
monly used tests to determine the quality of compaction of granular materials (Briaud, 2013).
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The theory behind the test and its execution is generally similar wherever the test is performed,
although each country determines its own test procedure, calculation method and minimum
test result requirements. The PLT has been the compaction quality test of choice for the Nor-
wegian Public Roads Administration (NPRA) since at least the 1980s, with both test proced-
ure and corresponding requirements only changing slightly throughout the years (Statens
vegvesen, Vegdirektoratet, 1980, 1984). However, the test only recently became mandatory as
a final documentation of the compaction quality of granular pavement layers for Norwegian
roads (Statens vegvesen, Vegdirektoratet, 2018a). Although the PLT has been used with the
same test procedure and requirements for decades in Norway, some contractors have recently
experienced difficulties in reaching the required test values (Brcic, 2018, Folkedal and Bryn,
2018). The reasons for these difficulties are unknown in most cases and have, to our know-
ledge, not been studied to any significant extent. The following research questions have there-
fore been posed: 1) Which in-situ factors affect the results of a PLT? 2) In what way do the
superstructure materials and their in-situ conditions affect the results of a PLT? 3) In what
way do the test procedure and the associated calculation method affect the results of a PLT?
This paper is based on the work of the main author’s Master's thesis at the Norwegian Uni-
versity of Science and Technology (NTNU) written in 2019 with financial contribution from
the NPRA, and seeks to answer the posed research questions by studying PLTs conducted at
construction sites in Norway.

2 THEORY

The PLT is performed by applying incremental loads on a circular steel plate placed on the
material being tested, while measuring the corresponding settlements (Shukla and Sivakugan,
2011). The loads and settlements are used to calculate the material’s modulus of elasticity,
using equations based on Boussinesq’s formula, given in equation (1). However, Boussinesq’s
formula assumes the loads are applied to a homogeneous, isotropic and linearly elastic half
space (Verruijt, 2018), which is not true for the materials in a pavement.

s:%~f‘(l—v2)-p~R (1)

Here, s is the settlement at the centre of the plate [m], f is the stress distribution factor [], v is
the material’s Poisson’s ratio [], E is the material’s modulus of elasticity [N/m?], p is the
applied loading pressure on the plate [N/m?] and R is the plate’s radius [m] (Ullidtz, 1987,
1998). The stress distribution factor varies based on the load distribution beneath the plate.
For road construction, the load is generally assumed to be evenly distributed, making f = 2
(Monnet, 2015, Timoshenko and Goodier, 1970). Assuming the load is applied relatively fast,
so water in the material does not drain during the test, the Poisson’s ratio can be assumed to
be 0,5 (Briaud, 2013), thus simplifying and rearranging Boussinesq‘s formula to equation (2).

E=

» "o

‘R (2)

N W

Equation (2) is usually used as a basis for calculating the modulus of elasticity from PLT
measurements, although the interpretation and use of the equation differs from one national
standard to another. This will be discussed in section 2.2.

Boussinesq’s formula can also be used to estimate how the stress and strain change with
depth and distance from the centre of the plate during loading, thus also demonstrating the
depth limits of a PLT. The stress below the centre of the plate is proportional to the plate’s
diameter, as well as the applied load, while also being inversely proportional to the depth
from the plate to the point of interest (Das, 2010). The strain below the plate, however, is also
dependent on the Poisson’s ratio and the modulus of elasticity (Ullidtz, 1998). As expected,
the changes in stress and strain are also inversely proportional to the horizontal distance from
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the plate centre (Ahlvin and Ulery, 1962), resulting in the PLT mostly measuring the response
of the volume of material closest to the plate.

To further complicate the change in stress and strain in pavements during a PLT, pavements
are generally layered, constructed of materials with different properties. The change in stress and
strain is therefore also dependent on the ratios between the different materials’ moduli of elasti-
city, as well as the thickness of the layers. Thus, for layered structures with stiffer materials atop
more elastic materials, the change in stress decreases more rapidly in the top layers, decreasing the
effects of the load on the lower layers of the structure (Acum and Fox, 1951, Fox, 1948, Burmis-
ter, 1965, 1966).

2.1 Plate load test in the field

As previously mentioned, the assumptions of Boussinesq’s formula do not apply to layered mater-
ials, and the basic theory is thus not directly applicable to PLTs conducted on pavements. This
does not mean that it is unreasonable to apply the theory, but rather that the PLT results can be
affected by more factors than the equation’s input parameters. The factors can vary and be diffi-
cult to establish, but recent research has tried to identify which factors influence the PLT results
and to what extent.

The size of the plate was identified in one study as a possible affecting factor, where larger
plates lead to larger settlements. Other studies have found that the plate size has a limited effect
on the PLT results (Aragjo et al. 2017). Both findings are, however, inconclusive and not easily
transferable, due to the limited number of tests in the studies. The use of levelling materials could
also have an effect on the PLT results. Specifically, this applies to the use of gypsum plaster, as
some studies have found that its use results in higher E values compared to tests without levelling
materials (Barnard and Heymann, 2015, Fladvad, 2012). This is especially apparent for the E,
values, as the E vaules become more similar with increased compaction (Fladvad, 2012). How-
ever, the limited number of cases makes these results difficult to transfer to other situations, and
more research is needed to draw substantial conclusions. The grain size distribution of the tested
materials has been found to affect the results of PLTs, where open-graded materials with low
fines content give higher E, values compared to more well graded materials (Choi et al., 2018).
However, this claim also requires more testing due to the limited number of tests.

The transferability of any PLT results to other PLTs is also questionable, as studies have
found that the plastic deformation and the compaction of the material during the test make
the results dependent on the loading history of the material (Dasaka et al., 2014, Adam
et al., 2009). This means that the results are affected by both the maximum load applied
during the test, as well as each of the loading increments, not only in magnitude, but also
consistency and duration (Dasaka et al., 2014). Due to this dependency on the load history
and other in-situ factors, it can be argued that the modulus of elasticity determined by the
PLT is not a pure material parameter (Adam et al., 2009), and the test results are highly
dependent on the test procedures. For a meaningful comparison of PLT results, it is there-
fore essential that the PLTs are conducted in the exact same manner (Dasaka et al., 2014,
Adam et al., 2009).

2.2 National standards and guidelines

The requirements for PLTs conducted on Norwegian pavements are defined in NPRA hand-
books N200 and R211, which describe the result requirements and test procedure, respectively.
The latest versions of the handbooks were published in 2021, although the PLT requirements
have not changed from the 2018 versions (Statens vegvesen, Vegdirektoratet, 2014a, 2014b,
2018a, 2018b, 2021a, 2021b). As the cases discussed in section 3 used the 2014 and 2018 versions,
only those two versions of the handbooks will be discussed here. The PLT was first defined as
the only method for final documentation of compaction quality for granular materials in super-
structures in 2014 (Statens vegvesen, Vegdirektoratet, 2014a).

The Norwegian test procedure described in R211 uses equation (3) to calculate the modulus
of elasticity (Statens vegvesen, Vegdirektoratet, 2014b).
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E=>.2£.D (3)

Here, E is the material’s modulus of elasticity for the loading cycle in question [MPa], Ap is the
difference between two measurements of loading pressure on the plate [kN/m?], As is the difference
between the two corresponding measurements of settlement in the centre of the plate [mm], and
D is the plate’s diameter [m]. The test plate should have a 0,3 m diameter, and a thin levelling
layer of gypsum plaster must be used. The load is applied in two loading cycles, each of which has
five loading steps; 50, 180, 300, 420 and 600 kN/m?, during which the load should be kept constant
until the changes in settlement have ceased or until the settlement is 0,02 mm/min or less. The load
is removed slowly before the second loading cycle is performed. The measured loading pressures
and settlements from both loading cycles are plotted in a load pressure-settlement diagram. The
results are used to calculate the modulus of elasticity for each loading cycle, E; and E,, using equa-
tions (4) and (5) as input values for equation (3) (Statens vegvesen, Vegdirektoratet, 2014b).

Ap =pr—p 4)
As =53 — 51 (5)

Here, Ap is the difference between two loading pressure measurements [kN/m?], p, is the
loading pressure corresponding to 70 % of the maximum applied load for the first loading
cycle, and the last load step where the relationship between loading pressure and settlement
can be approximated by a straight line for the second loading cycle [KN/m?], p, is the loading
pressure corresponding to 30 % of the maximum applied load [kN/m?], As is the difference
between two settlement measurements [mmy], s, is the settlement corresponding to p, [mm] and
sy is the settlement corresponding to p; [mm] (Statens vegvesen, Vegdirektoratet, 2014b). In
the 2018 version of R211, the use of a levelling material is omitted, and an additional loading
step of 500 kN/m? has been added (Statens vegvesen, Vegdirektoratet, 2018b). The Norwegian
PLT result requirements are defined for single measurements, and all PLTs must fulfil the
requirements for the road section to be approved. The required values are similar in the 2014
and 2018 versions of N200 (Statens vegvesen, Vegdirektoratet, 2014a, 2018a).

The requirements for PLTs conducted on pavements in Sweden are defined in the Swedish
Transport Administration documents TDOK 2013:0530 and TDOK 2014:0141, which describe
the result requirements and test procedure, respectively (Trafikverket, 2014, 2017).

The Swedish procedure is based on the German standard DIN 18134 (Trafikverket, 2014),
and permits the use of three plate sizes, though only a 0,3 m plate diameter should be used for
pavements (Trafikverket, 2014). As the field test discussed in section 3 includes plates of both
0,3 m and 0,6 m diameter, requirements for both sizes will be discussed here. Only the test
procedures for the 0,3 m diameter plate is described in the Swedish documents, so values for
0,6 m diameter plates are supplemented with the suggested values in the German standard
(Deutsches Institut Fiir Normung, 2012). The Swedish procedure permits the use of fine level-
ling sand, but does not require it. The loading steps are seven and should be kept constant for
at least 1 min (2 min for the first loading step) or until changes in settlement have ceased. The
loading steps are as follows for the two plate sizes; 80, 160, 240, 320, 400, 450 and 500 kN/m?>
for the 0,3 m diameter plate (Trafikverket, 2014) and 20, 40, 80, 120, 160, 200 and 250 kN/m?>
for the 0,6 m diameter plate (Deutsches Institut fiir Normung, 2012). Off-loading is performed
in three steps; 50%, 25% and 0% of the maximum load. The last load step is omitted for
the second loading cycle. The measured loading pressures and settlements from each loading
cycle are plotted in a graph and approximated with a second degree polynomial function,
equation (6), whose constants a; and a, are used in equation (7) to calculate the modulus of
elasticity for each loading cycle (Trafikverket, 2014).

S(O‘o) =ap +ajop + 2120'5 (6)
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Here, s(op) is the approximated settlement under the centre of the plate [mm], oy is the aver-
age normal loading pressure below the plate [MN/m?], and ao, a; and a, are constants deter-
mined by the method of least squares.

1

E-15 R —
a; + 2201 1max

(7)

Here, E is the material’s modulus of elasticity for the loading cycle in question [MPa], R is
the plate’s radius [mm], a; and a, are the constants of equation (6), and 6;y,.x 1S the maximum
normal loading pressure of the first loading cycle [MN/m?] (Trafikverket, 2014).

The Swedish requirements are defined for single measurements, as well as for a set of either
8 or 5 measurements. The requirements for the E, value are defined for the average of the set
of E, values and are calculated based on the standard deviation of the set. The requirements
for the ratio E,/E; are defined for each point, although only n — 1 of the measurements must
fulfil that requirement. All of the measured points must, however, reach a minimum value for
E, to be considered a valid measurement (Trafikverket, 2017).

3 METHODS

Several research methods were chosen to attempt to answer the posed research questions. An
inductive case study, studying the results of PLTs conducted at four different road construc-
tion sites in Norway, was used to compare PLT results conducted under different conditions.
Additional interviews with experienced test performers were conducted to identify suspected
influential factors to PLT results, and files containing measurements from PLTs were collected
to compare three different calculation methods. Finally, a field test was conducted to compare
the effect of superstructure materials and plate size.

The cases were chosen based on responses to a recruitment e-mail sent to contractors and
road owners of ongoing Norwegian road construction projects. The sites included in the case
study are all of those that responded, where the planned performance of PLTs correlated with
the limited time frame of the study. To include both qualitative and quantitative data, and to
increase the credibility of the results, three different methods were chosen to collect data; inter-
views, in-situ observations and a collection of data files.

The data files collected were mainly load and settlement measurements of PLTs conducted
on the site, but additional information such as in-situ conditions during the PLTs were also
collected. The data was requested during an in-person meeting and handed over as a hard copy
or digital files sent by e-mail. The measurements were used to calculate the E values using three
calculation methods:

* Norwegian method 1 (NOR1), using equation (3) and measurements for the last load step
as input values to calculate E,

* Norwegian method 2 (NOR2), using equation (3) and measurements for the second to last
load step as input values to calculate E,

* The Swedish method (SWE), using equation (7).

Where possible, additional in-situ observations were conducted, either during on site PLT
measurements or by general field observations. The information was noted down during or
directly after the observations, and used as supplementary information when analysing the
PLT results or the interview data.

Representatives from the contractor and/or road owners of the four cases were interviewed
using a semi-structured interview. The interviewees were recruited as part of the recruitment
process for the general case study, and the interviews were conducted privately in the inter-
viewee’s place of work or at a neutral setting. Key elements of the transcript were identified
using keywords relevant to the research questions.

Site 1 is a tunnel project in former Hordaland county, with a 22/120 mm crushed rock subbase
and a 0/32 mm crushed asphalt interlocking layer (Ak). There are two tunnels, one of which has
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deep trenches (Tunnel 1), but both tunnels have a humid climate and relatively stable temperat-
ures above freezing. Site 2 is an upgrade project of an urban road with high traffic volumes in
former Ostfold county, and is mainly constructed on existing pavements and established urban
areas. The pavement has a subbase of 22/120 mm crushed rock and an interlocking layer of 0/
32 mm Ak. Site 3 is a new motorway project in relatively undisturbed and greatly varying terrain
in former Aust-Agder county. The pavement has a subbase of 22/120 mm crushed rock and an
interlocking layer of 0/32 mm crushed rock (Fk). Site 3 changed mid construction from the 2014
to the 2018 version of the Norwegian handbooks, while the other sites used the 2014 version
during the entire construction period. Site 4 is a motorway upgrading project in former Hedmark
county, where the road is constructed upon the existing pavement or on its side terrain. The
pavement has a frost protection layer of 0/250 mm crushed rock, a subbase of 22/120 mm
crushed rock and an interlocking layer of 0/32 mm Ak. A section of the site has problematic
subsoil, and an alternative superstructure, containing an insulation layer of XPS boards, was
used there to eliminate the need for subsoil replacement.

As a supplement to the case study, additional interviews were conducted with experienced
performers of PLTs in Norway. The interviews were conducted similarly to the interviews of
the case study, except case specific questions were generalized. Additional PLT measurements
were also obtained for sites outside of the case study (site 5 to 10), which were collected and
treated similarly as the measurements of the case study.

In collaboration with the NPRA and Skanska AS, a field test was conducted in the spring of
2019 at the site of the road project Rv. 3/Rv. 25 Laten-Elverum in former Hedmark county.
A total of 24 PLTs were conducted using two plate sizes and two test procedures, 0,3 m diameter
according to the 2018 version of R211, and 0,6 m diameter according to DIN 18134. Three dif-
ferent superstructures were tested; 1) a frost protection layer of 0/300 mm crushed rock, 2)
a subbase of 22/120 mm crushed rock on top of superstructure 1), and 3) an interlocking layer of
0/32 mm Fk on top of superstructure 2). Four PLTs of each plate size were conducted on each of
the superstructures. The measurements from these PLTs were treated in the same manner as the
measurements collected in the case study.

4 RESULTS

The results of the case study interviews are extensive and out of the scope of this paper,
and will therefore not be discussed in detail. The most important influential factors men-
tioned by the interviewees were the moisture in the superstructure, the time between
compaction and testing, the use of Ak, the fines content of the interlocking layer, the
grain size and distribution of the subbase, and the use of light-weight materials. All test
performers used the automatic calculations of the load-settlement measuring software to
determine the E values, and some were not aware of the existence of different calcula-
tion methods. Most sites used Norwegian and Swedish test procedures and calculation
methods almost interchangeably, and some even used a plate diameter of 0,6 m, though
not for final documentation. Many of the contractors and road owners had an agree-
ment on the minimum number of approved PLTs before paving was permitted. All avail-
able information for site 2 was obtained through documents, as no interviews were
conducted for this site. The documents suggest that the subbase material may have been
coarser than the conventional 22/120 mm material.

The calculated values from PLT measurements of the case study are provided in Figure 1.
The statistical significance of the difference between calculation methods is presented in
Table 1. Five results from site 2 are omitted as they were performed after additional compac-
tion efforts. Measurements S4-M1 to S4-M35 at site 4 were conducted on a superstructure with
XPS, while measurements S4-M6 to S4-M11 were conducted where there was no XPS. The
statistical significance of the difference between E values using different test procedures, plate
sizes, superstructure materials, and a comparison of sites based on possibly influential factors
is presented in Table 2.
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Figure 1. Calculated PLT results of the case study, using Norwegian method 1 and 2 and the Swedish
method described in section 3. The number after S refers to site number, the number after M refers to
measurement number at each site.

As for the case study interviews, the additional interviews are too extensive for the scope of
this paper, and will not be discussed in detail. In addition to the influential factors for PLTs
identified in the case study interviews, the additional interviewees also mentioned the standard
of work at the construction site, the strictness of the Norwegian requirements, and the changes
made to other requirements in the handbooks, e.g. regarding the grading curve of the subbase
materials. Additionally, the interviewees regarded the lack of consequences for not fulfilling
the PLT requirements as lack of incentive for contractors to change work procedures to reach
adequate results.

Figure 2 presents the calculated PLT results for the additional measurements obtained out-
side of the case study. Due to limited number of tests and insufficient information about the
construction sites, only the calculation methods are compared for these tests. The statistical
significance of the difference between E values using different calculation methods is presented
in Table 1.

The calculated results for the PLTs conducted during the field test are presented in Figure 3.
Point P11C is omitted from the presented results due to an error in the measuring equipment
that lead to the measurements not being registered. The statistical significance of the difference
between E values using different calculation methods is presented in Table 1. The statistical sig-
nificance of the difference between E values using different test procedures, plate sizes, super-
structure materials, as well as a comparison of sites based on possibly influential factors is
presented in Table 2.

5 DISCUSSION

As already established, the PLT is based on theoretical assumptions that don’t apply for pave-
ments. The test only measures the response of the material at the top of the superstructure, and
thus gives limited indication on the compaction quality of lower layers. The effect of a PLT
also decreases rapidly with horizontal distance, and the test consequently only measures com-
paction quality at a single point. Other methods are likely more suited to indicate the evenness
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Figure 2. Calculated PLT results from sites outside of the case study, using Norwegian method 1 and 2
and the Swedish method described in section 3. The number after S refers to site number, the number
after M refers to measurement number at each site.
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Figure 3. Calculated PLT results from the field test, using Norwegian method 1 and 2 and the Swedish
method described in section 3. The number in the point name refers to the column number, and the end
letter refers to the row name of the test grid.

of compaction over an area, and it thus seems counterintuitive that the PLT is chosen as the
only available method for final documentation of compaction quality.

Even though the Norwegian requirements and procedure for PLTs have not changed much
for decades, requirements for other elements of the construction process that can affect PLT
results have been changed, such as the requirements for the grading curve of the subbase
material. Furthermore, the slight changes to the Norwegian PLT procedure that have been

21



Table 1. An overview of the statistical significance of the difference between calculation methods at
a 95 % confidence level.

Site 1] 2 3 4 |51 6 [7]8]9 Field test
OO O OO QCIQOIQIQO|TMO | NS | FOmMOoOnNo | 5o
Procedure |Lo| o[t |[lo| Lo |on oo [ o[ an [ Lo[o|o| g o Ew %@3“@ .o %“@
EBEEBEEEEEBBBEEB@‘B%5?53‘5%5
Comps SIS S E SRS =S
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Calculation = |RIR AR =~ = o2 =l R =R
method E
IE; NOR vs SWE ole|ololo]e|o]olo]olo|o|o|o] e o ° o | o °
INOR1 vs SWE |e o |o|o|o|o|o|efo|o|ojo|e|e]| e o ° e | O °
E>;[NOR2 vs SWE |e (@ (@ |0 |0 |@ olojofojo|e|e]| e ° ° o | e °
INOR1 vs NOR2 e [@e [o|o|o|o|e]efo|ofo]ofo]o] e ° o |o]e | o
e = Statistically significant difference at a 95 % confidence level
o = No statistically significant difference at a 95 % confidence level

*Conducted on a superstructure without XPS
ok .
Conducted on a superstructure with XPS

Table 2. An overview of the statistical significance of the difference between test procedures and in-situ
conditions at a 95 % confidence level.

Calculation method E, E,

Site Comparison: NOR SWE NORI NOR2 SWE
2 0,3m R211 vs 0,3 m TDOK ° . o o o
3 0,3m R211 vs 0,3 m TDOK ° ° . . °
3 0,3 m TDOK vs 0,6 m TDOK o o o o o
3 0,3m R211 vs 0,6 m TDOK o ° o o o
4 0,3m R211"vs 0,3 m TDOK ™" . . o . .

3/4 Fk (Site 3, 2014) vs Ak (Site 47) ) . o o °

3/4 Fk (Site 3, 2018) vs Ak (Site 47) o o o o o

1/4 Moist Ak (Site 1, Tunnel 2) vs Dry Ak (Site 4°) o o o o °

1/4 Moist Ak (Site 1, Tunnel 1) vs Dry Ak (Site 4°) o . o o o

1/3 Moist Ak (Site 1, Tunnel 2) vs Dry Fk (Site 3,2014) o o o o o

1/3 Moist Ak (Site 1, Tunnel 1) vs Dry Fk (Site 3,2014) o o o o o

1/3 Moist Ak (Site 1, Tunnel 2) vs Dry Fk (Site 3,2018) o o o o o

1/3 Moist Ak (Site 1, Tunnel 1) vs Dry Fk (Site 3,2018) o o o o o

2/4 Coarse subbase (Site 2 R211) vs Normal subbase (Site 4

R21 1*) ° ° ° . °

Field Frost protection layer: 0,3 m R211 vs 0,6 m TDOK o o o o o

test Subbase: 0,3 m R211 vs 0,6 m TDOK o o o o o

Interlocking layer: 0,3 m R211 vs 0,6 m TDOK o o o o o
0,3 m R211: Frost protection vs Subbase o o o o o
0,6 m TDOK: Frost protection vs Subbase o o o o o
0,3 m R211: Frost protection vs Interlocking o o o o o
0,6 m TDOK: Frost protection vs Interlocking o o o o o
0,3 m R211: Subbase vs Interlocking . . o o o
0,6 m TDOK: Subbase vs Interlocking ° . o o o

e = Statistically significant difference at a 95 % confidence level
o = No statistically significant difference at a 95 % confidence level

*Conducted on a superstructure without XPS
**Conducted on a superstructure with XPS

made can also affect the results, especially the change in use of gypsum plaster levelling mater-
ial. Additionally, the E, results from the Norwegian calculation method are dependent on the
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test performer’s interpretation of linearity. The method is relatively easy to understand, but it
is vulnerable to small errors in the four measurements used to calculate the E values. An error
in measured settlement as small as 0,01 mm for one measurement can determine the difference
between an adequate or an inadequate PLT result. As all PLTs must fulfil the Norwegian
requirements, a single settlement error of 0,01 mm can thus determine if an entire road section
is deemed acceptable or not. The Swedish calculation method is less susceptible to small errors
in measurements as it is based on an approximation of all measurements. Most contractors in
Norway work by a deviance acceptance system approved by the road owner, as it is generally
considered unrealistic for all PLTs to fulfil the requirements. To ensure that all pavements are
constructed with the same level of deviance from requirements, it might be more appropriate
to define in the handbooks what is an acceptable deviation. Strict requirements and no devi-
ation tolerance could lead to cases of data manipulation and/or underreporting, although this
seems unlikely with current routines, as there are often little to no consequences for not fulfill-
ing PLT requirements.

In the field, the calculation method is generally decided by the load-settlement measuring soft-
ware. Consequently, results are often calculated using different methods. The software usually
uses either Norwegian method 1 or a variation of the Swedish method, and the interpretation
factor of the Norwegian procedure is thus omitted. Multiple test procedures are also used in the
field, making comparison of results difficult. As there can be a statistically significant difference
between results using different calculation methods or test procedures, it is essential that test
performers use the correct procedure when comparing PLT results to requirements. Only results
from PLTs performed using the Norwegian test procedure and calculation method should be
compared to the Norwegian requirements.

6 CONCLUSION

Multiple in-situ factors were identified as possible culprits to inadequate PLT results. The
ones most often mentioned in the interviews were high moisture content in the superstructure,
short time between compaction and testing and the use of Ak and insulation or light-weight
materials in the superstructure. None of the factors have been confirmed to affect the results
in this study, and further testing is required in order to test these claims.

The field test measurements suggest that the use of an interlocking layer leads to higher E;
values compared to measurements conducted directly on the subbase, regardless of the plate
size. No statistically significant difference was found for E, values conducted on the interlock-
ing layer compared to directly on the subbase, suggesting that the interlocking layer is import-
ant for keeping the E,/E; values below the maximum limit. The comparison of different
superstructure materials in the case study is generally inconclusive, probably due to the limited
number of tests. The E values at site 2 were significantly lower than at site 4, potentially due to
the larger grain size in the subbase, although other factors can also have affected the results. At
site 4, the E values for PLTs conducted on superstructures containing XPS were significantly
lower than for superstructures without XPS, although the difference might also be linked to the
use of two different test procedures.

The number of comparable PLT results in the study is restricted by the limited number of
tests conducted under similar conditions with the same test procedure and plate size. The
difference between results from the different calculation methods is statistically significant
for some cases, but not all. The same can be said for the three test procedures (Norwegian
0,3 m diameter, and Swedish 0,3 m and 0,6 m diameter). This suggests that there are more
factors that affect the results than the calculation method and test procedure alone, although
it is also possible that this stems from inconsistency in the test performance.

The research questions posed are quite broad and not easily answered. Further research
is therefore needed in order to answer them sufficiently. A recommendation for future
studies on the topic includes analysing the effect of moisture content in the superstructure,
as well as the time between compaction and testing. Comparing the effect of using Ak or
Fk in the superstructure is also recommended, specifically determining if the moisture
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content and time between compaction and testing affects the materials differently. Add-
itionally, a further analysis of the difference between calculation methods and test proced-
ures is recommended. Finally, studying the effect of insulation or light-weight materials in
the superstructure on PLT results is also recommended.

The PLT is an important quality assurance test for the compaction of Norwegian pavements.
The test results give a certain indication to the quality of compaction of the granular superstruc-
ture materials, thus giving an indication of the pavement’s bearing capacity and service life. To
limit the need for untimely road reconstruction, it should therefore be a priority to ensure that
the national PLT requirements are adequate and realistic, and that these are fulfilled on the con-
struction sites. Solving the challenges with fulfilling PLT requirements is thus an important step
in optimizing the use of society’s resources, and should be prioritized in further research.
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ABSTRACT: Queensland is a large state in Australia with a wet/dry climate that sup-
ports soil types known as vertosols, that are extremely active. A research program was ini-
tiated between University of the Sunshine Coast and industry (Quantum Ground
Stabilisation Pty Ltd (QGS) and Pavement Management Services Pty Ltd (PMS)) to assess
the efficacy of soil stabilisation products to enhance traditionally problematic vertosols.
Tested products were shown to improve bearing capacity and inhibit water movement
within treated pavements; additionally, back-analysis showed an increase in pavement
modulus with time. QGS products appear to improve the trafficability of problematic ver-
tosol soils in Queensland; further assessment is recommended to validate these findings.

Keywords: Trafficability, bearing capacity, soil stabilization, modulus

1 INTRODUCTION

The state of Queensland, Australia, is large and diverse. It is nearly five times the area of
Japan, seven times the area of Great Britain and two and a half times the size of Texas.
A large portion of the state is dominated by what is known colloquially as “Black Soil”, tech-
nically “Vertosols” (Figure 1).

Vertosols can be black or grey, in colour, and are characterized by:

widespread cracking when dry,

commonly form a hummocky relief called gilgai,
very high soil fertility,

large water holding capacity,

good bearing capacity when dry, and
impassable when wet.

b LD

The climate of Queensland is frequently described as two seasons, “wet” and “dry”, with
occasional cyclones bringing heavy rain in what is colloquially known as “the Knock-‘em
downs”, torrential rain causing wide spread flooding.

DOI: 10.1201/9781003222897-3
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Figure 1. Dominant soil types across Queensland (Queensland Government, 2013).

Figure 2. An example of vertosol soil, to a depth of 0.6 m from Beaudesert, Queensland (Queensland
Government, 2013).

Central Queensland is currently amidst a construction boom, with major projects under-
way in road, rail and hard standing (wind and solar farms). It is within this context that the
University of the Sunshine Coast (USC) in association with Quantum Ground Stabilisation
(QGS) and Pavement Management Services (PMS) initiated research to understand the effi-
cacy of soil stabilisation products for in situ improvement of the all-weather accessibility
and bearing capacity of this marginal group of soils. This work provides a foundation for
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QGS to seek accreditation for their products under the Transport Infrastructure Product
Evaluation Scheme (TIPES) administered by the Australian Road Research Board (ARRB).

In this study, we outline the claims of the QGS products and summarise work undertaken
to assess the efficacy of these products in improving the bearing capacity and all-weather traf-
ficability of Australian soils.

2 CLAIMS OF THE QUANTUM PRODUCTS

The Quantum System is a chemical substance which breaks up the soil-adhering water
film, leading to an irreversible agglomeration of fines, thus substantially reducing the
capillary rise of water within unbound granular materials. This allows better compaction
of the treated soil and increases required density under traffic when compared with
untreated soil (Quantum (Australia), 2021). Quantum products in both liquid and powder
form were used. The liquid product claims the following characteristics (Quantum (Aus-
tralia), 2021):

improves compactability by changing the water absorption characteristics of the soil,
reduction of water absorption by reducing the capillary activity,

reduced water permeability,

Optimum Moisture Content (OMC) of treated soil is lower and the density is higher, and
a strong reduction in swelling and shrinking behaviour.

Dk v =

The dry, inorganic powdered product claims the following characteristics (Quantum (Aus-
tralia), 2021):

1. prevents the treated soil from water ingression by closing the capillaries, and
2. water absorption capacity is reduced, restricting the swelling behaviour of the soil.

The Quantum System claims advantages over traditional cement and lime additives (Quan-
tum (Australia), 2021) including:

1. absence of curing time; dress, heavy roll and immediately useable,

2. mixed soil can be stored for unlimited time and remain fully effective,
3. environmentally safe and compatible, and

4. easy to apply in the field.

The following characteristics are additionally claimed by the Quantum System (Quantum
(Australia), 2021):

1. enhances bearing capacity of natural gravels and soils for road making purposes;

2. it is not a cementing agent, thus is not prone to shrinkage, it can be reworked, and it can be
stockpiled;

it improves bearing capacity by increasing material strength and reducing permeability;

it works with any type of soil because it activates the cohesive forces of the soil and sub-
stantially and lastingly reduces the influence of water;

it modifies the soil permanently and is used in-situ or via premixing;

it enables reduction of wearing-course thickness;

it has been proven globally (Switzerland etc.) for more than forty years; and

construction practice and application rates are invariable.

o

P

For optimum results, Quantum (Australia; 2021) suggest that the parent material should be
composed of one third gravel, one third sand and one third silt and clay, to generate material
with the following characteristics (Table 1):
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Table 1. Particle Size Distribution characteristics of optimum parent material.

AS Sieve Size (mm) Minimum % Passing Maximum % Passing PSD Category
37.5 100 100 Gravel

19 80 100

9.5 55 90

4.75 40 70 Sand

2.36 30 55

0.425 12 30 Silt and Clay
0.075 5 20

Additionally, the following criteria should ideally be met:

* Lower Liquid Limit > 25,

¢ Lower Plastic Limit > 18,

 Plasticity Index >10,

¢ Free from deleterious substances,

* Free from excess organic matter, and

» Free from high concentrations of sulphate ions.

Where in-situ soils diverge from the preferred one third each clay, gravel and sand, the
capillary rise of the parent material can be assessed in-house by the so-called “Brick Test” to
determine the need for any additional components.

3 STUDIES CONDUCTED TO ASSESS PRODUCT EFFICACY

Efficacy of the Quantum products was assessed over a five year period from 2015 through
2019 at University of the Sunshine Coast and proximate field locations, in various
scenarios.

Fitzpatrick (2015)
In 2015, Fitzpatrick examined the effect of the Quantum group of products with three local
subgrade materials:

* Image Flat quarry overburden,
* Obi Obi Quarry overburden, and
* Moy’s Pocket 2.3 road base.

He studied sample Resilient Modulus after compaction at OMC, testing three samples of
each material under repeat loading of 90 min duration in accordance with AS1289.6.8.1
(1995). Results (Table 2) were inconclusive, largely because of equipment malfunctioning; but,
they did demonstrate that for best results, some mechanical stabilisation is required and that
equal components of gravel, sand and clay should be adopted for optimum results.

Table 2. Average Resilient Modulus under repeated load for three un/treated materials.

Material Untreated modulus (MPa) Treated modulus (MPa)
Image Flat overburden* 646 538
Obi Obi subgrade 471 637
Moy’s quarry overburden * 494 318

*No gravel component.
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Fitzpatrick’s findings drove the recommendation to insist on a minimum of a Queensland
Main Road Type 2.5 subbase as the requisite gradation curve (Figure 3), for use in road bear-
ing capacity and all-weather access improvement.

100 -

Passing
o

37.5mrr 19.0mm 9.5mm 4.75mm 2.36mm 0.425mm 0.075mm

AS Sieve Size

Figure 3. Recommended grading curves for optimum performance whilst utilizing Quantum liquid and
powdered soil additive. Desired (blue), maximum (grey) and minimum (red) preferred curves are shown.

Curran (2016)

In 2016 Curran attempted to build on the Fitzpatrick (2015) study by undertaking a field trial
at Bracalba Quarry operated by Brisbane City Council. To enable material cost comparison,
an area of 240 m?, treated to a depth of 250 mm was compared to a 400 mm thick untreated
section of the same area. The parent material was a quarry overburden with the following
properties (Table 3).

Table 3. Particle Size Distribution for parent material, Bracalba Quarry field trial (Curran, 2016;
unpublished).

% Passing Particle

AS Sieve Min Max Distribution Particle Distribution ~ PSD Category
37.5 mm 100 100 100 Gravel
19.0 mm 80 100 81 41

9.5 mm 55 90 59

4.75 mm 40 70 42 Sand

2.36 mm 30 55 30 24

0.425 mm 12 30 18

0.075 mm 5 20 11.5 12 Clay
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Atterberg Limits for the parent material are also shown (Table 4):

Table 4. Soil characteristics of parent material, Bracalba Quarry field
trial (Curran, 2016; unpublished).

Attribute Min Max Value
Lower Liquid Limit 40 31
Lower Plastic Limit 14 18
Plastic Index 7.5 13.6
Linear Shrinkage Not specified 5.8

CBR 7.4

@ Moisture Content 10.7%

The finished in situ product was tested for bearing capacity using a Dynatest Falling
Weight Deflectometer owned and operated by Pavement Management Services (PMS). Capil-
lary rise in the material was monitored by in situ soil moisture equipment supplied by Pacific
Data Systems (Figure 4).

125 mm Trial material
(Solidry + C444)

125 mm Trial material
(C444)

150 mm Subbase

Subgrade

Figure 4. Schematic depiction of soil moisture gauge position within test pavement (Curran, 2016).
Note: Solidry is the historical name for the powdered soil additive, the new name is QPF; C444 is the
historical name for the liquid soil additive, the new name is QLF.

This equipment is designed to measure moisture content for agricultural purposes, so
laboratory calibration was undertaken against known moisture contents of the parent mater-
ial so that moisture content could be reported as engineering units. Moisture gauges recorded
material dielectric and electrical conductivity as well as temperature. Data were recorded
every 15 min and transmitted daily to an external computer repository. Site rainfall was also
recorded.

Additive application rates, computed by Quantum Ground Stabilisation were:

+ Liquid: 0.2 I/m?, and
« Powder: 1% to 2% of dry weight i.e. 2 to 4 kg/m>.

34



The test site was boxed out to a depth of 250 mm and a mixing pad established in the prox-
imity. An initial 52 tonnes of the parent material were then spread on the mixing pad and 45
litres of liquid additive was applied evenly across the sample. Mixing was then conducted by
a power harrow in five passes.

The material was then transported to the test site, graded and compacted with a pad foot
compactor. Another 52 tonnes were then placed on the mixing pad and the powder additive
spread at the rate of one 5 kg bag to 6 m? of material along with 45 litres of the liquid additive.
This material was added to the test site making a final depth of 250 mm fully compacted. The
same material (untreated) was placed adjacent to the test site to a depth of 400 mm. Thus, the
trial would be comparing 250 mm of treated material against 400 mm of untreated material.

Resilient moduli from the two sites were then determined using a Falling Weight Defect-
ometer over a five-month period (Table 5); tests were conducted in accordance with ASTM
E2835 - 11 (2015). Rainfall and soil moisture for the period were also compared (Figure 5).

Table 5. Resilient moduli for treated and untreated material at Bracalba Quarry over a
five-month period.

Mean Resilient Modulus (MPa)

Days since installation Treated (250 mm) Untreated (400 mm)
14 279 572
41 475 523
90 721 516
158 823 424

y = 3E-05x- 1.1487
R*=0.50384 ,

2.5158

e \ -~ R o N~ \/ N Y =6EL
R?= 0.59106

P
\/f\_/\,.\/_/—’\/\/

Rainfall (mm

foisture
N

14-May 14-Jur 14-Jul 14-Av 14-Sey 14-Oct

Figure 5. Variation in rainfall (vertical bars) and daily average soil moisture over the period 16 May to
14 Oct. 2016 at the Bracalba Quarry field site. Sensor 1 (red line) is at 125 mm depth; Sensor 2 (blue line)
is at 250 mm depth (Curran, 2016).

The moisture content of both layers appears to remain reasonably consistent even after
rainfall in excess of 100 mm.

Curran’s field research suggested that low quality granular material treated with the Quan-
tum products could attain high modulus values and that the products serve to effectively
‘waterproof” the materials enabling bearing capacity sustainment after rainfall.
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Callanan (2018)

Callanan (2018) furthered Curran’s work by examining more temporally-extensive pavement
data from the Bracalba Quarry field site. He utilised a Falling Weight Deflectometer to calcu-
late parameters necessary for resilient modulus estimation by back calculation, using the
ELMODG6 pavement software (Dynatest, 2016). These parameters were compared with in situ
moisture and laboratory CBR data, to verify the claims of the Quantum products.

At an initial visual inspection in July 2018 (Figure 6), Callanan assessed that the road
was in ‘good’ condition, exhibiting no visible defects or signs of degradation, with min-
imal erosion; subsequently, no temporal surface variation was evident over a three-month
period.

Callanan noted the following maintenance activities: a water truck was used for dust sup-
pression, spraying approximately 2L/m* 5-10 times daily, depending on weather conditions,
and grading occurred at approximately two-week intervals, where 26 mm greenstone scalps
were added for protection and cover, partially acting as the recommended asphalting layer,
temporarily altering the road structure.

Figure 6. Treated section of road pavement facing North West in July 2018 showing no visible defects.
Pavement is 10 m wide (Callanan, 2018).

Deflection testing was undertaken on 23 August 2018, 866 days after initial pavement con-
struction (Table 6).
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Table 6. Average Resilient Modulus under repeated load for un/treated pavement out to 866

days.
Mean Resilient Modulus (MPa)
Days since installation Treated (250 mm) Untreated (400 mm)
14 279 572
41 475 523
90 721 516
158 823 424
866 1127 727

In situ pavement moisture content was compared with rainfall data obtained from the
Bureau of Meteorology weather station at Wamuran, approximately 10 km from site. Average
moisture content for layer one (125 mm below surface) and layer two (250 mm below surface)
in September 2016 was 10.4% and 9.9% respectively. In September 2018, the moisture levels
sat at 10.5% and 10.45% for layers two and one respectively. Moisture content of both layers
fluctuated over time, however, layer two showed a greater increase (Figure 7).
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Figure 7. Pavement layer monthly average moisture content and monthly rainfall totals (vertical bars)
from September 2016 to September 2018. Sensor 1 (red line) is at 125 mm depth; Sensor 2 (blue line) is at
250 mm depth (Callanan, 2018).

These moisture readings show an increase from the type 2.5 material’s optimum moisture
content of 8.6%. Pavement moisture content increases after significant rainfall but a delay is
evident. Further evidence of this delay in pavement moisture increase after heavy rainfall can
be found by comparing monthly data (Figure 8).

Although the Quantum system does not completely inhibit water infiltration into the trea-
ted unbound granular material, the effects of moisture do not appear to reduce its stiffness
(Table 8).

Callanan conducted CBR testing on Type 2.5 granular unbound material (road-base)
sourced from Hanson quarry Ferny Grove and a gravelly brown/dark silt composite soil, said
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Figure 8. Pavement layer monthly average moisture content versus daily rainfall totals (vertical bars)
for March 2018. Sensor 1 (red line) is at 125 mm depth; Sensor 2 (blue line) is at 250 mm depth (Callanan,
2018).

to contain a high percentage of coal dust and ash, sourced from a Queensland Railway site;
soaked and un-soaked samples of each material with and without additive were tested.

Each sample was compacted in accordance with AS1289 — Methods of testing soils for
Engineering purposes at OMC and left to cure in a sealed container for a four-day period
before testing; results are shown (Table 7).

Table 7. CBR results for treated and untreated materials (Callanan, 2018).

CBR
Percent Increase

Source Control Treated with additive
Ferny Grove Quarry type 2.5 gravel 16 210 >1000%
Gravelly Silt — dark brown- Queensland Rail 42 78 >150%
Lower liquid limit 48 48
Lower plastic limit 41 41.6
Plasticity Index 7.0 6.4
Linear Shrinkage 34 3.0

CBR is seen to increase substantially, particularly in the ideal type 2.5 gravel.

Brooks (2019)
Brooks (2019) built upon the work of Curran (2016) and Callanan (2018) by conducting shear
box and unconfined compression testing on material treated with the stabilisation system.
Over thirty samples with various product concentrations were assessed qualitatively and quan-
titatively. This work was designed to simulate how materials may behave under the shear
stresses induced within a roundabout.

The granular material selected was a type 2.3 road base, based on the recommendations for
the base and subbase layers of unbound pavement material in a typical Queensland pavement
structure (TMR MRTSO05 2018); material was sourced from Hanson Construction Materials,

38



Glasshouse Mountains. Prior to treatment and testing base granular material characteristic
were assessed by Douglas Partners (Tables 8 and 9).

Table 8. Particle Size Distribution for Hanson Quarry Type 2.3 material.

AS Sieve Size Minimum Maximum % Passing Particle distribution PSD Category
37.5 100 100 Gravel

19.0 80 100 100 23

9.5 55 90 97

4.75 40 70 70 Sand

2.36 30 55 55 62

0.425 mm 12 30 30

0.075 mm 5 20 15 15 Clay

Table 9. Desirable physical characteristics of Hanson Quarry Type 2.3 material to obtain optimum sta-
bilization results.

Attribute Minimum Maximum Value

Lower Liquid Limit 25 50 23.2

Lower Plastic Limit 18 25 18.6
Plasticity Index 10 25 4.6

Linear Shrinkage 3 12 Not reported
CBR% 108

Dry Density 2.05
Optimum Moisture Content 10.6

Test samples were prepared following the standards outlined in Part 4D Stabilised Mater-
ials of the Austroads Guide to Pavement Technology. Liquid additive was applied at applica-
tion rates of 0.8 and 0.4 I/m* and powder additive was applied at a rate of 40 kg/m?® and 20 kg/
m3. Mixing commenced after both components of the stabilisation system were added to the
soil; mixing was conducted using a small shovel. Water was applied during mixing to obtain
the OMC specified by Douglas Partners. Stabilised soil was then placed into sample boxes for
compaction and curing.

Consistent compaction of stabilised material was conducted using a wooden mallet; each
sample was hit a total of 10 times, at similar forces. Samples were then cured for seven days.
Sample shear strength was then assessed using a direct shear box apparatus. Eighteen tests were
performed at normal forces of 20, 40 and 60 kPa, at a displacement rate of 5 mm/min (Table 10).

Table 10. Average material parameters derived from shear box test of material
treated at various percent of Quantum stabilization system.

Additive Concentration Internal Friction Angle Cohesion (kPa)
0% 25.83 60.30
50% 41.63 263.05
100% 49.41 311.83
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After curing, additional cylindrical samples were then trimmed to obtain a length-to-
diameter ratio of approximately 2:1, to enable nine unconfined compression strength tests at
0, 50% and 10% of recommended soil stabilisation amounts to be conducted, in accordance
with ASTM D2166/D2166-16 (Table 11).

Table 11.  Unconfined Compressive Strength and Shear Strength for Type 2.3 Hanson Material.

Additive Concentration  Average Compressive Strength (kPa) Average Shear Strength (kPa)

% improvement % improvement
0% 95.70 47.85
50% 224.56 227 112.28 233
100% 299.86 313 155.28 313

Brooks (2019) concluded that the percentage improvement in strength characteristics of the
material treated with the stabilisation system, far exceeded the 50% improvement in strength
(particularly unconfined compressive strength) required for TIPES accreditation.

4 SUMMARISED RESULTS FOR TESTING FROM 2015 THROUGH 2019

All results obtained to date were then compared with the TIPES requirements (Table 12).

Table 12. Comparison of characteristics of stabilized materials with TIPES accreditation requirements,
over the period 2015 to 2019.

Criteria Test Results
Threshold
Property Standard  Value % increase  Untreated Treated %o increase
Maximum dry density AS .
1289 5.4.2 5.0 2218 2.168  nil
Optimum moisture content AS .
1289.5.4.2 0.5 7.8 8.0 nil
Bulk Mass RMS
T133 10 50 Not tested
Rate of mass loss RMS
T186 2.0 50 Not tested
Permeability AS 7 9 o
128967 1 3.0x10 3*10 2*10 1000
Absorption (%) AS 5101.5 2.0 50 Not tested
Swell (%) AS5101.5 1.5 300 -0.5 0
Capillary rise (%) AS 5101.5 25 50 Not tested
California Bearing Ratio (%)  AS
12896.1.1 15-80 50 16 210 1300
Indirect tensile resilient modu- AS
Jus (MPa) 2891 13.1 1000-2000 50 284 1127 400
Unconfined compressive AS 5201.4
strength (MPa) 1.5-3.0 50 0.2 1.8 300
Liquid Limit >25
Plastic Limit >18 Parent Material
Plasticity Index >10
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These data suggest that test results meet or exceed material threshold requirements across
most tested material properties.

5 CONCLUSIONS

Over the period 2015 to 2019 Quantum stabilisation products were assessed, both in the labora-
tory and in the field. It is clear from these studies that the addition of both the liquid and solid
additive, to a variety of Australian soils, can have a beneficial effect in improving the bearing cap-
acity and inhibiting the movement of water within a pavement. Back-analysis showed an increase
in modulus over time.

From these analyses, optimal parent material characteristics can be specified. The base material
should have equal components of Gravel, Sand and Silty Clay and a Plastic Index in excess of 10;
optimal material characteristics and Particle Size Distribution are tabulated (Tables 13 and 14).

Table 13.  Optimal parent material characteristics.

AS Sieve Size Minimum Maximum % Passing PSD Category
37.5 100 100
19.0 80 100 100 Gravel

9.5 55 90 97

4.75 40 70 70 Sand

2.36 30 55 55

0.425 mm 12 30 30 Silt

0.075 mm 5 20 15 Clay

Table 14. Ideal Particle Size Distribution for parent material.

Attribute Minimum Maximum
Lower Liquid Limit 25

Lower Plastic Limit 18 )
Plasticity Index 10 Not yet specified
Linear Shrinkage 3

Whilst at this time, not all attributes required by TIPES accreditation have been tested,
results suggest that the bearing capacity and all-weather accessibility of roads will be improved
by the application of Quantum additives in liquid and powder form to materials meeting the
requirement of TMR 2.5 (A2 or E4) grading with high Liquid and Plastic Limits. Quantum
additives now need to be assessed via the TIPES Stage 3 accreditation to confirm their efficacy
for improving the bearing capacity and all-weather accessibility of soils for roadworks, par-
ticularly in the Queensland Black Soil country.
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ABSTRACT: Asphalt reinforcement products manufactured using polyester fibres have suc-
cessfully been applied in pavement rehabilitation for more than 40 years. Their outstanding
performance has helped to increase maintenance periods, which provides a substantial finan-
cial cost saving but also a very positive ecological effect, in form of a reduction in the use of
exhaustible resources and reduced traffic disruption.
This performance history impressively highlights the application of asphalt reinforcement.
A number of factors which influence the performance of an effective asphalt reinforcement
have been identified. Recent research has focused on a couple of these influence factors which
are summarized in this paper.
1. Surface characteristics of the raw material and their effect on the in-situ activated tensile
strength
2. Elongation underneath the asphalt layer during dynamic loading and the influence on
lifetime expectation
A cost comparison between the rehabilitation methods is given as well as a detailed descrip-
tion of the calculation of CO2 emissions.

Keywords: Asphalt reinforcement, Long term bonding strength, CO2 savings

1 INTRODUCTION

Asphalt reinforcement has been used worldwide for many years to delay or prevent reflective
cracks in asphalt layers. Using asphalt reinforcement can clearly extend the fatigue life and
therefore the maintenance intervals of rehabilitated asphalt pavements. Currently there are
a number of different products and systems of different raw materials (e.g. Polyester, Glass,
Polypropylene. ..) available in the market. It is not disputed that all these systems have
a positive effect, however there are essential differences in the behaviour and effectiveness of
such systems.

2 PAVEMENT FAILURE DUE TO REFLECTIVE CRACKING
Cracks appear in asphaltic pavements due to external forces, such as traffic loads and tem-

perature variations. The temperature influence and the dynamic loading over time leads to the
binder content in the asphalt becoming brittle. High stresses at the bottom of a pavement,
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from external dynamic loads, such as traffic, can cause cracks which propagate from the
bottom to the top of a pavement (bottom-up cracking). In order to delay the propagation of
those cracks into the new layers an asphalt reinforcement of high tenacity Polyester can be
installed. The reinforcement increases the resistance of the overlay against high tensile stresses
and distributes them over a larger area, thereby reducing the risk of local overstressing which
would result in cracks.

=T R PR

Figure 1. Simulated stress distribution with FE-Method, without (left) and with reinforcement (right)
(Montestruque, 2002).

3 MOBILIZATION OF TENSILE FORCES

Typically the testing procedures, to determine the tensile strength and elongation (e.g.
ISO EN 10319:2015), of Asphalt reinforcements are undertaken in “air” and not embed-
ded in asphalt. An asphalt reinforcement improves the stress-strain properties of an
asphalt pavement by adding tensile strength into the asphalt system. However, other
properties (other than the in air measured reinforcement stiffness) are influencing the
performance of an asphalt reinforcement and that asphalt/reinforcement interface bond
is an important influence factor in transferring tensile forces into reinforcement on the
contact surface. The performance of an asphalt reinforcement should ideally be deter-
mined as a composite, with asphalt and reinforcement considered together. Many tests
have been performed in the past decades to demonstrate the performance of asphalt
reinforcement produced with high tenacity Polyester fibres. The aim of such tests was to
replicate, as close as possible, the installed in-service composite behaviour in laboratory
conditions, whilst also trying to qualify the important parameters which influence the
behaviour of an asphalt reinforcement.

3.1 Bond stiffness

De Bondt, 1999, published “Anti-Reflective Cracking Design of (Reinforced) Asphaltic
Overlays”, which was the last phase in his Ph.D. program and a 5 year research project at
the Delft University of Technology. De Bondt determined the relevance and influence of
different parameters on reflective cracking in asphalt overlays, and performed comparative
investigations on different commercially available products in the market at that time. He
found that one of the most important parameters is the bonding of the reinforcement to
the asphalt, he defined as ‘bond stiffness’. De Bondt determined the equivalent bond stiff-
ness in reinforcement pull-out tests on asphalt cores taken from a trial road section. Parts
of the results are presented in Figure 2°, for full details the reader may refer to the full pub-
lication. De Bondt determined that the equivalent bond stiffness of a polyester reinforce-
ment was by far the most effective of all products investigated. The importance of the
bituminous coating for flexible grids has a significant influence. De Bondt found that in
flexible grids like a polyester reinforcement the stresses were transmitted via direct adhe-
sion between strands and asphalt — hence the coating plays a vital part to the ultimate
performance.
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Figure 2. Equivalent bond stiffness (ceq,rf in N/mm/mm?) of different investigated products.

By using finite element models, De Bondt calculated the improvement factors for reinforce-
ments based on material stiffness (EArf) and pull-out stiffness (ceq,rf). With a product stift-
ness of ~900 N/mm and a pull-out stiffness (ceq,rf) of about 9, the polyester reinforcement
achieves an improvement factor of 3.5 in the simulation compared to a control section. (i.e.
achieves a number of load cycles 3.5 times the number of cycles for the control section without
reinforcement before reflective cracks reappear). From this research it is evident, that a good
bonding of the reinforcement to the asphalt is very important for the performance of asphalt
reinforcement. The combination of high reinforcement stiffness (Polyester) and high bond
stiffness (Bitumen impregnation) create a high improvement factor for the overlay life of an
asphalt pavement.

3.2 Bonding strength

To mobilize tensile forces in the reinforcement a good bonding between the asphalt layer and
the integrated reinforcement is essential. Based on the German guideline ZTV Asphalt-StB 07/
13 the shear force within the testing procedure according to Leutner should not be lower than
15.0 kN between the binder course and the surface layer.

Figure 3. Dirill core with reinforcement (after testing).
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Table 1 shows the results of drill cores tested at the University RWTH Aachen, 2018. These
exemplary results show that the bonding strength is not significantly influenced by a bitumen
coated Polyester grid.

Table 1. Comparison of shear forces of unreinforced drill cores and HaTelit reinforced drill cores acc.
to Leutners method.

without reinforcement with reinforcement

mean value mean value mean value mean value
Temperature[°C] shearing force[kN] shearing distance[mm] shearing force[kN] shearing distance[mm]

20°C 26,1 3.9 24,9 38

3.3 Fibre surface structure

A Study on Geosynthetic-Reinforced Asphalt Systems, was published by Luming, 2018. This
research presents a study on various aspects relevant to geosynthetic-reinforced asphalts. Sec-
tion II of this thesis presents the experimental research that was conducted using overlay testing
involving geosynthetic-reinforced asphalt specimens. The standard overlay test has been
designed to evaluate crack propagation in asphalt concrete using a fatigue loading mechanism
that induces tensile and shear stresses. The experimental study presented in Section IT adopted
this test to evaluate the effectiveness of the different interlayers in retarding the reflective crack-
ing from an old asphalt into a new overlay. The asphalt specimens were tested in the standard
overlay test along with geosynthetic-reinforced asphalt specimens. In addition, an image acqui-
sition system was used to track propagation of cracks during overlay tests, see Figure 4.

Figure 4. Test set up for shear fatigue test.

Four types of reinforcement were tested. Each reinforcement had the same mesh size and
the same coating to eliminate a couple of potential variables and to provide a better under-
standing of the influence of the raw material. Polyester (PET), Glass fiber and Polyvinyl alco-
hol (PVA) were tested.
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Table 2. Tested asphalt reinforcement from different raw materials.

Reinforcement 1 Reinforcement 2 Reinforcement 3 Reinforcement 4
Raw material PVA PET Glass Glass

Tensile-strength[kN/m] 50 50 50 100

Results and conclusions from this tests.

Parts of the results are presented here, for full details the reader may refer to the full publication,
Luming, 2018. With the opening and closing of the simulated existing crack, the cross-crack initi-
ates and propagates from the tip of the simulated crack towards the top surface of the asphalt
concrete. Overall, the reinforced asphalt specimens showed better fatigue performance than the
unreinforced asphalt concrete. The PVA and PET fibres are more compatible with the asphalt
concrete than the glass fibre, thus they can better interact with the asphalt specimen at later fatigue
life. The normalized load of the PVA reinforcement at the end of phase 4 was the highest, indicat-
ing the best performance of this material in enhancing the shear resistance of the asphalt concrete
over fatigue life. The PET reinforcement shows second best results, close to them of PVA. The
performance of the glass fibre reinforced specimens was not as good as the polymer reinforced
specimens in terms of retarding the load decline. This could be attributed to the varied compatibil-
ity of the reinforcement with the asphalt concrete. PVA and PET consist of polymer fibres which
are more compatible with the asphalt concrete in the stiffness of the materials than the glass fibre.

4 ELONGATION INFLUENCING THE LIFETIME

4.1 Function of fatique

The textbook definition of fatigue theory states that fatigue cracking initiates at the bottom of
the flexible layer due to repeated and excessive loading, and it is associated with the tensile
strains at the bottom of the HMA layer (Huang, 1993). The fatigue cracking in cracked pave-
ments can be significantly delayed, by reducing the tensile strains at the bottom of a flexible
asphalt layer (Figure 5).

: b |

Figure 5. Schematic view of the fatigue cracking mechanism in pavement cross section without and

with reinforcement.

According to the function of fatigue:

Nf:kl (I/St)kz

N¢ = allowable load repetitions of a pavement (until failure occurs)
k; = coefficient of fatigue

k, = exponent of the fatigue function

& = elongation on the bottom of the asphalt layer [%0]
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From specialist literature the value mentioned for the coefficient factor of fatigue k1 is
2.0 X 10-12. For k,, the exponent of fatigue function, is 5.0. At a vertical deformation of
0.5mm during a loading cycle an elongation of 0.0001% is measured below the asphalt
layer. A small reduction in the elongation below the asphalt layer already has significant
effects on the allowable loading cycles. Detailed figure are presented in Table 3.

Table 3. Calculated loading cycles until failure occurs.

Reduction of elongation Elongation[€,] Loading cycles[N¢] Improvement Factor
Reference €=0,000100% 2.00 x 108 -

-5% €=0,000095% 2.99 x 10° 1.5

-10% €=0,000090% 3.99 x 10 2.0

-20% €=0,000080% 6.10 x 10° 3.0

4.2 Effects of an asphalt reinforcement on the function of fatigue

In a diploma thesis by Hoptner, 2010, the benefits of asphalt reinforcement in road rehabilita-
tion by using a modified rutting simulator have been investigated. The aim of this research
was to analyze the influence of an asphalt reinforcement on reducing the deformation in pave-
ments. The setup has been prepared according to realistic pavement design. The pre-cracked
specimens have been located on an elastic rubber foundation which simulates the base course
(Figure 6). The force has been applied by a rubber wheel. For the test set up a standard
asphalt design has been chosen, with a 60mm binder course (AC 16 B S) and a 40mm surface
course (SMA 8 S). The specimen was prepared in a roller sector compactor. In the first step
the binder layer (including the simulated crack) was prepared.

t— lop asphalt layer
— Reinforcement

Bottom asphalt layer
- pre-cracked

r— Rubber Foundation

Figure 6. Test set-up cyclic loading test (schematic).

After preparing the binder course (including a simulated crack) specimens with and without
reinforcement were produced. The reinforced specimen was impregnated with a bituminous
emulsion (C67B4-OB) in accordance with the installation guideline of the producer of the
asphalt reinforcement (Figure 7).

A force of 700N has been applied onto the specimen by a rolling rubber wheel, which is equiva-
lent to a 10 t axle load. Two identical asphalt specimens have been produced, with, and without
polyester reinforcement. The deformation from loading cycle 50.000 to the end of the testing at
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Figure 7. Pre cracked specimen with asphalt reinforcement.
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Figure 8. Deformation with and without Polyester reinforcement of an asphalt specimen between
50.000 and 60.000 loading cycles.

60.000 loading cycles was, without reinforcement, 2.lmm. The measured deformation with
reinforcement, only was 1.0mm. This results in a reduction of 50% in deformation. (Figure 8).

5 ECONOMICAL AND ECOLOGICAL ASSESSMENT

5.1  Executed project — district road “Rosenstrafle”, Ochtrup, Germany

The Rosenstrasse in Ochtrup leads directly to the border crossing to the Netherlands and is
therefore characterised by an extremely high volume of trucks. More technical details of the
project can be found in (Elsing and Schréer 2005). The project started already in 1996 and
from the very beginning on, the project was scientifically monitored and independently
evaluated (TUV Rheinland, LGA Bautechnik, 2009). The Rosenstrasse was repaired over its
entire carriageway width due to substance damage in the form of net cracks. Both the binder
course and the base course were also extremely cracked and in very poor condition. The ser-
vice life for a full lining was assumed to be 15 years. For financial and time reasons, it was
decided not to mill out the base and binder courses and to lay the asphalt reinforcement dir-
ectly onto the binder course after milling off the surface course. This was to prevent the
existing cracks from quickly penetrating into the new surface course and thus extend the
rehabilitation interval. During execution, the asphalt reinforcement was laid according to
the installation instructions and then covered with 5 cm asphalt concrete 0/11. The assump-
tions made at that time were verified and the durability of the road was evaluated. After 15
years the road was in excellent condition. No cracks were found along the entire length. The
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adhesive bond according to Leutner was still 24 kN (Quiel, 2013). After 15 years, the road
condition can be regarded as equivalent to a full rehabilitation with changing all existing
cracked asphalt layers. Until today, after 23 years, the road is in perfect condition and no
rehabilitation had to be carried out. In this way, sustainable renovation costs could be
avoided. The use of asphalt reinforcement has proven to be a successful rehabilitation meas-
ure in its entirety.

5.2 Cost comparison of this project

Lying on the conservative side, only the costs of maintaining the cracked binder course were
considered in this rehabilitation project. In the case of the asphalt reinforced version, the
material costs of the reinforcement and the costs of installing the reinforcement are incurred.
The cost of milling the binder course, the material costs of the new binder course and its
paving and compaction are saved. The direct cost savings for the selected reinforced version
were > 34% in 1996.

5.3 Cost comparison in general

A current comprehensive analysis of the costs of various rehabilitation methods was carried
out on the basis of a bachelor thesis (ClauBlen, 2019). This included the pricing of a fictitious
construction site in the Wismar (East part of Germany) area. The rehabilitation method of
replacing the binder course and surface course was compared with the method of replacing
the surface course using an asphalt layer, as described in the example above. In the conven-
tional variant, 4 cm of surface course and 6 cm of binder course are to be milled out and
placed again. In the reinforced version, only the surface is milled off and the asphalt reinforce-
ment is laid on top of the existing cracked binder. The costs for the conventional variant are €
144,591.3 for 5000 m? and € 84,711.3 for the reinforced variant. Also on the basis of this
example a saving of 41% of the costs can be determined.

International experience shows that the percentage of the direct cost savings are also in the
range of 35% - 40%, although the prices for building materials, transport and labour vary con-
siderably. More roads could therefore be rehabilitated for the same investment.

54 CO, savings

The CO, emissions were idendified on the basis of a concrete road maintenance measure.
A detailed description of the calculation of CO, emissions is given in (Brzuska, 2019). The
result shows that more than 60 % of the CO, emissions were caused solely by the produc-
tion of asphalt mixes and the associated processes. The reason for the high CO, emissions
during the production of asphalt mix is the high energy consumption. A simplified transfer
of the results of this construction measure to the Rosenstrasse construction measure men-
tioned above gives a good estimate of the CO, savings for this renovation option. Here,
6 cm of binder course was retained and the asphalt reinforcement was laid on top of it.
Comparison: Conventional method - replacement of binder course and surface course -
with the method - laying asphalt reinforcement on the binder course. Conservatively, only
the CO, emissions resulting from the saving of the mix for the binder course are taken into
account. The CO, emissions resulting from the production of the base course from
(Brzuska, 2019), were also assumed to be on the conservative side for the production of the
binder course. CO, emissions caused by the arrival and departure of employees, the trans-
port of construction machinery, the extraction and transport of asphalt granulate required
for the production of mixes were not taken into account. This alone results in a CO, saving
of 24.3 t CO, per rehabilitated road kilometer. Another aspect that contributes significantly
to CO, savings is the reduction of construction time. This means that the road can also be
opened to traffic earlier, leading to a reduction in traffic jams caused by the construction
site. In North Rhine-Westphalia for example, 50 % of all traffic jams are caused by con-
struction sites.
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6 SUMMARY

The use of asphalt reinforcement has proven to be a successful rehabilitation measure in its
entirety. Placing the reinforcement directly on the cracked binder instead of replacing all
asphalt layers is a highly cost-effective and environmentally friendly solution. Less CO, is
caused and due to the faster construction time, traffic jams are reduced which additionally
saves CO,.

The use of asphalt reinforcements reduces the rehabilitation intervals significantly. In order
to reach the longest possible service life of the pavement the reinforcement needs to be robust
against mechanical damage during installation and compaction of the asphalt and the later
dynamical loading. Additionally the reinforcement must have a direct mobilization of tensile
forces in the asphalt system, and should not reduce the bonding strength between the asphalt
layers. As described in the paper polymer raw materials such as PET and PVA show an
extreme high mobilization of tensile forces and combined with a bitumen coating the bonding
strength is nearly undisturbed and this together ensures a maximum long service life.
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Impact of extreme robust hydraulic bound base course made by
cold recycling in situ on performance and homogeneity of
reconstructed pavement from bearing capacity point of view

Z. Boros, J. Komacka & F. Bucek
STRABAG — TPA, Bratislava, Slovakia

ABSTRACT: A new approach in terms of common procedures (used not only in Slovakia)
was implemented in the reconstruction of a deteriorated cement concrete pavement. The
hydraulically bound layer with the robust final thickness of 40 cm was made by technology of
cold recycling in situ from the concrete slab, base, and subbase layers. This layer formed the
basis for new asphalt layers. Testing and comprehensive evaluation of bearing capacity of
reconstructed pavement by FWD proved significantly increase in bearing capacity of pave-
ment. The analysis also confirmed the used technology of recycling is suitable to achieve high
stiffness of homogenized recycled layer and ensure acceptable homogeneity.

Keywords: Pavement, reconstruction, recycling, base, course, FWD, bearing capacity

1 INTRODUCTION

Flexible and semi-rigid pavements dominate on the Slovak road network. Only a few sections
with cement concrete pavement can be found on some roads. Generally, these pavements are
more than 40 years old, they have un-dowelled joints and plenty of various defects that nega-
tively affect safety and driving comfort. Unfortunately, these sections form a part of first-class
roads with the high traffic intensity. The unsatisfactory condition of the pavements of these
sections needed to be addressed by rehabilitation. Therefore, a comprehensive diagnostic
work was carried out, including verification of the bearing capacity. The Society for Quality
Assurance and Innovation (TPA) have taken a part on these activities. In 2014, TPA handled
the engineering geological and hydrological survey, bearing capacity diagnostic, the pavement
design, and the design of reconstruction technology of first of such a project from 4 investi-
gated a 2 realised total cases in Slovakia (the roads in 2014: 1/62 and 1/75; 1/50; 1/65; in 2019: 1/
13 - Boros, Sotak). The details relating to the reconstruction of the section on the road 1/65
are presented in following chapters.

2 PAVEMENT CONDITION AND DIAGNOSTICS

The pavement of the section corresponded to a jointed unreinforced concrete pavement. The
maintenance of pavement was insufficient and joints between the slabs were not regularly
resealed. It allowed water penetration into the pavement structure and the accelerated degrad-
ation of the pavement. The change in moisture content had the negative effect on properties
of layers and subgrade under the cement concrete slab. Due to this, in combination with the
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load, gradual vertical shifts between the plates and the “pumping” effect occurred and plenty
of longitudinal and transverse cracks were formed (Figure 1). A major danger was some parts
of the broken pavement not only shifted vertically as a heavy vehicle passed, but even rotated
into a perpendicular position.

Figure 1. Example of distress of pavement (first class road 1/65).

The FWD Dynatest 8000 was used to detect the pavement bearing capacity. In view of the
high degree of damage of the pavement and the obvious need for its reconstruction, a step
approximately of 100m (with 50 m shift in lanes) was chosen in agreement with the contract-
ing authority. The measurements in this step were taken at the center of slab in undamaged
(unbroken) sites. The measurements were not taken at edges and joints because the transfer at
the joints (the co-action of slabs) was irrelevant for the intended purpose. Deflections gener-
ated by load force of 75 kN were measured at 9 sensors spaced from the center of load plate at
0, 200, 300, 450, 600, 900, 1200, 1500 and 1800 mm.

The surface moduli calculated from the measured deflections varied significantly along the
section (Figure 2). It confirms inhomogeneity of pavement bearing capacity. Considering the
cement concrete pavement, a lot of low values (below 1000 MPa) resulting from the deflection
at the center of load (D1 in Figure 2) can be observed. It means, the functionality of some
cement concrete slabs (load transfer to its surroundings) is limited.
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Figure 2. Surface moduli along the section of the road 1/65.
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The plot of surface modulus for various distances of FWD sensors (Figure 3) also demon-
strates variability of properties of pavement layers. The top two images show a pavement with
an undamaged, functional cement concrete slab. The smooth surface modulus curve (top left)
also documents undamaged underlying layers and subgrade. The damaged part of the pave-
ment just below the cement concrete slab can be assumed from the course on the top right.
The bottom two images are characteristic of a site with a damaged cement concrete slab. On
the left, there is the course corresponding to undamaged base and subbase layers. The bottom
right image is typical for both damaged cement concrete slab cover and underlying layers.
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Figure 3. Example of variability of surface modulus at test points.

The evaluation of the bearing capacity showed a high degree of inhomogeneity of the
cement concrete pavement in the diagnosed section. The remedy of the unsatisfactory pave-
ment condition by local repair of the unsatisfactory parts was rejected and a total reconstruc-
tion of the pavement was proposed. Moreover, the decision of client was to change the type of
pavement and build an asphalt pavement for the design period of 20 years.

3 DESIGN OF RECONSTRUCTION

The TPA Ltd prepared the design of new pavement respecting all conditions defined in Slovak
pavement design method (TP 033, 2008). Traffic intensity, climate and hydrogeological condi-
tions, subgrade bearing capacity were considered in the design process.

As the bearing capacity evaluation proved good parameters of subgrade, the aim of design
process (Figure 4) was to preserve the original subgrade. Therefore, a reconstruction method
was sought that would ensure this. The decision fell on recycling in situ of cement concrete
slabs, base, and a part of subbase. This solution would make it possible to eliminate damaged
areas of the cement concrete surfacing and maximize the reuse of existing pavement materials.
and homogenization. The result of design was the hydraulically bound “homogenisation” base
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layer (HMG) with the total thickness of 400 mm. It consists of mixed pavement materials
(fragmented and crushed cement-concrete slabs of surfacing, and other materials of existing
base and subbase course up to the depth of 400 mm — the middle part of Figure 4), new
crushed aggregate (fraction 32 mm), and a slow-hardening hydraulic binder.

Investigation of given road and conditions Discussion on diagnostic results New pavement and technology design
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Figure 4. The design process of the “Homogenisation Layer”.

When designing the pavement, it was assumed, the “homogenization” layer would have param-
eters corresponding to CBGM Css. Because the HMG layer is not a standard layer, the special
technical-qualitative conditions were elaborated for its design and construction. The final design
(right part of Figure 4 and Table 1) included all considerations of the designer as well as the require-
ments of the client. The pavement composition met the client’s requirements for a service life of 25
years under the expected traffic load of 76.6 million equivalent standard axle loads (ESAL).

Table 1. Pavement structure (simplified, without tack coats, type of binder etc.).

Pavement layer Layer thickness [cm]
Stone mastic asphalt SMA 11 PMB 4

Asphalt concrete - binder course AC 16 bin PMB 7

Asphalt concrete - base course AC 22 base PMB 9

Homogenisation hydraulically bound layer CBGM Cs, (HMG) 40

Gravel sand (original) 15

4 PROCESS OF RECONSTRUCTION

The technological process of reconstruction was carefully planned not only in terms of the
proper setting of the construction machinery, the dosage of the combined binder or the add-
itional aggregate fraction to guarantee the resulting mechanical parameters of the HMG type
base layer, but also in terms of minimizing traffic restrictions. In practice, the possibility of
road reconstruction in full and half profile was verified.

The Figure 5 shows the individual steps of the technological process of reconstruction: 1.
breaking the slabs using a “guillotine”; 2. crushing the parts of CC slabs; 3. crushed material
accumulated before spreading; 4. detailed view of the spread material; 5 HMG layer after mill-
ing, adding the binder, water and compacting; 6. the result.

5 PERFORMANCE AND PARAMETERS OF NEW PAVEMENT

The measurements by FWD Dynatest 8000 before and after the reconstruction were used to
assess the change in performance of pavement. Due to the difference in load forces (75 kN
before and 50 kN after reconstruction) the surface modulus of pavement was used as
a parameter for a comparison instead of deflections.
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Figure 5. Brief overview of the reconstruction process in half road profile.

It is clear from the example in Figure 6, the values of the surface modulus after the recon-
struction are higher comparing to those before the reconstruction. It is also interesting, the
chosen technology focused on preserving of existing subgrade has served its purpose. It can be
stated based on the surface modulus calculated from the deflections measured by the sensor
spaced in 1800 mm from the load centre (the farthest FWD sensor is generally used for assess-
ing bearing capacity of subgrade). As it can be seen in Figure 7 the surface modulus calculated
from the deflections measured after reconstruction are higher in the comparison to those
resulting from the deflection before reconstruction.

The surface modulus EO of the reconstructed pavement in Figure 6 indicate a variability in
the total stiffness of pavement. A closer analysis of the reasons for this variability is possible
by evaluating the parameters characterizing the stiffness of individual parts of the pavement.
Three parameters were used for this purpose:

- the central deflection DO that relates to the total stiffness of the pavement;

- the deflection D 1800 characterizing the stiffness of subgrade;

- and the Structure Bearing Index (SBI) representing the stiffness of pavement structure itself;
it was calculated as:
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Figure 6. Surface modulus EO of pavement before and after reconstruction.
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Figure 7. Surface modulus E1800 of pavement before and after reconstruction.

SBI = (D0 — D1500) (1)

where DO is the central deflection (um) and D1500 is a deflection measured at the distance of
1500 mm (um).

The mentioned parameters along the section are presented in Figure 8. The correlation ana-
lysis (Figure 9) proved the subgrade stiffness (deflection D 1800) is a less important factor
influencing the change in central deflection D0 because the higher value of the coefficient of
determination R? was determined for the relationship between DO and SBI.

The SBI index expresses the stiffness of the pavement itself after filtering out the stiffness
(bearing capacity) of the subgrade. The various indices characterizing the stiffness of individual
parts of pavement can be used to analysis reasons of SBI index variability. The Surface Curva-
ture Index (SCI300) and Base Curvature Index (BCI) were used in this case. The SCI300 is obvi-
ously used for an assessment of asphalt layer(s) stiffness. They were calculated as:

SCI300 = D0 — D300 ()
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Figure 8. Values of parameters characterizing the total stiffness of pavement.
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Figure 9. Correlation between the central deflection and parameters of other parts of pavement.

BCI450/1200 = D450— D1200 (3)

where DO is the central deflection (um), D450 and D1200 are deflections measured at the dis-
tance of 450 mm and 1200 mm respectively (um).
The regression analysis confirmed a visual impression from the variability of SBI, SCI300, and
BCI450/1200 along the section (Figure 10). The coefficient of determination R? has for the rela-
tionship between SBI and SCI300 the value of 0.455. The higher value of R* (0.855) for the rela-
tionship between SBI and BCI450/1200 could be perceived as confirmation of the greater
influence of the homogenized (recycled) layer on the overall stiffness of the pavement structure.
All previously presented parameters were used to evaluate the bearing capacity of the recon-
structed pavement based on criterions valid in Slovakia for the semi-rigid pavement (TP 031,
2008). As it can be seen in Table 2, the maximum values of all parameters are well below the
limits required for the evaluated type of pavement. The average values resulting from the stat-
istical evaluation (Figure 11) confirm the very good performance of the recycled pavement
from the bearing capacity point of view.
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Table 2. Evaluation of bearing capacity of reconstructed pavement.

Parameter Required limit () Maximum value () Average value ()
DO 170 121 69
SCI300 80 43 13
BCI450/1200 150 44 38
D1800 100 42 26

The homogeneity of the reconstructed pavement is another interesting topic. Coefficient of
variation (CV) resulting from averages values and standard deviations of individual bearing
capacity parameters of recycled pavement (Figure 11) is slightly above 0.2 for D0. Considering
the kind of evaluated data, the acceptable variability and homogeneity can be stated from the
viewpoint of total bearing capacity of reconstructed pavement. The CV oscillating around 0.3
(SBI, D1800, and SCI300) can be also considered as acceptable. Interesting fact is the CV for
SBI is lower than CV of two possible components (SCI300 and BCI450/1200). It can be sup-
posed the stiffness of asphalt and homogenized layer is combined along the section in such
way that the final stiffness of pavement structure itself has lower variability than its two
components.
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Figure 11. Statistical characteristics of bearing capacity parameters.
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Although the overall evaluation confirmed the very good bearing capacity of the recon-
structed pavement, it was also verified, if the modulus of elasticity of the homogenized layer
considered in the design process of the new pavement was achieved. The design value of the
modulus of elasticity for a layer corresponding to CBGMcsy6 is 1200 MPa in the Slovak regu-
lation concerning the design of flexible and semi-rigid pavements (TP 033, 2008). As some
level of inhomogeneity was identified using the previously presented parameters, the division
of the section into homogeneous sub-sections was carried out. The division was performed by
the sum line method, the values of which were calculated as

Si=x1—X (4)
S:;z =X;i— X+ S,',l (5)

where S, is the first value, S; is the value at a point i, x;; are values of used parameter at
individual points and X is the average value of used parameter on whole section. The sum lines
were calculated for the parameters D0, D1800, SCI300 and BCI450/1200 (Figure 12). Sub-
sections were defined based on the shape of the sum line for the BCI450/1200 index as it was
considered as the most suitable for characterizing the stiffness of the homogenized layer.
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Figure 12. Sum lines of bearing capacity parameters.

After the subsections were determined, the average value of the deflection curve was calcu-
lated for each subsection. This was the input for the back-calculation of the elastic moduli
using the CANUV computer program (Celko and Komacka, 1998, Komacka and Celko,
1996). It is one of the programs listed in COST 336 (European Commission, 2005) and has
been routinely used by the Slovak Road Administration since 1996. As it can be seen in
Figure 13, the elastic moduli of the homogenized layer vary in the individual subsections.
Nevertheless, they all have a much larger value than the design value of 1200 MPa. The aver-
age value of elasticity modulus resulting from the back-calculation is about 4900 MPa with
the coefficient of variation of 0.29 (less than for BCI450/1200 index in Figure 11). Based on
this, it can be stated, the used technology of recycling succeeded in achieving stiffness of layer
supposed in the design process, and acceptable homogeneity.

6 CONCLUSIONS

Various challenges from technical, technological, economic, and ecological aspects related to the
design of the reconstruction of the road 1/65. The possibility to make the 40 cm thick layer con-
sisting of mix of crushed cement concrete slabs, added aggregate and hydraulic binder was
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Figure 13. Elasticity modulus of homogenized layer in sub-sections.

practically verified from technological point of view. A careful selection of machinery with suffi-
cient performance enabled a quick reconstruction. This kind of reconstruction is a green solution
that significantly reduces the carbon footprint in comparison with the reconstruction based on
the use of new raw materials. Moreover, the lower consumption of raw materials brings also eco-
nomic benefit. The implementation of the very thick subbase layer with hydraulic binder is cost-
effective also from the long-term performance of pavement. The relatively small investment
added on the beginning brings approximately the doubled operating performance of final solu-
tion. The measurements by FWD proved significantly increase in bearing capacity of pavement.
The analysis also confirmed the used technology of recycling is suitable to achieve high stiffness
of homogenized recycled layer and ensure acceptable homogeneity.

The success of implementation of proposed technical solution for the reconstruction of the
road 1/65 is another in a series of similarly successful implementations carried out in Slovakia
since 2015.

REFERENCES

Boros, Z., 2014a. Pavement Diagnostics, Background for Reconstruction of Concrete Roads in Bratislava
and Trnava Region (162, 1/75). Measurement and Evaluation of Pavement Bearing Capacity by FWD.
Technical report. TPA, 2014.

Boros Z., 2014b. Pavement design proposal of reconstruction of cement-concrete pavements in the region of
Bratislava and Trnava (1162, 1/75). Technical report. TPA, 2014.

Boros Z., 2014c. Road reconstruction design. Reconstruction of the road 1165 Turcianske Teplice -
Pribovce, km 113,500 - km 129,000. Removal of the emergency state. Technical report. TPA, 2014.

Celko, J. and Komacka, J., 1998. Analysis of the pavement bearing capacity on the deflection bowl basis.
V. International conference on the Bearing Capacity of Roads and Airfields. Trondheim, 1998,
Volume I, pp. 609-617.

European Commission. COST 336 The use of Falling Weight Deflectometers in Pavement Evaluation.
Final Report of the Action. 2. ed. Luxembourg: Office for Official Publications of the European Com-
munities, 2005.

Komacka, J. and Celko, J., 1996. CANUV - computer program for analysis of the pavement bearing cap-
acity on the deflection bowl basis. Studies of University of Transport and Communications in Zilina,
Civil Engineering Series, Volume 19, pp. 63-70, ES VSDS Zilina, 1996.

Sotak J., 2014. Engineering geological survey of reconstruction of cement-concrete pavements in the region
of Bratislava and Trnava (1162, 1/75). Technical report. TPA, 2014.

TP 031 Measurement and evaluation of bearing capacity of asphalt pavements using FWD Kuab. Technical
conditions. Slovak Ministry of Transport, Post and Telecommunication, 2008.

TP 033 Design o flexible and semirigid pavements. Technical conditions. Slovak Ministry of Transport,
Post and Telecommunication, 2008.

61



Eleventh International Conference on the Bearing Capacity of Roads,
Railways and Airfields, Volume 2 — Hoff, Mork & Saba (eds)

© 2022 copyright the Author(s), ISBN 978-1-032-12049-2

Open Access: www.taylorfrancis.com, CC BY-NC-ND 4.0 license

Impact of climate change on railway construction, maintenance
and safety in the United Kingdom

Nicholas DeVinne, Robert DeBold & Michael C. Forde
University of Edinburgh, UK

Carlton L. Ho
University of Massachusetts, Amherst, USA

ABSTRACT: Extreme weather has a harmful effect on railway performance, and cli-
mate change is causing this to increase. Major impacts include track failures in heat,
overhead line collapse in winds, earthworks failure due to rainfall, or washout due to
flooding. More than 1.5 million delay minutes are caused each year by extreme weather,
alongside extended line closures. Climate trends show a tendency for an increase in
extreme weather, with up to a 600% increase in extreme rainfall events in some UK
regions since 1931. The UK railway network is inadequately prepared for the impacts of
changing weather patterns. To maintain the performance of the railways, climate trends
must be accurately identified and linked to their effects on railway infrastructure.
Through this process, the areas of the UK, and the infrastructure assets that will experi-
ence the greatest risk, can be identified. With overall risk identified, targeted intervention
measures can be organized and applied where necessary to maintain required resilience.
Without adapting to the changing climate, railways in the UK will continue to deterior-
ate in performance and experience increasingly frequent infrastructure failures. Respond-
ing to climate change’s effects on the railways will reduce disruption and damage to the
railways, providing benefits through reduced delays and maintenance cost across the
UK. Using climate data from the Meteorological Office of the past and current regional
temperatures and precipitation data were used to evaluate the impact on the construc-
tion, maintenance, and safety of railway infrastructure.

Keywords: railroad, infrastructure, climate change, precipitation, temperature, delays

1 INTRODUCTION

Weather effects have a significant impact on the safety, resilience, and performance of
railway operations. Currently, severe weather is responsible for around 20% of all
delays on the UK rail network, representing an average of 1.5 million train delay min-
utes annually (Office of Rail and Road 2020) As a result, Network Rail pays out
direct financial compensation to train companies of £50-100 million each year (Net-
work Rail 2017), with even higher costs associated with repairs. For each incident of
weather-related failure on the network, not only must the network be repaired, but the
failures also result in indirect costs through lost time and decreased local connectivity.
Due to the ongoing effects of climate change, impacts to the railway network will
become more frequent and damaging, resulting in even higher costs to the railways and
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economy. Climate trends in the UK are leading most significantly to higher temperatures
and higher precipitation. It is not only overall annual precipitation that is increasing,
but also the frequency and intensity of extreme storms. Extreme rainfall events are now
60% more frequent than the preindustrial baseline (Rail Accident Investigation Branch
2020). Increasing weather intensity leads directly to increased risk to the railways and
will increase the percentage of delays and disruption caused by weather. Although there
is significant research into climate change, there is less research into the specific impact
on transportation infrastructure, and even less on the appropriate adaptations in
response. The direct links between changing weather patterns and risk to the railways
has been insufficiently modelled, both in the UK and worldwide (Rail Safety and Stand-
ards Board 2016 (Wang, et al. 2020. Further research will make the network more resili-
ent in response to the impacts of climate change.

Through better knowledge of the potential risks, UK railways can be made more resilient in
the face of a changing climate. With the overall risks identified, the intensity of that risk for
each aspect affecting the railways can be modelled spatially across the railway network. This
will allow the combination of all relevant identified risk factors to develop a combined climate
risk level assessment for each section of the railways. Additionally, the relative severity of any
potential impacts to a certain section of the network (i.e., the traffic intensity on a section, and
thus the overall disruption that would be caused) can be modelled to modulate the identified
risk. After an overall risk level has been identified for each section of the network, appropriate
investment in modifications and resilience improvements can be standardized and more effi-
ciently implemented.

By improving the infrastructure of the railways, benefits will be gained not only for the
passengers through reduced delays, but also for the infrastructure manager and the wider
economy. Even if the infrastructure is unable to withstand extreme weather events, having
a better understanding of those events will allow more efficient recovery from failure. More
reliable data on the probability and impact of climatic effects on the railways will enable
a targeted response by Network Rail, where the most vulnerable assets are improved before
failure. For the wider economy, reduced railway disruption and closures would result in
decreased ‘lost time’ cost. Responding to the growing threat of climate change is necessary
across the UK and worldwide. Major incidents on the UK railway network are already rela-
tively frequent, and will become more likely in the coming decades due to continued climate
change impacts.

Discrete examples of infrastructure failures are not evidence of a wider impact of climate
change. However, the growing frequency with which the railways are affected by weather
shows the necessity of responding effectively to climate change. The most recent major inci-
dent in Scotland occurred on August 12, 2020. As a result of extreme precipitation, two separ-
ate incidents occurred (Haines 2020).

On the line from Edinburgh to Glasgow via Falkirk High, the adjacent canal over-
topped, cascading large volumes of water onto the railway line. The associated damage
resulted in a kilometer of track washed out and the railway remaining closed for
a month (Dalton 2020). On the same day, a landslip at Stonehaven caused a derailment,
resulting in fatal injuries to the driver and two other passengers. Here, the railway was
closed for more than 2 months, with total incident cost over £10 million (McCartney
2020).

The incident which most affected the wider push for climate resilience on the UK railways
was the two-month closure of the Cornish main line following heavy storms in 2014. With no
diversionary routes, the entire south-west of England was cut off from the rest of the network.
Overall cost to the economy has been estimated at £1.2 billion. That total cost considers losses
to businesses due to lack of travel, impact of delayed time, etc. Although the direct infrastruc-
ture repair cost is important to consider, the largest impacts of railway closures are indirect
(BBC News 2015) (Kennedy 2020).

Impacts to railway networks from climatic effects are not limited to the UK. For example,
with increased global temperatures, railways laid in historically cold regions are at risk. The
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Qinghai-Tibet railway in China is laid mainly on permafrost, which destabilizes if unfrozen.
As the temperature increases, the railway is more susceptible to failure (Xiong, et al. 2015).

Susceptibility of UK railway earthworks to fail is often linked to their age (Haines 2020).
However, newly constructed earthworks can also fail. In March 2020, a significant landslip
occurred on the LGV Est in France (Poingt 2020).

Currently, the impact of climate changes on the transportation infrastructure of the
UK has not been sufficiently modelled. Climate data shows clear trends in increasing
maximum temperatures as well as increasing precipitation and extreme rainfall events,
which both have an impact on the performance of the railways. The link between these
climatic changes and the resilience of the UK railways must be further studied to iden-
tify likely impacts. Overall climate risk to specific assets can then be calculated. With
that risk identified, appropriate responses can then be implemented to ensure continued
performance.

Network Rail has recently published a final report on their task force investigation
into earthworks management as a result of the Stonehaven derailment. This includes
a lengthy review into the failure dynamics of earthworks and identifies pore water pres-
sure in the earthworks as the main factor influencing failures. Additional factors of
slope angle and historic vegetation management practices are also significant, but water
management processes are the most important (Network Rail 2021). By further expand-
ing on this knowledge of the factors influencing failure, the evolution in those influen-
cing processes as a result of climate change can be quantified, and thus the spatial risk
across the network identified.

2 EVIDENCE OF CLIMATE TRENDS AND ASSOCIATED PERFORMANCE
IMPACTS

2.1 Global climate change

With years of research, there is clear evidence of globally increasing temperatures. The
average global temperature has been increasing, with the average trend since then esti-
mated at 0.65 to 1.06° C since 1850 (Committee on Climate Change 2016). Increasing
temperatures are seen across the whole UK. The overall temperature increase is still on
the order of 1 degree Celsius since 1910, suggesting a sharper trend of temperature
increase for the UK.

Temperatures in the UK are expected to continue increasing throughout this century, even
under the most optimistic emission scenarios, with two projected scenarios of UK temperat-
ures to 2100 as RCPs (Representative Concentration Pathways) (Met Office Hadley Centre
2019). RCP 2.6 represents the most optimistic emissions scenario, and RCP 8.5 the most pes-
simistic (Intergovernmental Panel on Climate Change 2014). Actual temperature response will
likely be between these two extremes. Thus, the likely temperature increase with respect to
a 1910 baseline is around 3 degrees Celsius by 2100.

Due to global temperature increases, average sea levels have risen around 1.4 mm
annually since 1900. However, this has increased to nearly 3 mm annually in recent dec-
ades. By 2100, average global sea level rise will be on the order of 0.4-0.8 m. Such an
increase will have strong implications for coastal areas (Met Office Hadley Centre 2019).
With rising sea levels, not only will the lowest lying littoral areas be submerged, but
coastal flooding effects and wave surges will have an impact on a larger area. This will
result in more impacts to railways following the coastline, which are common in the
UK, especially in Cornwall and Wales.

Additionally, weather patterns are changing. Extreme weather events bringing elevated pre-
cipitation (above the 90™ percentile) have increased worldwide (Intergovernmental Panel on
Climate Change 2012). Precipitation trends for all regions of the UK since 1931 have been
analyzed to identify changes both in overall precipitation and the incidence of extreme
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Figure 1. Percentage change in 20-year average annual rainfall by UK region from 1931 to 2019 (Data
from Met Office Hadley Centre).

precipitation events. Figure 1 shows the percentage increase in annual average precipitation
levels by region graphically from 1931 to 2019.

All UK regions apart from Northern Ireland have experienced increases in annual rainfall
levels since 1931, with most seeing an increase of around 8-10%. North and East Scotland
have seen the smallest increases in overall rainfall levels. However, Northern Ireland’s rail-
ways are managed separately from the rest of the UK, so are excluded from this study. Thus,
all regions under the control of Network Rail have experienced some level of rainfall increase
since 1931, with these trends expected to continue to 2050/2100 (Network Rail 2015).

Additionally, the trends in extreme rainfall levels have been studied to give an idea of the
evolution in the relative severity of rainfall events by region. Figures 2-5 show the identified
regional trends in precipitation data overlaid onto the UK regions (Met Office Hadley Centre
2020). Regions shaded in red experienced decreases, regions in green increases, with regions in
white being stable.

Shown in Figure 2, all regions experienced large increases in total annual rainfall except
North and East Scotland and Northern Ireland, with the largest increase in South Scotland
(12%). Shown in Figure 3, the average daily maximum rainfall (the largest amount of precipi-
tation on any one day throughout the year) increased in all regions except North Scotland
and Northern Ireland. Here, the largest increase was North East England (28%), revealing an
increase in severity of extreme rainfall events. Figures 4 and 5 identify the change in occur-
rence of high-percentile rainfall events (days with rainfall above 30mm and 35mm respecti-
cely). Again, increases were experienced across almost every region (apart from North
Scotland). Here, the percentage changes are more extreme, with North East England experien-
cing a 600% increase in the average number of days with rainfall above 35mm. Regions that
previously did not regularly experience extreme rainfall events are now seeing greatly increased
occurrence of them.

Climate change is clearly affecting the UK, and will continue to do so. All regions of the
UK are experiencing increasesing temperatures as well as changes to precipitation. Rainfall is
not just increasing, but is also occuring with greater intensity. Much sharper increases are seen
in the rate of occurrence of extreme rainfall levels rather than than the rate of change for over-
all annual rainfall. While each of these effects has impacts on railway infrastructure, the more
extreme rainfall events are more likely to cause failures.
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2.2 Climate change’s effects on the railways

Climatic changes in the UK will result in varied effects on the railways, linked to an increase
in extreme weather, both on the upper and lower bounds. Often, both extremes will have
adverse effects to the railways. For example, the UK is expected to experience an increase in
both extreme heat in the summer and extreme cold in the winter. Higher temperatures can
result in rail buckling, elongation, and resulting sag of overhead line equipment. Lower tem-
peratures can result in ice accumulation on overhead electrification, leading to damage and
dewirements.

Similarly, both higher and lower rainfalls (as identified in Figures 2-5 above) result in
increased risks to the railways. High intensity rainfall can result in increased probability of
landslips and earthworks failure. Equally, lower rainfall can also lead to earthworks failure,
by desiccation and shrinkage (Network Rail 2018).

All major identified risks to the railways, along with their triggering climatic effect
and associated infrastructure asset, are summarized in Table 1 (Network Rail 2015).
Most effects to the railways are linked to the changes in temperature and precipitation.
Precipitation changes are linked both direct risk to earthworks as well as to increased
incidence of flood hazard. Climate change will result in continually greater impacts to
the performance of the UK railways without additional interventions to reduce the
impact of these changes.

Scottish railways are exposed to even higher risk with respect to changes in precipitation
due to local soil characteristics. Figure 6 shows the distribution of clay soil types cross the
UK. Across Scotland, glacial till, or “boulder clay,” with large plastic fines content makes up
a large percentage of the ground. The granular material content reduces the plastic capacity of
the soil, reducing its capacity to absorb excess water. With limited permeability, there is
greater chance of flooding and failure (Network Rail 2018).

With increases in extreme weather, wind gusts will also become more frequent, bringing
risks to damage of overhead lines. Future changes to the railway network will thus create add-
itional points of failure. Under the UK government’s plans to decarbonize the railway net-
work by 2040 (2035 in Scotland), much additional overhead electrification is planned to be
installed. Covering around 12,000 track kilometers, this will more than double the extent of
overhead electrification in the UK, thus increasing the potential for failures (Network Rail
2020). While this is not now an insurmountable issue, the risk level must be addressed numer-
ically with respect to electrification designs to ensure risk levels do not increase drastically as
a result of electrification growth.

2.3 Current impact on UK railways

Extreme failures are the most visible impacts of the climate on the railway, but much
more widespread impact is caused by smaller and more frequent weather impacts.
Figure 7 shows the total cost of compensation paid out by Network Rail to train oper-
ators for weather-related delays between 2006 and 2016. The two categories of incident
causing the most delays are flooding and extreme winds, with snowfall and adhesion
issues third and fourth, respectively. All these categories, most notably flooding and
wind, are expected to increase with climate change. Any increase in incidence of delay-
triggering events will result not only in further delays to passengers but also higher costs
(Network Rail 2017).

This compensation cost does not include the actual repair costs from any damage caused,
nor the indirect costs due to lost time. Overall annual delay minutes linked to severe weather
are on an increasing trend, as shown in Figure 8. It should be noted that the data scatter is
quite high, but that there is still a definite increasing trend. Delay minutes have increased by
an average of 7200 minutes per quarter since 2014 to reach a total of 1,174,559 minutes
throughout 2019-2020 (Office of Rail and Road 2020). Estimated cost to the economy due to
lost time and productivity from these delays is on the order of £122 million for 2019-2020
(BBC News 2008). This is in addition to the approximately £60 million in direct compensation
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Figure 5. Percent change in average annual number of days with rainfall above 35mm by region (Data
from Met Office Hadley Centre).

cost by NR, giving an annual financial impact from severe weather on the order of £200 million,
again excluding any repair costs.

This is even more pronounced in Scotland, where the percentage of delays caused by severe
weather is one of the highest in the UK. Figure 10 shows the average percentage of delay minutes
caused by severe weather by operator, with the national average shaded in red and ScotRail in
yellow. With Scottish regions experiencing some of the largest increases in maximum daily rain-
fall (South Scotland up 25%, East Scotland up 20%) [Figure 3 above] and annual days with
extreme rainfall above 35 mm/day (South Scotland up 112%, East Scotland up 400%) [Figure 5
above], operational performance in Scotland will be even more affected by the changing climate.

2.4  Effects on earthworks integrity

Earthworks, which includes embankments, rock cuttings, and soil cuttings, make up more
than half of the overall length of the UK railway network. They are thus the largest and most
vulnerable collection of assets in the face of the changing climate. With soil cuttings and
embankments constructed mainly of permeable material, significant shrink-swell (change in
volume induced by changing soil saturation) occurs in heavy rains, resulting in a high rate of
failures. Figure 11 shows the importance of rainfall as a factor in predicting earthworks fail-
ures across the UK rail network. During the periods in which there were more severe storms,
the number of earthworks failures was equally higher. Similarly, for 30-day periods in which
the total rainfall exceeded 300 mm, the rate of failure increases exponentially. This increase is
less pronounced for rock cuttings, but the trend of increasing failures with increasing rainfall
is still clear (Rail Safety and Standards Board 2020).

Increasing rates of failure likely in the coming decades due to increasing rates of extreme
precipitation as a result of climate change. Precipitation data from across all UK regions has
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Table 1.

Risks to the railways posed by climate change (Adapted from Network Rail, 2015).

Temperature extremes and rate
of change

Low Temperature Extremes

Flooding Increases

Change in River Flows

Increased Rainfall
Decreased Rainfall
High Winds

Sea Level rise and storm surges

Seasonal Changes

Lightning
Extreme Weather

Track

Switches and Crossings

Third Rail and Overhead Lines
Buildings
Level Crossings

All

Bridges

Earthworks
Earthworks
Overhead Lines

Coastal assets

Vegetation

Lineside Equipment
Staff

Buckles, derailments, reduced
maintenance opportunities
Frozen and snow-blocked
points, failure of equipment

equipment

Ice and snow build-up, contact
failure

Slip/trip/fall risk to passengers
and staff

Icy roads leading to vehicle
incursions

Closure of line due to floods,
Failure of inundated equipment,
loss of access to assets, scour of
embankments

Asset failure via scour of riv-
erbed material and accumulation
of debris

Landslip and Earthworks failure

Desiccation of earthworks
Risk of failure from fallen trees
and debris

Closure of track due to inunda-
tion, structural failure, increased
wave overtopping and ingress
into rolling stock

Changes in tree growth rates
impacting leaf fall effects

Asset failure

Poor working conditions

been analyzed using Met Office data, with local rainfall totals averaged across the regions to
produce daily average precipitation totals. As identified in section 2.1 above, both average
maximum daily rainfall totals have increased significantly for almost all observed regions.

However, for earthworks failures, the more significant factor is prolonged exposure to
intense precipitation, which destabilizes the soil matrix and leads to collapse. To assess the
trend in the probability of these intense rainfall totals, the 30 previous days’ precipitation
totals were summed for each day across the time series. Annual average 30-day totals as well
as the number of 30-day periods in which the total rainfall fell within the high-risk categories
from Figure 11 (200-300mm and >300mm) were then calculated using a 20-year average to
minimize annual variation.

The results of this analysis are shown in Figures 12-14 below. As shown in Figure 11, the
annual average precipitation per 30-day period has increased for every UK region except
Northern Ireland, with most regions experiencing increases around 10 percent. The greatest
increase was for South Scotland (12.5 percent), reflecting an increased risk from climate
change in this region. Figure 13 shows the percentage increase in the number of 30-day periods
per year in which the rainfall total was between 200 and 300mm. Significant increases were
experienced across half of UK regions between 1931 and 2019, with only South East England
sharply decreasing, falling by 26%. North West England and Wales experienced the largest
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Figure 6. Potential shrink-swell of clay soils in the UK (adapted from British Geological Survey) (Net-
work Rail 2018).
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Figure 7. Total compensation cost paid by NR due to weather-related delays from 2006 to 2016 divided
by triggering event (Data from Network Rail, 2017).

increase, with 258% more 30-day periods in 2019 (9.3 in 2019 vs 2.6 in 1931). South Scotland
also experienced large growth, at 36% (40.7 vs 29.9 periods per year). The percentage increase
in incidence for the most extreme precipitation (greater than 300mm in a 30-day period) is
shown in Figure 14. Most regions are absent, having either no change, or never experiencing
this level. However, South Scotland experienced an increase of over 1900% (3.05 vs
0.15 periods per year) (Met Office Hadley Centre 2020).
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Figure 8. Trend in total delay minutes caused by severe weather on the UK railway network by quarter,
2014-2020 (Data from ORR, 2020).
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Figure 9. Trend in percentage of total delay minutes caused by severe weather on the UK railway net-
work, 2014-2020 (Data from ORR, 2020).

Extreme changes in the typical precipitation experienced in a region like this, especially
where the historical levels were near zero, must be considered when identifying the future risks
for earthwork assets. The trends shown across 30-day rainfall level suggest that more extreme
long-term precipitation periods are increasing across all regions, bringing increased failure
risk. As earthworks failures are often sudden and can be catastrophic, as with the Stonehaven
incident in Scotland in 2020, methods of addressing this increased risk must be identified.

Reducing this accident risk requires a two-fold approach. Firstly, the stability of earthworks
can be improved or maintained to ensure that failures do not occur. However, this is much
harder to do for natural assets than for bridges/permanent way, as they are more variably
affected by climactic effects. Earthworks are inherently difficult both to monitor and repair,
considering the heterogeneous nature of them. Additionally, having mainly been constructed
with the original railways in the 19" century, there is limited if any information about the
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Average Percentage of Delay Minutes Caused by Severe Weather by Train Operating
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Figure 10. Average percentage of overall delay minutes experienced by train operating companies trig-
gered by severe weather (Data from ORR, 2020).

Earthworks failures

'§ 75 Days with a storm
@ 0
Q
g 1
2 .l 2
i | | I | ‘ :
©
w |

() . I | ealnlel] 1 [ 1 | |

PL P4 P7 PIOPI3 P3 P6 PO P12 P2 P5 P8 P11 PL P4 P7 PO P13 P3 P6 P9 P12 . S

2015/2016 2016/2017 2017/2018 2018/2019 2019/2020
Rock cuttings Soil cuttings Embankments
.. 06
o
o
g 04
»
g
=2 02
‘E .
- | [ |
Up to 100 100-200 200-300 Over 300 Up to 100 100-200 200-300 Over 300 Up to 100 100-200 200-300 Over 300
Rainfall in preceding 30 days (mm) Rainfall in preceding 30 days (mm) Rainfall in preceding 30 days (mm)

Figure 11. Top: Rate of earthworks failures per period with respect to days with a storm per control
period. Bottom: Rate of earthworks failures per day with respect to rainfall in preceeding 30 days. (Data
from RSSB, 2020).

underlying soil and rock types. Most embankments were constructed by simple end-tipping,
meaning material was brought to the end of a growing embankment, dumped off the side, and
the process repeated. This process leads to unknown and uneven soil parameters within the
embankment and creates varied hazards for the future (Network Rail 2018)..

2.5 Effects on surface water flooding

Resulting from changes to precipitation patterns, the hydrological response of rivers and
groundwater will also change. Since the 1960s, river flows have increased in the north and
west of the UK, mostly in higher areas, with autumn flow levels having increased across the
whole of the UK. Not only have average flows increased, but also the maximum magnitude of
flows as well as the duration of those events, with these trends expected to continue.
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Figure 12. Percentage change in the annual average precipitation experienced in each 30-day period
averaged with the previous 20 years between 1931 and 2019 across UK regions. (Data from Met Office
Hadley Centre).

Using the UKCP scenarios, estimated the change in magnitude of 20-year return period
floods across the UK to 2070 has been found to be between 11% and 68%, with an average
estimated change around 30-40%. Trends in groundwater levels, also affecting flooding by
affecting the permeability level of a floodplain, have not been extensively studied in the UK,
but may also have an impact in the future (Watts, et al. 2015).
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Figure 13. Percentage change in the annual average number of 30-day periods in which the total pre-
cipitation for that period was between 200 and 300 mm averaged with the previous 20 years between
1931 and 2019 across UK regions. (Data from Met Office Hadley Centre.

Future river flow levels have been modelled according to estimated climate trend scenarios
to identify the likely magnitude of change versus current flow levels. Overall expected change
in river flows varies substantially both by season and region of the UK. Across most of the
UK, the largest increases in river flow are expected during the winter months, with some areas
experiencing expected increases of up to 60%. In contrast, summer flows are expected to
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decrease across most regions (UK Centre for Ecology and Hydrology 2020). This increased
river flow levels and flood magnitudes will result in increased surface water risk to the rail-
ways. Looking at flooding risk to rail infrastructure itself, the Scottish Environmental Protec-
tion Agency has identified areas of flood risk according to low, medium, and high probability
floods. The length of railway lines which are subject to surface or river flooding risk across the
central belt of Scotland, indicate an extensive risk across even just a small area.
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Figure 14. Percentage change in the annual average number of 30-day periods in which the total pre-
cipitation for that period was greater than 300 mm averaged with the previous 20 years between 1931 and
2019 across UK regions. (Data from Met Office Hadley Centre, 2020).

River flooding is one of the most financially and materially damaging impacts to the railway
network, resulting in line closures as well as expensive repairs. Railway track performance before,
during, and after a flooding event was measured by researchers at Heriot-Watt University, with
results indicating a significant increase in maximum settlement. Settlement up to 65 mm was
observed during compaction after flooding, versus only 8 mm in an unsaturated state. Where
cyclic loading (as with trains passing over a section of track) is combined with oversaturation of
soil, the subgrade is prone to form a slurry, which can result in fouling of ballast as well as deteri-
oration of track geometry, leading to failure and derailments (Hasnayan, et al. 2017).

To combat flood damage, the Austrian railway operator commissioned the use of strategic
flood risk management via the flood damage model RAIL (Railway Infrastructure Loss).
Under this model, the expected flood damage as well as the linked maintenance repair costs
were estimated across the network for floods with a return period of 30, 100, and 300 years.

In order to apply the model across the catchement area, detailed maps of the water depth at
affected sections were used. The railway network across the catchment basin was then subdiv-
ided into lengths of 100 meters and the number of exposed sections for different classes identi-
fied for floods of 30, 100, and 300 year return periods (Kellermann, Schonberger and Thieken
2016) (Kellerman, et al. 2015).

Murphy et al, (2016), investigated applying a similar model of flood estimation to the UK
network. With flooding resulting in significant damage and disruption, having more accurate
modelling of the risks and probability of occurrence would allow both better preparedness as
well as targeted intervention. In their model, local rainfall predictions are combined with his-
torical river basin response to develop hydraulic models for flood inundation. This allows the
accurate modelling of water depth levels across complex topographical areas. Use of forecast-
ing methods like these would allow more proactive mitigation measures and aid in closure
decision-making processes (Murphy, et al. 2016). Using this information, areas with the
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highest damage cost probability combined with the lowest return period flood could be priori-
tized for infrastructure modification.

Modifications to the precipitation patterns across the UK because of climate change will
likely lead to increased occurrence of high magnitude flooding events, especially across the
winter months. This will result in increased damage and disruption to the railway network
without intervention. By combining precipitation estimates with historical river flow data, the
areas with the highest probability of flooding can be identified, with the associated damage
costs estimated and the highest priority areas identified.

River flooding is one of the most financially and materially damaging impacts to the railway
network, resulting in line closures as well as expensive repairs. Railway track performance before,
during, and after a flooding event was measured by researchers at Heriot-Watt University, with
results indicating a significant increase in maximum settlement. Settlement up to 65 mm was
observed during compaction after flooding, versus only 8 mm in an unsaturated state. Where
cyclic loading (as with trains passing over a section of track) is combined with oversaturation of
soil, the subgrade is prone to form a slurry, which can result in fouling of ballast as well as deteri-
oration of track geometry, leading to failure and derailments (Hasnayan, et al. 2017).

To combat flood damage, the Austrian railway operator commissioned the use of strategic
flood risk management via the flood damage model RAIL (Railway Infrastructure Loss).
Under this model, the expected flood damage as well as the linked maintenance repair costs
were estimated across the network for floods with a return period of 30, 100, and 300 years.

In order to apply the model across the catchement area, detailed maps of the water depth at
affected sections were used. The railway network across the catchment basin was then subdiv-
ided into lengths of 100 meters and the number of exposed sections for different classes identi-
fied for floods of 30, 100, and 300 year return periods (Kellermann, Schonberger and Thieken
2016) (Kellerman, et al. 2015).

Murphy et al, (2016), investigated applying a similar model of flood estimation to the UK
network. With flooding resulting in significant damage and disruption, having more accurate
modelling of the risks and probability of occurrence would allow both better preparedness as
well as targeted intervention. In their model, local rainfall predictions are combined with his-
torical river basin response to develop hydraulic models for flood inundation. This allows the
accurate modelling of water depth levels across complex topographical areas. Use of forecast-
ing methods like these would allow more proactive mitigation measures and aid in closure
decision-making processes (Murphy, et al. 2016). Using this information, areas with the high-
est damage cost probability combined with the lowest return period flood could be prioritized
for infrastructure modification.

Modifications to the precipitation patterns across the UK because of climate change will
likely lead to increased occurrence of high magnitude flooding events, especially across the
winter months. This will result in increased damage and disruption to the railway network
without intervention. By combining precipitation estimates with historical river flow data, the
areas with the highest probability of flooding can be identified, with the associated damage
costs estimated and the highest priority areas identified.

2.6 Effects on vegetation management

Finally, the changing climate in the UK is likely to have an impact on the disruption caused
by vegetation at the lineside. Trackside vegetation already causes significant disruption,
mainly during leaf-fall season. This is due to the falling leaves, which when crushed by
repeated passes train wheels and combined with water form an oily film which reduces the
adhesion between wheel and rail. Not only is this dangerous and leads to potential signal or
platform overruns, but it also results in extensive delays (Network Rail 2018).

Additionally, high winds lead to downed branches, with associated risk to overhead lines. With
such an extensive network, lineside vegetation clearance is a significant issue. Overall, Network
Rail is responsible for over 52,000 hectares of land and 6.3 million trees, with additional impact
from vegetation on adjacent third-party land. Prior to the 1960s, before more stringent
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environmental rules were put into place, complete burning, and clearance of the lineside was
standard practice. Since then, the rate of incidents has grown steadily. The impact of vegetation
management failures is significant on performance of the railway. Nearly 2000 cancellations were
caused in 2017 due to tree strikes, while leaf fall results in an economic impact of nearly
£300 million each year. There is a clear need to improve the current practices of managing lineside
vegetation, with Figure 15 showing the growth in overall annual incidents relating to tree/branch
strikes on the UK network between 2009 and 2017: (Varley 2018) Due to ongoing climate
change, bringing increased storm frequency and higher wind gust speeds, the frequency of tree
strikes will likely continue increasing if nothing is changed with respect to the current state of
lineside vegetation.

Additionally, increased temperatures, associated with an increase in vegetated volume
growth, will increase the impacts relating to leaf-fall. According to historical forest plots
dating back to the 1870s, the main tree species in Central Europe have experienced increasing
rates of vegetation growth. Tree growth rates have increased by up to 77% since 1960 due to
increasing temperatures. (Madrigal-Gonzalez, et al. 2018) (Pretzsch, et al. 2014) (Committee
on Climate Change 2017). With vegetation growth projected to increase with increasing tem-
peratures across the UK, potential impact due to adhesion issues and downed branches will
increase without appropriate mitigation

2.7 Inadequate response to climate threat

Despite overwhelming evidence of the increase in risk to railway infrastructure, there is a lack
of clear strategy in the UK to meet this threat. Numerous studies have identified those risks,

Incidents

Figure 15. Annual reported incidents involving trees or branches across the UK network (Data from
Varley, 2018).

but quantitative recommendations for adaptation and response are limited. An independent
report published in 2014 exposed the inadequacy of Network Rail’s climate response. Most of
Network Rail’s priorities for mitigating climate change are investigatory, with the company
“not. . .actively preparing adaptation plans” (Dora 2014). Similar assessments of Network
Rail’s lack of preparedness are given in 2016 by the Institution of Civil Engineers and most
recently in 2020 by Wang et. al., identifying an overall paucity of widespread adaptation. Cli-
mate resilience for the transportation industry is defined as “the capacity of the transportation
system to anticipate, absorb, accommodate, or recover from the effects of a climate event in
a required period and cost of recovery” (Intergovernmental Panel on Climate Change 2012).
However, responses to climate change are mainly reactionary, with little in the way of improv-
ing readiness for future impacts. There is a focus on “day-to-day concerns at the expense of
anticipation and transversality” (Depoues 2017).
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In the UK, most infrastructure changes occur largely because of extreme events which
exceeded the threshold of coping. The Dawlish Sea Wall, for example, has been subject to
extensive maintenance throughout the years, yet no actual improvements were carried out
prior to the 2014 storms despite evidence of increasing risk (Morris and Baker 10 Nov 2010).
Even after the collapse in 2014, the sea wall was repaired with little modifications until
a project in 2019. That project, improving only the sea wall, is costed at over £80 million, com-
pared with the £100 million estimated in 2010 for an entire alternative route (Morris and
Baker 10 Nov 2010) (Network Rail 2019).

Despite good effort by Network Rail, the increased pace of climate change is leading to
increasing performance impacts on the railway. While reactionary measures have been largely
sufficient previously, the traditional way of working will no longer be sustainable within the
coming decades. As the effects from climate change continue to grow, the need for wider
adaptation measures becomes greater. A new strategy is thus required to ensure the continued
performance of the railways in the UK.

While the need for adaptation is clear, with overall average damage cost resulting from climate
events expected to increase by 75% to 2050 (Doll, et al. 2014), the methods of achieving that adapta-
tion are far less so. Potential future risks must be fully analyzed, their impacts (both economic and
human) calculated, and the interventions necessary to minimize that risk considered. However, there
is often incomplete data to carry out an accurate and complete risk assessment (Wang, et al. 2020).

3 CONCLUSIONS

Global Climate change has shown to have a direct influence on world temperature. The
United Kingdom is experiencing similar increases in temperature on the order of 1 degree Cel-
sius in all its countries. In addition, the annual precipitation and storm severity has also in
creased with the exception of in Northern Ireland. This has a direct impact on the operation
and maintenance of the British railroad system.

The direct impact of increased temperature, precipitation, and storm intensity includes
impact to track structure, electrification, buildings, level crossing bridges, earthworks, vegeta-
tion, and coastal assets. Climate change has had a measurable effect in the following ways:

1. The increase in storm and storm severity has resulted in an increase in train delays. This has
been particularly due to flood and high winds. Overall, delay times as a result of severe wea-
ther have increased over the period from 2014-2019 with an average increase of 7,200 min/yr.

2. The increase in the storm intensity and duration has resulted in an increase in disruptions
due to the loss of earthwork integrity, failure in soil cuttings, failures of embankments, and
to a lesser degree, failure in rock cuttings.

3. Increased surface water flooding that resulted from the increase in precipitation and storm
severity increased the likelihood that rail infrastructure would impact the track system by
increasing ballast fouling, and deteriorating the track geometry.

4. Increased storm severity resulted in an increased need for vegetative management and
response. Storm severity will cause high winds and soft soil conditions that resulted in
more downed trees and branches.

An ever-greater increase in adverse conditions will results from climate change. More work
needs to be done to make the system of railroads in the United Kingdom more resilient to the
increased temperatures and precipitation. In spite of the efforts made by Network Rail, the
increases in adverse climate that is anticipated in the coming years will put a strain on the
system and need to be addressed in a proactive way.
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ABSTRACT: Since any earthworks construction is typically susceptible to unpredictable
occurrences (i.e., equipment malfunction, unfavourable atmospheric conditions), execution
plans devised during design and planning phases require constant adjustments and/or reorgan-
ization of the on-site workflow in order to keep the optimal status of resource usage (i.e., exca-
vators, dumper trucks, graders, compaction rollers). Bearing this in mind, this paper describes
a developed optimization framework which is tailored to support decision-making throughout
all project phases. These include not only bidding, design, and planning phases by providing
the user with resource usage solutions, including the corresponding costs and durations, but
also during construction phase. The latter encompasses the constant monitoring of resources
and reassessment of their allocation to tasks, which is paramount in the context of increasing
productivity and company competitiveness. Indeed, this construction phase resource monitor-
ing, which leverages on smart sensor technologies, allows the system to respond to variations
in productivity or work rate of construction equipment and production teams, providing sug-
gestions for minor alterations in the allocation of these resources when necessary. The output
of these optimization and re-optimization cycles takes into account several customizable fac-
tors simultaneously — multi-objective optimization — namely construction costs, construction
durations, and carbon emissions, ultimately resulting in individual equipment allocation cor-
responding to the optimal distribution of resources throughout the construction project. Pre-
vious results for a highway construction case-study based on historical activity log databases
(i.e., not including sensorization monitoring), indicate that reductions of about 20% in both
construction costs and durations can be achieved.

Keywords: Earthworks, resource allocation, optimization, smart sensors, digital twin

1 INTRODUCTION

Several processes in construction are characterized by high uncertainty and variability that
significantly affect the productivity of construction operations, and earthworks construction
is no exception. With the increasing competition within the construction sector, companies
and designers are looking to take advantage of new technologies to support the design and
planning of more complex projects. Yet, currently most designers still rely on intuition and
experience to plan and manage construction processes, together with rudimentary and
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human-based productivity estimation tools and methodologies (SETRA and LCPC, 2000;
Parente et al., 2016).

Nowadays, artificial intelligence techniques such as machine learning algorithms can pro-
vide accurate estimates concerning the productivity of construction equipment that have been
shown to outperform conventional estimation methods, such as those provided in manufac-
turer’s handbooks (Gomes Correia et al., 2013; Jassim et al., 2017; Kassem et al., 2021). Com-
bined with remote monitoring and dynamic optimization technologies, these feature the
potential to tackle the uncertainty and volatility inherent to construction worksite environ-
ments, preventing the exclusive reliance on engineers’ intuition and experience. Additionally,
since any earthworks construction is typically susceptible to unpredictable occurrences (i.c.,
equipment malfunction, unfavourable atmospheric conditions), execution plans devised
during design and planning phases require further adjustments and/or reorganization of the
on-site workflow in order to keep the optimal status of resource usage (i.e., excavators,
dumper trucks, graders, compaction rollers) (Parente et al., 2018).

Thereby, this paper features a solution for a digital production optimization system which
integrates resources and processes with Al techniques and real-time monitoring of mechanical
equipment productivity. Bearing this in mind, this paper describes a developed optimization
framework which is tailored to support decision-making throughout all project phases. These
include not only bidding, design, and planning phases by providing the user with resource
usage solutions, including the corresponding costs and durations, but also during construction
phase. The latter encompasses the constant monitoring of resources and reassessment of their
allocation to tasks, which is paramount in the context of increasing productivity and company
competitiveness. Indeed, this construction phase resource monitoring, which leverages on
smart sensor technologies, allows the system to respond to variations in productivity or work
rate of construction equipment and production teams, providing suggestions for minor alter-
ations in the allocation of these resources when necessary. The output of these optimization
and re-optimization cycles takes into account several customizable factors simultaneously —
multi-objective optimization — namely construction costs, construction durations, and carbon
emissions, ultimately resulting in individual equipment allocation corresponding to the opti-
mal distribution of resources throughout the construction project.

This paper is organized as follows. Section 2 briefly describes several relevant technologies
and works relevant for the topic at issue. Section 3 presents the system architecture, workflow
and application to a past construction case-study, featuring an optimization and re-
optimization cycle as a response to an unexpected change in the productivity of some con-
struction equipment. Finally, some conclusions are drawn in Section 4, together with future
directions.

2 TECHNOLOGIES FOR PRODUCTION OPTIMIZATION IN EARTHWORKS

Though lacking in real-world applications, optimization-based resource management systems
can be divided into predictive or reactive optimization systems, depending on their target
phase of application within a construction project. On the one hand, predictive optimization
is typically associated with pre-construction phases, namely bidding, design and planning, as
it tends to be based on past experience, either in the form of construction guides and regula-
tions (e.g., SETRA and LCPC, 2000), or of the own accumulated experience of the planner.
This category includes the larger part of the systems found in the literature, with applications
ranging from vertical alignment of highway trajectories (Miao et al., 2009) and cut/fill volumes
distribution (Nassar and Hosny, 2012) during bidding and design phases, to fleet selection
(Marzouk and Moselhi, 2002) and allocation (Parente et al., 2016) during planning phase.

On the other hand, reactive optimization advocates maximum flexibility concerning the
constant adjustment of the initial plan as a response to more volatile environments or the pos-
sibility of unpredictable occurrences. In construction, reactive approaches are the more recent
of the two, accompanying current technological advancements and trends, such as sensoriza-
tion, digitalization and Construction 4.0. As such, fewer systems can be found in the literature
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that fall within this paradigm (Moselhi and Alshibani, 2009; Montaser and Moselhi, 2014;
Parente, 2018).

These systems are often combined or supported by other technologies, such as machine
learning (ML) models (Gomes Correia et al., 2013; Jassim et al., 2017; Kassem et al., 2021), or
remote monitoring sensorization frameworks (Parente, 2018; Salem and Moselhi, 2020).
Whereas ML can typically be employed during all project phases on account of its potential
when associated with large amounts of data (i.e., both past or current construction data),
remote monitoring frameworks are normally associated with the construction phase, support-
ing optimization systems by providing real-time information on construction activities, and
prompting reactive re-optimization cycles as a response to predetermined conditions or
occurrences.

3 DIGITAL TWIN OPTIMIZATION SYSTEM FRAMEWORK

3.1 System architecture

The proposed system is envisioned to leverage on concepts such as artificial intelligence, opti-
mization, sensorization, digitalization, Industry 4.0 (Parente et al., 2020) and Digital Twins to
support decision making in earthwork construction projects. Figure 1 depicts the interactions
between each platform that compose the system, namely Interface, Monitorization, Produc-
tion and Optimization platforms.
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Figure 1. System architecture.

In general terms, the Production platform is responsible for compiling and maintaining all
databases, not only including the static data regarding production teams and equipment speci-
fications, as well as historical data, but also the dynamic data retrieved from in-situ sensors.
On the one hand, the static data can be used for estimating the productivity of the available
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production teams, both by leveraging on teams/equipment specifications/guidelines and by
adopting predictive machine learning models on past data concerning similar construction
projects, if such data is available. On the other hand, the dynamic sensor-based data com-
prises the basis for the constant comparison of the actual performance of production teams
with their estimated productivity and costs. Should the actual monitored activity mismatch
the originally planned performance, the “watchdog” alarm system will instantly provide the
user with notifications regarding the issue and its location, which, in turn, can be used to
prompt the optimization platform to suggest adjustments in view of returning performance to
optimal values.

Together with the Visualization platform, which aims to provide a visual support to the
decision makers, complemented by a sensor-based digital model of the construction site sup-
ported by geographic information system (GIS) spatial data, these platforms provide the Opti-
mization platform with the information it requires to perform the optimal allocation of
resources throughout the construction site. The Visualization platform is additionally directed
towards synthesizing and visually representing data from active entities (i.e., active production
resources) according to geolocation sensor data, as well as results from the quality control
monitoring sensors.

In turn, the optimization platform aims to find different optimal trade-off solutions (i.e.
Pareto-optimal solutions) for the allocation of production teams throughout the construction
site and the tasks that comprise the project. The adopted multi-objective approach may
address the minimization of any combination of goals, such as global construction durations,
costs, or other mathematically determinable aspects, such as carbon emissions. This imparts
the system with a higher flexibility, as several different optimal solutions are presented to the
decision-makers, which are then free to select the one that best fits their restrictions and goals.
Solutions also take into account that the optimum production team allocations are not static
over time, meaning that as teams complete their work in one front, they are immediately reas-
signed to other work fronts. Moreover, team productivity in sequential tasks is also synchron-
ized, thus preventing productivity bottlenecks and guaranteeing that production resources are
used at their maximum efficiency.

3.2 Internet of things framework for monitorization platform

Considering that the activity in this type of construction projects typically go hand in hand
with several instances of unpredictable occurrences (i.e., equipment malfunction, atmospheric
conditions, changes in the estimated productivity of equipment), a constant adjustment or
reorganization of the resources is required in order to keep the optimal status of resource
usage. Traditionally, this is achieved by informed guesswork, supported by the experience of
the decision-making team. Alternatively, the proposed monitorization platform allows for the
real-time extraction of resource and environmental measurements depicted in Annex I.

The technological part of the system is composed by two different sensing systems: a fixed
one that is on the site(s) and a moving one that is installed in the machines. These two systems
communicate, via a mobile network operator or a private long range low power communica-
tion technology, with the cloud-based infrastructure that manages the whole optimization
platform. Depending on the specificity of the application, several physical variables can be
extracted directly (via sensors) or indirectly (via other cascading ML estimations) from this
Internet of Things (IoT) framework:

* Geolocation, speed, slope and status: Monitoring the location of trucks provides, distance,
speed, acceleration, estimated times of arrival, both for the decision-making team and for
the excavation and spreading teams. Additionally, this information keeps updates on the
status of the vehicle, assessing its efficiency ratio by tracking idle and working periods, as
well as prompting an alarm under predefined conditions (e.g., excessive idle time as a result
of malfunction). Finally, interactions between teams (i.e., excavator loading truck) can also
be logged over time, together with the location of each transported batch of geomaterial as
a result of georeferenced and timestamped unloading/spreading data. These variables are
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acquired with the use of sensors such as Global Navigation Satellite System (GNSS)
receivers, accelerometers, and gyroscopes.

» Weight: As one can easily infer, the weight of the geomaterial loaded in each bucket is dir-
ectly related to the productivity of excavator teams. Concurrently, the productivity of the
transportation equipment (e.g., trucks, dumpers) is a function of the transported geomater-
ial weight per trip/hour. In addition, cross-referencing this data with fuel consumption can
provide useful insight concerning the effect of the former on the latter by resorting to ML
analyses. To acquire the weight, different strategies are employed depending on the
machine type of machine. For instance, in excavators, hydraulic sensors and rotary
encoders are used to calculate the bucket load and detect each loading cycle. In trucks it is
via a linear encoder, connected between the chassis and the cargo container that measures
suspension deformation (that is directly related with the truck load). Conversely, the
vehicle’s Controller Area Network (CAN) bus can also be used to extract this type of infor-
mation, but it is not always possible to do it. It depends on the vehicle’s age, technological
advancements or simply truck manufacturer’s open policies.

* Fuel consumption: Bearing in mind that fuel consumption comprises a significant part of
the cost of work operations, its monitoring comprises an essential step towards assessing
the viability and the efficiency of resource usage. This can be achieved either by leveraging
on available CAN interfaces in more recent equipment (with the limitations mentioned
before), or alternatively by estimating it using physical variables measured by sensors and
a proprietary estimation system with a prediction model implemented and developed by
some of the authors.

* Environmental conditions: Since environmental humidity and temperature can have
a significant influence on the effectiveness of compaction, a weather station can be installed
on the corresponding equipment to support the process, as well as to support decision
making concerning the employment frequency of water trucks. The fixed sensing system
comprises a thermometer, and hygrometer, and atmospheric sensor (for weather forecast-
ing and storm quick detection) and an anemometer to evaluate wind condition.

Concerning the transmission of the aforementioned sensor data to a cloud (Annex II) where
everything is compiled, processed and manipulated (e.g., for predictive or optimization pur-
poses), long-range communication protocols are an ideal solution, since in-situ equipment can
be spread over large areas and/or in remote locations. Yet, since each production resource/
team typically includes several simultaneously active sensors of different types producing large
amounts of data, which may be spread out throughout each active entity, long-range radio
communication is not efficient. Because of that, the proposed framework adopts a short-range
sensor network integrated in each machine or equipment, allied to the implementation of
a gateway. The latter features the capability to communicate both with several sensor acquisi-
tion modules, by resorting to short-range communication protocols, and with the cloud, using
a long-range communication protocol (Annex II). Furthermore, while a gateway can be
included in each heavy machine, an interesting alternative solution consists of including
a gateway that encompasses groups of sensors installed in different machines that work in
close proximity (e.g., excavator teams active on the same work front). This allows for
a reduction in the number of adopted gateways, which, in turn, minimizes investment, hard-
ware, maintenance, setup dimension, and communication costs.

3.3 Production optimization and management workflow

Annex III depicts the workflow of the system from Design and Planning Phase through to
Construction Phase, as well as the actions performed by each group of entities in each step.
The entities are named “Construction Site”, which includes the active human teams or heavy
machinery together with the data gathering information system if available (e.g sensors, lasers-
can, or other methods); “Decision Makers”, which concerns the designers, engineers and con-
tractors which participate in the decision-making process regarding the construction project;
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and “Decision Support System”, which corresponds to the previously described system archi-
tecture (Figure 1).

The beginning of this the process is characterized by the input of project-related data by the
decision makers. These inputs include: (i) a BIM-type model (if available, or alternatively any
other format that includes information on the activities, tasks to complete and work front
locations); (ii) a list of all available production resources and their specifications; (iii) restric-
tions associated with the project (e.g., deadline, budget); and (iv) optionally, historical data of
past similar construction works. Should the latter be available, ML models can be used to pre-
dict the productivities of resources based on their performance in past similar activities, which
enhances the accuracy of the teams’ productivity values in these early stages. Ensuing these
inputs, an initial offline predictive optimization is carried out, which outputs to the decision
makers a set of equally optimal solutions of resource allocations to choose from, as further
detailed in Section 3.4. Note that the design and planning phase in this workflow specifically
concerns the decision-making process which is carried out preceding construction, including
project bidding, project design, and project planning phases. Thus, the resulting schedules cor-
respond to offline plans based on predictions and estimations supported by the aforemen-
tioned technologies.

Conversely, following the beginning of construction phase, the availability of information
originated from the active production teams and associated sensorization/IoT framework
allows the system to reassess the initial schedules that resulted from design and planning
phases, which can be adjusted to better fit reality. These subsequent optimization runs are
supported by the machine learning models, which are increasingly accurate as the construction
develops, since the data corresponding to the daily activities can be added to the prediction
models’ training databases. At the start of any construction phase, resources are allocated
throughout the construction site according to what was determined during the planning
phase’s optimization process. Meanwhile, while construction activities are ongoing, the infor-
mation regarding the productivity of resources will be collected by means of the IoT frame-
work. As this new data is fed into the system, it reassesses the optimal status of the resource
allocation, which can be the object of discussion by the decision-making team. Should the
decision lean towards updating the current resource allocation configuration, a re-
optimization cycle is carried out to obtain a new set of optimal solutions, triggering a new dis-
cussion and selection process for a new solution.

3.4 Case study results

Two of the major benefits of this system are the possibility of detecting changes in the prod-
uctivity of an undergoing earthwork project and consequently react to those changes by
making decisions regarding new resource allocations that can reduce the impact in the object-
ives (primarily cost and time). Therefore, to test the proposed framework a simulation of the
construction phase was carried out based on real data of the earthworks of a Portuguese high-
way construction project.

The simulation focused on an isolated set of work fronts of the project, comprised of five
embankment fronts supplied by four excavation fronts, with associated material processing
volumes ranging from approximately 5000 m° to 15000 m3. The original duration of the
works corresponded to approximately three weeks of activity. The available resources to exe-
cute this construction project were rollers (5), bulldozers (8), excavators (12) and trucks (22),
with some variability in the models and, consequently, in the productivities as well (Parente
etal., 2016).

As previously mentioned, preceding the start of the construction phase, the multi-objective
optimization system is capable of outputting a set of equally optimal solutions of resource
allocation for the whole project to the decision makers choose from. Figure 2 depicts the
results obtained with the implementation of the well-known non-dominated sorting genetic
algorithm IT (NSGA-2) by resorting to the mco package (Mersmann, 2014) in R environment,
while Figure 3 corresponds to a detailed view of a single solution (S19). Each solution
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represents a resource allocation and is identified by a unique set of objective values, i.e., cost,
duration and RAD (Re-Allocation Disruption). This third objective is related with the “cost”
of re-allocating any kind of equipment to a different front during construction phase. In other
words, the value of RAD increases linearly with the number of times that the allocated
resources change work fronts (i.e., as a result of completing their work in the previous front)
throughout the development of the construction project. Thus, by minimizing the RAD as
a third optimization objective, the setup time associated with reorganizing the equipment fleet
during construction phase is also optimized.
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Figure 2. Pareto front that resulted from optimization during design and planning phase.

Supposing that, at some point during construction phase, the rate of one type of rollers
decreases (e.g., as a consequence of working with a different geomaterial type than originally
expected), the system would alert the decision makers of this change alongside with its effects
to the objective values. Since this decrease in equipment rate causes the current allocation
solution to no longer be optimal, the construction project would take longer, and subse-
quently be more expensive than what was originally planned. At this point, the decision
maker can prompt the system to re-optimize the resource allocation taking into consideration
the new work conditions (Figures 4 and 5).

Embankment 1
1 rollers & 2 spreaders
rate = 504 m3/h

Embankment 2
1 rollers & 1 spreaders
rate = 393.75 m3/h

Embankment 5
1 rollers & 3 spreaders
rate = 1055.25 m3/h

1 Trucks 1 Trucks 1 Trucks|

Excavation 1
2 excavators
rate = 436.34 m3/h

Excavation 2
1 excavators
rate = 211.06 m3/h

Excavation 3
1 excavators
rate = 250.35 m3/h

Excavation 4
2 excavators
rate = 1055.25 m3/h

Figure 3. Resource allocation corresponding to solution S19.

As an example, 5 rollers of two different types were available in this project (Table 1). Evi-
dently, the productivity of each type differs depending on the type of soil, as depicted on
Table 1 and according to the Guide des Terrassements Routiers (GTR) compaction guide
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Figure 4. Pareto front that resulted from the re-optimization during construction phase.

Embankment 1 Embankment 2 Embankment 3 Embankment 4 Embankment 5
1 rollers & 2 spreaders 1 rollers & 1 spreaders 1 rollers & 1 spreaders 1 rollers & 1 spreaders 1 rollers & 1 spreaders
rate =504 m3/h rate = 393.75 m3/h rate = 393.75 m3/h rate = 393.75 m3/h rate =525 m3/h
1 Trucks 1 Trucks, 1 Trucks| 1 Trucks|
Excavation 1 Excavation 2 Excavation 3 Excavation 4
2 excavators 1 excavators 2 excavators 1 excavators
rate = 436.34 m3/h rate =211.06 m3/h rate = 1037.85 m3/h rate = 525 m3/h

Figure 5. Resource allocation corresponding to solution S9 of re-optimization.

(SETRA and LCPC, 2000). Assuming, as mentioned above, that the rate of roller type V4
decreases to match the values of Table 2, the rate of embankment front 5 in the first phase of
the project (Figure 3) would drop to approximately half, causing the increase in cost and dur-
ation shown in Table 3. Ensuing the re-optimization cycle, a re-allocation solution can be
selected which mitigates the effects of this unpredictable occurrence. Hence, Figure 4 depicts
the results of the re-optimization solution, while Figure 5 represents the resource allocation
from the solution S9 adopted after the re-optimization. Note that the RAD values in the re-
allocated pareto front (Figure 4) take into account not only the amount of times the equip-
ment move to other work fronts during the solution itself, but also the disruption introduced
in the currently adopted solution (S19) when compared with the new solutions. In other
words, the points with a lower RAD in Figure 4 correspond to solutions which are closer to
the currently active solution S19, as less equipment must be moved to other work fronts to
achieve the transformation of solution S19 into one of these solutions.

Table 1. Roller rates during design phase. Table 2. Roller rates during construction phase.
Roller type Soil Al Soil C2A1  Roller type Soil Al Soil C2A1
V3 614.25 393.75 V3 614.25 393.75

V4 1055.25 683.55 V4 525 300
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Ultimately, it was demonstrated that the theorized system can help decision makers react to
unpredictable occurrences such as equipment malfunction or rate drops as evidenced by the
results of the simulation of a case study. For this case study, after an unexpected event
occurred, the system was nonetheless capable of finding a set of solutions that would improve
the original plan. One of those optimal solutions (S9), identified in Table 3, would minimize
the construction duration while maintaining a similar cost to the original solution at the
expense of equipment re-allocation. In Annexes IV and V the resource schedules can be con-
sulted for both the solution of the design phase and the new re-optimized solution,
respectively.

Table 3. Objective values.

Predicted values from Effect of a random Values associated
ptimization during planning unpredictable occurrence with the re-optimization
Time (h) 60 76 63
Cost (€) 47622.79 64688.58 48759.78
RAD 6 - 34

4 CONCLUSIONS

The focus of this work was to explore the advantages of a digital twin framework for earth-
works capable of minimizing the effects of negative unpredictable occurrences. This can be
attained from the integration of IoT and optimization tools, which allow for a continuous
real-time monitoring of production teams, leading to a broader support to management and
decision making. On the one hand, machine learning and optimization techniques can be used
during design phase to attempt to optimize objectives, such as cost and duration, based on
predicted data. On the other hand, the IoT framework allows to adapt the design phase solu-
tion to new unpredictable conditions during construction phase in real-time.

Even though the system is specifically tailored for earthwork construction, it could also be
applied to constructions that strongly rely on heavy mechanical equipment, among which one
can highlight road and railway construction, pavement maintenance and rehabilitation, dam
construction, or tunnel construction. Thus, the proposed framework presents itself as an
important tool to enhance the construction industry through digitalization, accompanying
current Construction 4.0 and sustainability in construction trends.

Future work will focus on developing the IoT framework and implementing equipment sen-
sorization on a real ongoing large-scale railway construction project, in order to test the devel-
oped Digital Twin framework in a real construction scenario.
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ANNEX I - EARTHWORKS PROCESS OVERVIEW, INCLUDING PROPOSED SENSORIZA-

TION FRAMEWORK
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ANNEX II - IOT FRAMEWORK ARCHITECTURE
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ANNEX III - PRODUCTION OPTIMIZATION AND MANAGEMENT WORKFLOW

1. Workflow of an system paired with an IoT system for earthworks projects
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ANNEX IV — RESOURCE SCHEDULES OF SOLUTION OBTAINED IN DESIGN
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Figure I'V.1: Rollers Schedule
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A feasibility study of reduction of cross-section size of railway
tunnels in relation to construction costs and environment emissions
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Trondheim, Norway

ABSTRACT: In this study, the required cross-section size of railway tunnels from the
technical viewpoint of civil- and railway engineering was investigated and compared to the
cross-section sizes of the Norwegian technical regulations on railway tunnels. The reduc-
tion potential of the cross- sections was investigated with regards to its effect on the CO>-
emissions and cost in the construction phase of railway tunnel projects. Cross-section
measurements of two tunnels on Gardermoen-line was obtained and further demonstrated
and analyzed to investigate the reduction potential in relation to today’s technical stand-
ards and newer tunnel projects in development. A simplified computational model for cost
and CO’-emission from the building phase was established to investigate the effect of
cross-section reduction on the cost and CO?- emissions, where the analyzed data from
Gardermoen-tunnels were used as input parameters. It was found that the areas for evacu-
ation, fixed installations and the track construction was the parts within the cross sections
with the highest reduction potential, because of the possibility of combining the evacu-
ation- and installation area and using ballast-less track. The reduction potential was found
to be in the magnitude of 10m?. Giving a reduction in construction cost of about 4000 kr/
m, a reduction of CO*-emissions of about 500 kg CO? pr unit length and a reduction in the
cost related to the CO?-emissions of 900 kr pr unit length. Through the study it was found
that today’s design method is in small degree suitable for optimization of tunnel cross sec-
tion size. Because of the great reduction potential found in the project, in addition to sev-
eral factors related to the complexity of railway tunnels which makes the design process
challenging.

Keywords: Railway tunnels, Cross-section size, Reduction potential, Cost and environment,
CO?-emission

1 INTRODUCTION

The design of railway tunnels in Norway is done according to the technical regulations
(Bane Nor, 2021a) and are highly interdisciplinary. Where the designers’ task is to provide
sufficient space and favorable placement of the different components in the railway cross-
section to ensure safe and efficient operations and maintenance on the line. The knowledge
and calculations related to which component that occupy which part of the tunnel cross-
section to stop potential collisions of objects is presented with the use of contours within
the cross-section that are related to different components and their placement and space
requirements. Examples of these contours are structure gauges, loading gauges, construc-
tion gauges (Lehren, 2019) (Bane Nor, 2020a). In addition to different contours for the
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cross-section related to the construction (Bane Nor, 2020a). The contours geometrical
shape and size and the contours placement within the cross-section are based on empirical
studies, experienced knowledge, geometrical calculations, and safety margins. In addition,
the accuracy in which the contours envelopes an objects related to a given contour varies
according to the accuracy of the geometrical calculations and the safety margins (Ander-
son, 2014) (Iwniki, 2006). There are several fixed components with space requirements
related to safety, maintenance, and operation in the cross-section. These components have
contours on both sides of the track against the lining and a contour for the catenary
system in the tunnel roof.

The construction, design and dimensions of the track construction presented in (Bane Nor,
2021b), (Profillidis, 2014), (Chandra & Agarway, 2007) and (Esveld, 2001) discusses the
design and dimensions of the track construction. It has been made obvious that a ballast-less
track will be favourable for maintenance, operations and most importantly requires smaller
tunnel cross-section, even though the initial investment- and construction costs often are
higher. (Pen & Powrie, 2016) and (Esveld, 2001) discuss the engineering design of ballasted
tracks and has shown that the ballast shoulder, ballast slope and ballast foundation under
track superstructure normally have bigger dimensions than what is required from a technical
viewpoint. This is also the case for (Bane Nor, 2021b), in which the technical regulation gives
a minimum requirement for shoulder width of 400 mm, when 400 mm is shown to be more
than sufficient from a technical viewpoint.

In building railway tunnels the designer’s choice of tunnel concept in the design phase is
a decisive factor for further choices related to the technical and practical solutions of the
tunnels and ultimately the choice of construction method for the building phase (Bane Nor,
2020b). The choice of tunnel concept is based on several criteriums, such as: geology condi-
tion, geotechnical condition, safety, operation, and maintenance. After that or in parallel,
the design of the tunnel will be evaluated with different variables such as: tunnel length, traf-
fic volume, speed, construction cost, lifespan, and various technical solutions. The great
number of variables in addition to the fact that the advantages and disadvantages of the dif-
ferent tunnel concepts in many cases are inversely proportional resulting in challenging situ-
ation in which there are no obvious choice as there will be advantages and disadvantages
with all the different tunnel concepts (Bane Nor, 2020c¢).

In Norway there are two main construction methods used for construction of railway tun-
nels, drill and blast, and tunnel boring machine (TBM). According to (Baklien & Moi, 2018)
there are advantages and disadvantages with both methods and the choice of construction
method is therefore made carefully based on many of the same parameters as for the tunnel
concept. Generally, the cost and construction time is considered the main factors to evaluate
in addition to environment, maintenance, and the lifespan of the project. TBM is connected
to high investments-costs but have an even and high-quality production and cause little
degree of disturbances to the nearby environment. It is considered cost-efficient for longer
tunnels. Drill and blast requires lower investment-costs but and is a cost-efficient solution
for short tunnels. However, the downside is the technique produces high amount of disturb-
ance during construction to the nearby environment and there are more uncertainties con-
nected to the quality and evenness of the production. A lot of development has been
achieved in the past years in improving both the construction methods, for example by
improving material quality, producing lower CO>- emissions, and developing machines with
higher efficiency. These are mainly achieved by creating higher degree of digitalization and
atomization of the working environment.

The aim of this study is to study is to investigate the possibility of cross-section reduction of
railway tunnels within the limitations of the technical regulations, and further to study effect
of tunnel cross-section reduction on the costs and emissions connected to construction and
CO?- emissions in the building phase of railway tunnels.
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2 METHOD

To achieve the aim of the study, a systematic approach is adopted, see Figure 1. First, field work
on the Gardermoen-line was conducted on the Rashglet single-track tunnel and Bekkedalshegda
double-track tunnel. Observations and then followed by a distance- and geometrical measurements
was done using a laser meter, scale and a camara. The observations and measurements were con-
nected to the components in the tunnel cross-sections and their fixed positions in the cross-sections
related to other tunnel components and the tunnel lining. Distance- and geometrical measurements
were conducted of the components, their space requirements in relation to the lining. The lining
was used as a reference line in the x-plane and the formation layer by the lining was used as
a reference line in the z-plane. The quality of the measurements could not be assessed properly, but
it is assumed that the data quality was sufficient for the nature of the study conducted.

After that, the measurements were imported into Autocad to construct models of the tunnel
cross-sections based on the field-measurements. As a precondition for the models the centreline of
the track construction coincided with the centreline of the tunnels. The track construction was fur-
ther modelled using geometrical calculations of the track geometry using the design rules of (Bane
Nor, 2021b). In addition to the tunnel cross-section from the field-measurements, simplified models
of cross-sections presented in (Bane Nor, 2020d) was constructed as a basis for comparison.

Then, the modelled cross-sections from the Gardermoen-line were compressed in the same
way as the optimal cross section from (Bane Nor, 2020e). The cross-sections were analysed
with respect to finding the critical components for the cross-section size. While working on
this part, the components functions, space requirements and placement in the cross-sections
were thoroughly investigated in respect to the railway-, civil- and electrical engineering tech-
nical requirements, in addition to taking other design criteria, such as: safety, maintenance
and operation into account, to optimize the cross-sections by changing the placements of-,
changing the geometry of- or eliminating the critical components.

After that, the cross-sections were compared according to Table 1 with the explanations for
why the given comparisons are appropriate, to investigate the similarities/differences and con-
sequently the potential for cross-section reduction of future projects. The comparisons were
made in Autocad by using overlapping layers and functions.

Table 1. Overview of the tunnel cross-sections for comparison with a given explanation.

Tunnell Tunnel2 Tunnel3 Explanation
Rashglet Rasholet (reduced) 1C- Compare tunnel with reduced version and a new
single project to investigate the cross section of single tun-
track nels over time
Bekkedalshegda Bekkedalshegda 1C- Compare tunnel with reduced version and a new
(reduced) double  project to investigate the cross section of double tun-
track nels over time
IC-double track IC- double track opti- Investigate original and optimal cross section size
mal (Bane Nor 2020i)
IC- single track  IC- double track Discuss choice of tunnel concept

From this work the size of the cross-section reduction potential was collected for further
analysis in a simplified model for construction cost and environmental impact. The model can
be reviewed from the following link. The model used the geometrical formulas (1) and (2) for
the cross-section size (T), based on the radius (r) of the cross-section. Further model documen-
tation is presented in (Tunheim et. Al, 2021).

T(r) :%r2(4+7r) (1)
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The model was used to calculate the construction costs and CO*-emissions for reduced cross-
sections compared to the original cross-sections used as reference cross-sections. The model
was used with the standard concervative parameters for the different variables in the model to
give a sufficient basis for comparison.

3 RESULTS AND DISCUSSION

In the attempt to compress the cross-section size of the tunnels on the Gardermoen-line the
fixed installations one the tunnels were investigated. It was found that critical components in
the Bekkedalshegda double track tunnel was the cables casing connected to the switch in the
tunnel, shown in Figure 2, the track structure were some of the components had bigger dimen-
sions than what was recommended from the technical regulations, in addition to what has
been shown from the literature is necessary dimensions of the track structure. The installation-
and evacuation zone had otherwise when not taking the cabal basin into account, smaller
dimensions than what is designed for newer tunnels due to the zones functioning as one zone
with both installation and evacuation and the evacuation-way being the required 800 mm
instead of the nowadays recommended 1200 mm. From the Rasholet single track tunnel the
evacuation zone was the critical component and otherwise the track structure was constructed
according to regulations.

Figure 2. Cables casing (left) connected to the switch (right).

It was found that the reduction potential of the Rashglet single track tunnel was insig-
nificant, and that the reduction potential was high for the Bekkedalshegda double track
tunnel. The reduction potential of Bekkedalshegda double track tunnel was further inves-
tigated by investigating the critical components in respect to the technical regulations. Fig-
ures 3 and 4 shows different attempts to optimize the cross-section of the installation zone
of Bekkedalshegda double tracked tunnel by changing the placement-, geometry and elim-
inating the critical component (cables casing) within the limits of the technical require-
ments also showing the potential for horizontal length reduction of the tunnel which was
further computed into potential tunnel cross-section reduction shown in Figure 7.
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During the comparison of the tunnel cross-section presented in this study it was found
that the newer projects were designed using ballast-less track, a design measure suitable
for reducing the cross-section size according to the literature. The newer tunnels were
designed using bigger and separate evacuation- and installation contours beyond what is
necessary size according to the regulations, here the newer projects should look towards
the older tunnels that utilizes the evacuation zone for installation as well compressing the
cross-section size. It was found that some of the reason increased installation- and evacu-
ation contours was due to the increased focus on safety and maintenance the last years to
reduce downtime of the line. It should be discussed further if it the extra costs related to
an increased cross-section is justifiable by the arguments of maintenance, safety, and oper-
ation stability.

Further the tunnels in this study were both double-track and single-track tunnels. The
literature presents the choice of tunnel concept as a function of several parameters to be
a challenging process. The single tracked tunnels in this study had an area range of [53-
59 m?], while the double tracked tunnels had an area range of [114-83 m?]. Area-wise by
exclusively looking at the cross-sections of the main tunnels this study shows that there is
little potential savings by choosing a double track tunnel rather than choosing two single
tracked tunnels. This study can not say anything conclusive about the choice of tunnel
concept but there is another phenomenon related to the tunnel concept that has been
found in little degree discussed in the literature and regulations related to the train’s move-
ments in the tunnels.

Figure 5. [Illustrates forces related to the pressure in two single tracked tunnels.

Figure 5 illustrates two single tracked tunnels where a train is entering the tunnel portal.
Trains at high-speed experiences aerodynamic forces in terms of pressure- and suction forces
as the train is breaking through the air. At the tunnel entrance the breaking of the air is
limited by the tunnel walls creating high pressure forces lateral to the train, illustrated by the
arrows in the figure. For a single tracked tunnel, these forces do not represent a challenge for
the train-movement as the forces are equalizing each other, as illustrated. For a double
tracked tunnel the same phenomenon is experienced as illustrated in Figure 6, with a much
higher pressure force coming from the right handside of the train in the tunnel. The lateral
pressure forces are not equal for a double track tunnel and leads to a lateral displacement of
the wheelsets of the train altering the train-movements on the track from a stable train-
movement to a sinusoidal motion on the track and further create severe vibrations in the
train. The instability of the train- movement due to lateral displacements of the wheelset is
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caused by the nature of the wheel- rail interaction with the wheelset having a conicity creating
a steering motion on the track. The steering motion enables the wheelset to steer with
a deviation from the equilibrium position towards both sides of the track starting an oscillat-
ing motion with the geometry of a sinusoidal curve initiated by the initial lateral displacement
that on a straight track with high speed will increase and cause vibrations in the train.

o L]

Figure 6. [Illustrates the pressure forces in a double tracked tunnel.

This oscillating movement have been observed in newer double tracked tunnels causing
severe vibrations on the trains. The problem has led to the need of reducing the speed on the
lines and conducting early maintenance and countermeasures. By evaluating this phenom-
enon with the following challenges as a parameter in the choice of tunnel concept one could
potentially save a lot of troubles and costs connected to maintenance and operational diffi-
culties. As shown in this study the area-wise potential cost-savings during construction is
little directly related to the tunnel concept, and it should be evaluated whether these poten-
tial construction-cost savings are sufficiently higher than the potential maintenance- and
operational costs that could be triggered by the tunnel concept choice of double tracked
tunnels.

Results from the model calculation of the cross-sections presented in Table 1 are pre-
sented in Figure 7, where the blue column present CO?-emissions, the orange show CO?
costs, and the gray show construction costs. Note that Rashelet single-track tunnel is not
presented in the diagram as it was found that the reduction potential was too small to be
significant. The model used for the calculations represent several simplifications and conse-
quently there are uncertainty connected to the results, but the results are believed to be of
the correct magnitude and are therefore suitable to illustrate the magnitude of the savings
related to costs and CO? for a given cross-section size reduction for a drill and blast tunnel.
From Figure 7 it is observed a reduction in cross-section size in a magnitude of 10 m? giving
a reduction of construction costs in the magnitude of 4000 kr/m. For the CO?- emissions
a cross-section size reduction of 10 m? correspond to a reduction in the magnitude of 500 kg
CO? pr unit length and the cost connected to these emissions are in the magnitude of 900 kr
per unit length.
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Figure 7. Costs and emissions for different cross-section sizes.

The results presented in Figure 7 is dependent on the length of the tunnel. Consequently, the
longer a given tunnel is, the higher will the potential savings be. In Figure 8 this is illustrated by
using the cross-section size reduction in the magnitude of 10 m* with the corresponding results from
Figure 7. One can observe that a tunnel length of 100 meter has significantly lower costs and CO?
emissions than a tunnel with the length of 1 km. At 1 km the construction costs will be in the mag-
nitude of 4000000 kr, the cost related to CO* emissions will be in the magnitude of 900000 kr and
the CO*-emissions in itself will be in the magnitude of 50000 kg CO?, which represent significant
potential savings. It should also be noted that as the simplified computational model was used using
conservative parameters, it is not unreasonable to assume that a further development of the model
in addition to using more realistic parameters would give even higher potential savings.

Costs- and emission results for cross-section size reduction in

the magnitude of 10 m” in relation to tunnel length [m]
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Figure 8. Costs- and emissions results for cross-section size reduction in the magnitude of 10 m? in rela-
tion to tunnel length.
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From this study it was found that documentation of the designing process for the different
tunnels have been lacking in relation to designing choices, calculations, and parameters from
the requirements. A lot of the design choices was found to be based on empirical data and
experience disguised in the documentation as “professional assessment”. It was also found
that the regulations and requirements where very comprehensive and could in many ways
counteract the measures done in attempting to optimize tunnel cross-sections. Design of rail-
way tunnels are highly interdisciplinary, and this was found to be one of the challenges in the
optimalization work as the engineers from the different technical subjects regards the compo-
nents in the tunnel cross-sections related to their subjects as the most important and thus the
components deserving most space for easy installation, operation, and maintenance. Leading
to the different technical subjects contributing to counteract the optimalization processes.
Awareness of the total reduction potential of the tunnel cross-sections, could be an important
measure for the different technical disciplines within railway engineering to motivate for opti-
malization-thinking within all the technical fields.

4 CONCLUSION

Todays design method for railway tunnels was found to in little degree contribute to optimali-
zation of tunnel cross-sections due to the complexity and the interdisciplinary nature of the
design field. The different technical disciplines were found to in many ways counteract the
optimalization work by demanding bigger space for their components. It was further found
that awareness of the total reduction potential of the tunnel cross-sections in relation to the
construction costs and CO*-emissions, could be an important motivational tool for optimali-
zation-thinking.

It was found that the evacuation- and installation zone were the spaces in the tunnel cross-
sections with highest reduction potential, in addition it was found that choosing ballast less
tracks as the track structure gives a smaller cross-section. The reduction potential of the
evacuation- and installation zone was connected to the combining of the zones giving
a smaller cross-section.

The study found that the cross-section reduction in the magnitude of 10 m? was possible for
the different tunnel configurations. Giving a reduction of construction costs in the magnitude
of 4000 kr/m, while the costs connected to the CO*- emissions corresponded to a magnitude of
500 kg CO*/unit length (m). The costs connected to the CO* emissions for the same cross-
section reduction was in the magnitude of 900 kr/unit length (m). It was further found that
these numbers would be substantial by taking the tunnel length into account.
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ABSTRACT: It is common practice in Norway to use crushed rock in road structures. Recent
regulations allowed a large variation of the particle size distribution in this layer. This paper
focuses on the influence of effective particle size of crushed rock materials on heat transfer in
pavements based on pavement structure thermal modelling using a partial differential equation
solver. The normal temperature for the 1980 — 2010 period in various regions of Norway, as
well as the coldest year (extreme conditions) were used together with the factor N as surface
conditions of a typical pavement structure. The crushed rock was modelled using various values
of effective particle diameter (d;o), a material characteristic that significantly affects thermal
properties of coarse materials. Along with temperature distributions, maximum frost depths
were computed and expressed according to the climatic data of each site studied and as
a function of the effective particle diameter. The results showed that d;o had a significant effect
on frost depth mainly during the coldest winters as a result of increased heat transfer owed to
natural convection. The results obtained also made it possible to establish a critical d;q value to
minimize convection as a function of the mean annual air temperature, providing a simple tool
to road designers for selecting the materials for subbase and frost protection layer (FPL).

Keywords: Heat transfer, Convection, Frost Penetration, Pavement, Crushed rock, Effective
particle diameter d;

1 INTRODUCTION

Freezing periods in Nordic countries are generally rather severe with temperatures reaching as
low as -25 ° C. Earth-made infrastructures such as pavements may experience freezing of soil
pore-water that can lead to the formation of ice lenses in frost susceptible soils. This in turn
can cause frost heaving. During the spring thaw, melting of the ice lenses in subgrade soil can
bring water content to values exceeding liquid limit and to the loss of consistency, thus redu-
cing the effective resistance of the pavement structure, loss of bearing capacity and severe
damages (Doré & Zubeck, 2009).

Heat transfer in soils is generally governed by conduction (Johansen, 1975). Figure 1 shows
the variation of the maximum freezing depth as a function of the freezing index (FI, °C days)
for Norway, the Province of Quebec in Canada, and the United States. Conduction is the sole
heat transfer mechanism involved. The results show that the maximum frost depths follow
a fairly narrow empirical square root function of FI (eq. [1]). Scattering of data is owed to
variations in pavement structures and materials affecting average values of thermal
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conductivity (1) and latent heat of fusion (Lg). Eq. [1] adopts the same mathematical form as
Stefan’s solution for phase change.

Frost Depth = 0.053 x VFI — V2L x VFI (1)
Stefan
10 E—7—T 177171 T T TTTTT] T T TTTTE
_ - ¢ US + QC - ]
E L A NO - - Eq(1) * - i
£ W
(=7
g g repa WY N =
Z — -7 2 -
- C e _--F 7
0.1 Ll Ll L L L0t
10 100 1000 10000

FI (°C days)

Figure 1. Frost depth in pavement as a function of the freezing index in Norway, Québec and the
United States (redrawn from Coté 2009).

Figure 1 shows that frost can extend down to 2 m in Norway. Road and railway struc-
tures can be up to 2.4 m thick to reduce frost action in subgrade soils. Over the past dec-
ades, construction practices has shifted towards increased use of crushed rock to reduce
consumption of natural sand or gravel. It is known that the presence of very coarse mater-
ials in embankments can promote convection and radiation heat transfer (Fillion et al.
2011 and Co6té et al. 2011). This can ultimately lead to increased frost depths (Loranger
2019) if the effective particle diameter d ;o (diameter for which 10% of all particles are smal-
ler) is large enough. However, most of the classifications (frost susceptibility, thermal con-
ductivity, etc.) of the current specification is based on the Frost i Jord project (Heiersted
et al. 1976) and do not account for the use of coarser rock materials. Consequently, severe
frost heave problems have been observed in pavement and railway structures (Aksnes
2013, Loranger et al. 2017) where the subbase and frost protection layer (FPL) were made
of coarse crushed rock.

This paper aims at establishing the effect of particle size on the maximum frost depths in
typical pavement structures in several location in Norway. Numerical modelling of heat
transfer involving conduction, convection and radiation were performed for a pavement
structure in various regions of Norway using 30-year average temperatures as well as the
temperatures of coldest winter for the 1980-2010 period. The paper first presents the model
(basic equation, pavement structure and material properties) used to compute temperature
distributions and frost depth. Typical results are then presented followed by the analysis of
data that allowed the determination of critical effective particle size (d;o) to avoid convec-
tion and radiation. This study is part of the “Frost Protection of Roads and Railways” pro-
ject lead at NTNU.
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2 NUMERICAL MODEL

Coupled heat transfer accounting for phase change is mathematically expressed as:

T oo 00,
Crg + Va CVT =V (e VT) + Ly -

2
where t is time (s), T is the temperature (°C) C, and 1,y are the volumetric heat capacity (J m>
K™') and the effective thermal conductivity of the material (W m™ °C) of the porous media,
respectively, C, is the volumetric heat capacity of air and ¥V, is the Darcy velocity vector for air
flow considering the Oberbeck-Boussinesq approximation (see Goering and Kumar 1996), Ly is
the latent heat of fusion of water (3.33 x 10° MJ m™) and 6, is the volumetric ice content.

The full mathematical development can be found in Missaoui (2020). The pavement struc-
ture is presented in Figure 2 (and referring to Table 1) and comply with Handbok N200
(2014). FlexPDE® was used to model the 2D domain where road centerline is on the left of
Figure 2. The surface temperature is taken as the average daily air temperature (T,;,), obtained
from the Meteorological Institute of Norway, and corrected with the N factor. A value of
N of 1 was taken for the freezing season and 2 for the other seasons (Lunardini 1981). A zero
heat flux value was imposed on the three other sides. Air convection could only occur within
the subgrade and FPL (same d;() and air flow was not allowed across the boundaries.

Ts =N X Ty (3)
X = 10 m T=Ts »
i , Asphalt 4+——— Tm ——»
Y Base layer
Sub-b
'E o ub-base . ﬂ o
dx Frost Protection Layer Ec dx
— Clay ) g

T q

y=30m dT
] — =0
dy

Figure 2. Pavement structure and imposed boundary conditions.

2.1 Material properties

As shown in Figure 2, the structure is composed of an asphalt layer, a base layer, a subbase
layer, a FPL and finally a layer of clay. The subbase layer and the FPL are made of coarse
crushed rock. Table 1 gives the material properties for each layer. The thermal conductivities
for the asphalt, base layer subgrade soil were measured (Rieksts 2018, Loranger 2019) or
established from the Co6té and Konrad model (C6té and Konrad 2005, Rieksts 2018). Heat
capacity, effective thermal conductivity, intrinsic permeability, and frozen and unfrozen water
contents (eqs [4 — 9]) are described below.

While the porosity of subbase and FPL influences both the intrinsic permeability and the effect-
ive thermal conductivity, it does not significantly vary in the field for coarse and poorly graded
(low coefficient of uniformity c,) materials. Its influence is fairly limited (Missaoui 2020) in the
context of the present study. Therefore, only d;o will be optimize herein.
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Table 1. Properties of the used materials.

Asphalt Base layer Subbase layer Frost protection layer Clay
Thickness (cm) 5 17 50 168 27.6
Porosity 0.07 0.29 0.42 0.36 0.45
pq (kg/m?) 2400 1980 1623 1780 1460
w (%) 0.005 0.040 0.010 0.031 0.286
Orot 0.012 0.079 0.024 0.056 0.450
Ay (W/m°C) 1.45 1.46 eq. [3] eq. [5] 1.19
A (W/m°C) 1.45 1.26 1.70

2.2 Soil property models

2.2.1 Heat capacity of all soils
The volumetric heat capacity of porous media (static = no flow) can be expressed by eq. [4]
that neglects the insignificant effect of air.

Cv = (1 - n) Cy + awcw + eiCi (4)

where n is the porosity, 6,, and 6; are respectively the volume fractions of liquid water and ice.
Cy, C; and C; are the heat capacities of liquid water (4.18 MJ/m? °C), ice (1.90 MJ/m? °C)
and soil particles (average = 2.10 MJ/m? °C), respectively.

2.2.2 Thermal conductivity of crushed rock

Because radiation flows within pore air in the same direction as conduction it can be assessed
in the form of Fourier’s law through the diffusion approximation. As a result, the effective
thermal conductivity A of coarse and mostly dry crushed rock can be expressed as the sum
of the contribution of pure conductivity 1. (Coté and Konrad 2009) and equivalent radiant
conductivity 4, (Argo and Smith 1953) as follows:

(ki) =m+hy e
- 445 diyoT 5
I+ (- D —m) 2= ©)

hoff = Aoty =

where 4; and A are the thermal conductivity of the solid (2.7 W m™ °C™') and fluid (air: 0.024
W m™! °C™), respectively, and n is the porosity, ¢ is particle surface emissivity (no units, taken
equal to 0,9), o is the Stephan-Boltzmann constant (5.67x10° Wm™K™) and T is the mean
porous medium temperature (K). The empirical structure parameter x,, is given as a function
of the fluid to solid thermal conductivity ratio (C6té and Konrad 2009).

Koy = 0.29(154,/27) (6)

where B is an empirical parameter accounting for material structure. With a 4;/A; ratio lower
than 1/15, the empirical value of B for crushed rock material is 0.54. As temperature increases,
the effect of the A, term in eq. [5] becomes more and more important.

2.2.3 Intrinsic permeability

The intrinsic permeability (m?) controls the air flows and thus heat flow in coarse materials.
The relationship of (Chapuis 2004) which is a function of the porosity n and the effective
diameter d;, was used in this study as validated by Coté et al. (2011) and Rieksts (2018) for
coarse rock. As mentioned earlier, only d;o will be varied and n will remain constant.
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K=125%10" [(dﬁ,#)/(l - nﬂ (7)

2.2.4 Frozen and unfrozen water content
The pores of soil are filled with, liquid water, ice, and air. The total volumetric water content
0,0¢ 1 the sum of the liquid 6,, and the solid (ice) 6; water content:

9[0[ = Hw + 9[ (8)

The water content in the soil is related to the soil pressure head according to the soil water
retention curve (WRC). Integrating the “freezing-drying” assumption from the Clausius-
Clapeyron equation within the Van Genuchten (1980) WRC model, yields an expression of
volumetric liquid water content 6,, in frozen soils as a function of temperature (T):

0,,(T) =0, + (6, — 0,) x {1 + [(—aLf/g To)(T —T) ]n}(l/n—l) )

where 6, is the residual water content and 6, is the saturated water content, i.c., the porosity
of the soil, g is the acceleration of gravity, L, is the latent heat of fusion of water and a m]
and n [-] are adjustment parameters that reflect the inverse of the air entry value and the par-
ticle size distribution, respectively.

2.3 Selection of representative regions

Norwegian climate varies considerably from one region to another. Typically, coastal areas
have relatively mild winters and fairly cool summers. Interior lands are characterized by cold
winters with abundant snow and hot and dry summers, especially in the east of the country. To
account for these climate features, six regions were selected, namely: Finnamark, Nordland,
Ser-Trendelag, Hedmark, Oppland and Hordaland, and the climate data were extracted from
Eklima.no. Two scenarios of climatic conditions will be evaluated for the frost penetration mod-
elling: 1) the 30-year normal temperatures (1980-2010) and 2) extreme conditions taken as the
coldest year during this 30-year period as summarized in Table 2. Published monthly average
temperatures are interpolated to generate daily values for a full year temperature cycles.

Table 2. Summaru of normal and extreme climatic data (1980-2010, Eklima.no).

MAT30 years FI30 years MATexl FIexl
(°C.d)

Alt. (m) Lat. (°) Long. (°) °C) (°C) (°C.ds)
Finnmark 10 70.39 28.19 -0.1 1346 -2.2 1955
Sor-Trendelag 628 62.57 11.37 0.8 1110 -1 1775
Oppland 639 60.91 9.28 1.89 870 0.07 1495
Hedmark 240 61.16 11.44 2.75 923 0.71 1660
Hordaland 48 60.28 5.22 7.15 0 5.78 239
Nordland 33 67.28 14.45 5.15 105 4.55 285

MAT = mean annual air temperature, FI = freezing index.

3 RESULTS OF FROST DEPTH COMPUTATIONS

The temperatures were computed within the pavement structure for a conditioning period of
30 years using the climate normals. The results for the last year cycle were recorded for the
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first modelling scenario and for the second, another cycle was modelled but with the extreme
conditions. Two-dimensional temperature distributions within the pavement structure were
analysed to establish frost progression in time among others at each region for both scenarios.

3.1 Scenario 1: Normal conditions

Figure 3 shows the evolution of frost depth for the region of Finnmark (normal conditions)
for djo equal to 90 mm (red) as well as d;o equal to 30 mm (black). It clearly illustrates that
when d; is higher, the maximum frost penetration is higher, highlighting the effect of convec-
tion and
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Figure 3. Evolution of the freezing depth for the Finnmark region, for d;p= 90 mm and d;o= 30 mm in
normal condition.

radiation. Maximum frost depths are recorded on the first of March for both cases with
values equal to 2.25 m (stays within pavement structure) and 2.49 m (extends within subgrade)
for djp = 30 mm and d;y = 90 mm respectively.

The variations of the maximum freezing depth are illustrated as a function of the MAT
(Figure 4a) and the FI (Figure 4b, notice the log scales) for normal data for effective particle
diameter varied from d;y = 30 mm to d;o = 110 mm. These results show that the maximum frost
depth decreases linearly with increasing MATj3pyeqrs (Figure 4a) and increases with increasing
Flsoycars (Figure 4b). The maximum frost depth is obtained in Finnmark, reaching a value of
2.55m for a djp = 110 mm and the minimum value is obtained in Hordaland with 0 m for d;o =
30 mm. Figure 4 also shows the effect of d;o on frost penetration into the soil. In fact, for
a given region, the greater d is, the greater the frost penetration into the soil is. However, this
effect is rather small for normal conditions (less than 15% in the colder regions) as also revealed
from the fairly good agreement between the numerical results and eq. [1] in Figure 4b.

3.2 Scenario 2: Extreme conditions

Similar results to those of scenario 1 were obtained for scenario 2 with extreme conditions as
shown in Figure 5. As expected, much greater frost depths were obtained and the effect of d;q
proves to be much more important especially in the colder regions as shown by the departure
form eq. [1] as d;o increases. For example, in Finnmark and Ser-Trendelag where values of
MAT,,; are -2.2°C and -1 °C, respectively, the frost propagates down to the natural soil
(depth > 240 cm) for all do. The computed frost depths of Finnmark (oval in Figure 5a)
varies from about 3.1 m for a d;y of 10 mm and 20 mm to 4.5 m for d;o of 90 mm, which is
more than a 40% increase (110 mm not shown). These results therefore show that convection
and radiation begin to significantly influence frost dept in Finnmark for d;o values above
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Figure 4. Variation of the maximum freezing depth according to a) MAT and b) FI under normal
conditions.

20 mm. In Oppland where the MAT., = 0.07 ° C, the frost depths vary much less, as
a function of d;(, with values from 2.2 mm to 2.5 mm and with d;, values equal or lower than
45 mm maintaining frost depth above the subgrade soils (< 2.4 m). The results clearly show
that d,o has a significant influence on the heat transfer and thus frost depth, particularly in
colder conditions.
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Figure 5. Variation of the maximum freezing depth depending on extreme climatic data.

4 EFFECT OF EFFECTIVE DIAMETER ON THE INITIATION OF CONVECTION

Taken separately, convection and radiation contribute differently to heat transfer when couple to
conduction. Radiation heat transfer increases with increasing d,o and with increasing temperat-
ures. Which means that for a given d,, radiation is slightly more important in the warm season
than in the cold season thus contributing to accumulate a little more heat in summer than what
is lost in the winter. On the other hand, natural convection is a phenomenon only present when
subsurface materials are warmer than the surface itself. So, provided that d;, is large enough,
convection heat transfer is only present in winter promoting heat loss and greater frost depths
while it does not provide extra heat input in the summer to compensate. So, from a material
selection point of view, convection is the heat transfer mechanism to consider when attempting
to minimize frost depths in pavement structures.

Indeed, many studies on embankments made of coarse materials have shown that heat transfer
in summer is dominated by thermal conduction (and radiation), while in winter, it is controlled by
thermal convection (Goering and Kumar 1996, Goering et al. 2000, Lebeau and Konrad 2008).
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The results of this study clearly show that convection can be activated, and its intensity is gov-
erned by permeability which in turn is a greatly influenced by d;. In order to be able to estimate
the critical do for which the convection is activated, further analyses are performed using the Ray-
leigh number (Ra, eq. 10) that characterizes the intensity of convection. It is known that convec-
tion can only be initiated above a Ra;, value of 4n? (Schubert and Straus 1979).

Ra = (K prf-ﬂgHZVT> /(1 dey) (10)

where K and Aeg are the intrinsic permeability (m?, ep. [7 ]) and the equivalent conductivity
(W.m'.K™!, eq. [5] of the porous medlum respectlvely, py is the density of the fluid (kg.m™ )
Cf is the heat capacity of the fluid (J m>.K™"), f is the coefficient of thermal expansion (K b,
g is the acceleration of gravity (m.s), H is the height of the porous medium (m) VT is the
temperature gradient imposed between the ends of the porous medium (K.m™), p is the
dynamic viscosity (kg.m™'.s™).

Figure 6 shows examples of the variation of computed Ra values as a function of the d, for
a) Finnmark and b) Hedmark. The critical d;q is directly obtained by interpolation at Ra.; =
4r* as shown in Figure 6. For Finnmark, djgcrit ext = 47.3 mm and d;ocri¢ normal = 61.6 mm. As
expected, this shows that in extreme condition convection is activated, with an d;, smaller than
that in normal condition. For example, in Finnmark, the critical diameters are djocrit ext =
47.3 mm and djocrit normal = 01.6 mm, respectively. Similar analyses were carried out for all
regions and results are summarized in Figure 7.
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Figure 6. Variation of the Rayleigh number as a function of the effective diameter d,.

Figure 7a illustrates the variation of d;q ¢ as a function of the extreme and normal MAT for
the four colder of the studied regions. The results show that dig . is inversely proportional to
MAT. This may seem counter intuitive, however, it is simply explained by the fact that colder
regions accumulate less heat in the summer that warmer regions, resulting in smaller thermal
gradients during winter in the colder regions and thus requiring greater permeabilities (greater
djo) to initiate convection. The same d( . results are also plotted as a function of the FI for
normal and extreme conditions in Figure 7b. The results show similar trend, but proportional
this time, between d( iy FI. Indeed, higher values of FI require a greater critical d,q for it to
initiate convection. Figure 7 readily allow to obtain critical d;o as a function of MAT or FI of
a given site to consider the effect of convection on heat transfer and to reduce frost penetra-
tion into the soil.

The data for the extreme conditions can be used to determine a maximum d;q value that can
be allowed to minimize convection effect and thus frost penetration as illustrated by the
dashed blue line shown on Figure 7. As already mentioned above, smaller value of d;g i, are
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obtained for extreme conditions compared to normal conditions. The proposed criterion is
caped at a minimum value of 40 mm as the computation results of Figure 5 showed that
above average
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Figure 7. Variation of the critical effective diameter as a function of a) MAT et b) FI.

annual temperature of —1°C (or FI < 1500 °C days), frost will not extend in the subgrade soil
and also because the effect of d; is very limited even if convection may be initiated.

Future field work could include validation from temperature measurements to verify if critical
thermal gradients required to generate convection are reached or not. Solving eq. [10] for VT
leads to an expression of critical gradient:

VTt = (Racril M /Ic{ff)/(Kpf Cfﬂ g Hz) (11)

This allows to independently compute the VT, as a function of d;o when eq [5] (Aerr) and [7]
(K) are substituted in eq [11]. For the example given here, the porosity is 0.40 and all other
parameters are constants at T = -5 © C (the average winter temperature in the frost protection
layer): p, is equal to 1.316 kg/m®, B is equal to 3.76 X 10 K™ and u is equal to 16.9 x 107
kg/ms. Note that d is expressed in meters (m). With these values, eq. [11] reduces to:

VT =0,04 d" —3.7 %1075 d; ¢ (12)

10 crit 10 crit

The last term of eq. [12] is insignificant and thus a simplified version is obtained:

VT = 0,04 dyy' 25 (13)

The theoretical VT, values of Eq. [13] are shown by the black line in Figure 8. The
VT, were also assessed from numerical modelling for several d;y, ranging from 10 mm
up to 110 mm. The results for Finnmark in extreme conditions (red dots) and Hedmark
in normal conditions (blue diamonds) are shown in Figure 8 and agree fairly well with
eq. [13] showing that VT, can be related directly to dj¢ o independently of the climate
conditions. Eq.[13] can therefore be used for first assessment of critical gradients and if
known, the parameters of eq. [11] can adjusted for more accuracy. The good agreement
between theoretical and numerical results of Figure 8 also supports the relevance of the
numerical model used in this study.
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5 CONCLUSION

Within the last decades, Norway has seen a major transition to using crushed rock materials
for road and railway construction instead of natural materials such as sand or gravel. How-
ever, in coarse rock materials, natural air convection can greatly enhance heat transfer leading
to increased frost penetration in pavement structures. Freezing front may reach frost suscep-
tible subgrade soils and unexpected differential heaving may be observed along with surface
deformation and damage. This paper aimed at establishing the effect of d;o on frost propaga-
tion to help select the coarser materials while minimizing frost depths.
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Figure 8. Variation of VT, as a function of do.

The results of this study allowed the development of a method to optimize the effective particle
diameter d;q of crushed rock materials to limit the effect of convection. A numerical model has
been developed to estimate the maximum freezing depth and express it according to the climatic
data of a given site. The 30-years temperature normals for the 1980-2010 period for various
representative regions of Norway, as well as the temperatures of coldest year (extreme condi-
tions) were used to perform numerical modelling of heat transfer involving convection among
other heat transfer mechanisms within a representative pavement structure. The results made it
possible to characterize the effective critical diameter d;, from which convection is active for the
normal 30-year data as well as for the extreme data. Analysis of the numerical results led to the
development of empirical relationships to estimate the critical d;q based on climate data.

Based on the results of the modelling with extreme conditions, it was established that
a maximum effective particle diameter of 40 mm can be used in the warmer region and that the
maximum d;q value can be increased up to close to 50 mm in the colder regions. A theoretical
relationship between the critical effective particle diameter and the critical thermal gradient to
be expected in the field for convection to occur has also been developed allowing for simple veri-
fication along with pavement structure temperature data.
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ABSTRACT: Fine-grained materials are associated with a higher water retention capacity due
to their higher surface energy in comparison with coarser materials. That characteristic is con-
nected to why fine-grained materials also yields more suction when drying. In addition, seasonal
variation of the water table subjects fine-grained subgrades to different moisture contents, varying
the suction built in the subgrade, consequently affecting its mechanical characteristics. As fine-
grained materials are frequently frost susceptible, they can cause issues to the whole pavement
cross-section related to Freeze-Thaw (F-T) actions, widely known as frost heave and thaw weak-
ening. This study will seek to investigate if subsequent cycles of closed-system F-T can perman-
ently alter the unsaturated behaviour of fine-grained materials, using as background their Soil
Water Retention Capacity obtained using a pressure plate apparatus. Such issues may become
more common with permafrost areas being subjected to freeze and thaw cycles due to climate
change or extraordinary events creating the circumstances to F-T where it is currently not
observed. Two silty sands with low plasticity were tested, and the results show a reduced water
retention capacity (WRC) after closed-system F-T cycles. Considering that matric suction changes
the state of stress of soils, the findings suggest an impact in the resilient modulus (A£,) not only
seasonally, as it is well established, but also after seasonal freezing and thaw events.

Keywords: Swrc, unsaturated soils, subgrade, cold regions pavement structures, freeze-thaw

1 INTRODUCTION

Subgrades in frost susceptible regions follow the same principia as in non-frost susceptible regions
regarding water protection. Such that one of the purposes of the pavement structure resting on
top of the subgrade is to protect it from water infiltration; the other functions are to protect it
from high vertical and shear stresses. Therefore, considering the lower permeability of the surface
layer, one can say that the subgrades in frost regions are also situated in the intermediate vadose
zone, where a two-phase of continuous water and air coexist, at least for parts of the year.

An important contrast, however, from non-frost-susceptible regions is the formation of ice
lenses (depending on the frost susceptibility of the soil) during the winter, in a process known
as ice segregation, where water is drawn up to the freezing front due to a cryosuction effect.
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Then, this water in excess thaws and saturate the soil during the spring until it gradually dissi-
pates, depending on the soil’s permeability and external conditions.

Whereas in non-frost-susceptible regions, the mechanism of energy dissipation allows for
evapotranspiration (Doré and Zubeck, 2009), which means the moisture content stabilises, reach-
ing a steady-state condition (Zapata, 2018), where the subgrades will be mainly in the unsaturated
condition, for most of the year unless during raining events where water can reach the pavement
structure transversally, or axially, in case the surface has aged and cracks have developed.

Due to the high surface energy and swelling-prone property of fine-grained materials, unfrozen
water bounded to the grains — known as adsorbed water — is observed even when temperatures are
well below the freezing point (Andersland & Ladanyi, 2004), which means the ice crystals grown
bigger within the pores until the adsorbed water freezes, potentially displacing the grains. In the
spring, the unfrozen water saturates the subgrade, causing what is known as thaw weakening —
reducing the pavement’s bearing capacity. The literature and experience show that the bearing cap-
acity of such pavements slowly returns to previous levels when the water is drained. In other words,
suction will increase as water drains, increasing the mechanical characteristics of the subgrade.

However, some studies suggest that F-T cycles can cause particles to break up, changing the
particle size distribution, which coupled with the ice expansion, that can cause a void ratio’s
increase or pore geometry change, can affect the Soil Water Retention Capacity (SWRC) of
the subgrades (Ren & Vanapalli, 2019; Yao et al., 2020).

1.1 Subgrades soils in frost regions

Natural materials used as subgrade can suffer excessive permanent deformation if not adequately
protected from high stresses and water infiltration. Consequently, it can fail to provide the neces-
sary support for the asphalt layer, with shear stresses causing strains that exceed the fatigue
resistance of such layer, resulting in cracking.

In cold regions, however, another challenge is added to protecting the subgrade, which is
related to frost problems. To provide adequate protection to the subgrade, one design option
is to have a thicker pavement structure to isolate or minimise the subgrade’s exposure to the
freezing front and its consequences, as explained before. The freezing index (FI) of the region,
type of subgrade material, and natural water content are variables that will affect the frost
depth (X), that is, the depth the frost penetrates the ground during the winter season. There is
more than one model to equate the frost depth, but Stefan Solution (Eq. 1) gives a good esti-
mation, and the parameters are relatively simple to obtain. It relates the freezing index, the
latent heat of fusion (L) and the heat conductivity (kr), both of which are a function of the
material and the water content (Andersland and Ladanyi, 2004).

x:,/%.n (1)

Other strategies to prevent frost problems include changing the subgrade material to one
less susceptible to frost and, alternatively, providing drainage layers to remove water from the
system so that it is not attracted to the freezing fringe. Nevertheless, the soil heterogeneity
along a road section and different water contributors makes it hard to have full control of the
freezing process within the subgrade, and so the pavement structure should resist some level
of differential frost heave (Andersland and Ladanyi, 2004).

Another design method for cold region pavements accounts for a weakened subgrade when
thawing during the spring (Andersland and Ladanyi, 2004). Thawing can occur even when no
frost heaving occurs, which is related to the thawing speed and the material’s permeability.
An example of such an issue is clay, which combines high matric suction with low permeabil-
ity, making the conditions for ice segregation difficult and, therefore, frost heave less severe.
However, the entrapped water in a clay subgrade layer will significantly reduce the bearing
capacity during thawing (Christopher et al., 2006).

In order to adequately estimate a pavement service life based on one of the design strategies
mentioned above, we need to know the material’s mechanical properties to verify if they can
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sustain the stresses that will be yielded in the structure due to traffic and environmental condi-
tions. In that regard, in a mechanistic-empirical (M-E) method, the strains of interest are the
horizontal tensile strain at the bottom of the bounded layer and the vertical strain at the top
of the subgrade to assess fatigue cracking and rutting, respectively. Finally, the layers corres-
ponding to the pavement structure are evaluated in terms of their combined accumulated
strain throughout the pavement design life against the backdrop of the maximum permissible
rutting and fatigue cracking (Doré and Zubeck, 2009).

This research aims at contributing to the scholar on the M-E method by verifying the impact
that freeze-thaw cycles have on the SWRC of subgrades and potentially in its mechanical char-
acteristics. For that purpose, two silty sand subgrades with different fines content, from the
region of Ostergétland in Sweden, will have their SWRC determined.

2 CHARACTERISING UNSATURATED SUBGRADES

The so-called Soil Water Characteristic Curve (SWCC), which relates suction and moisture con-
tent, is a fundamental relationship to understanding the behaviour of unsaturated soils better.
In fact, there is more than one curve describing the relationship of suction and moisture content
for each soil, and it is conditioned to whether the soils are experiencing drying or wetting, to its
initial dry density and its initial degree of saturation (Walshire et al., 2019). Therefore, some
authors suggest calling such a relationship, obtained from one’s experiment, as Soil Water
Retention Capacity (SWRC) as it was originated with a particular set of boundary conditions.

Authors have identified that soils show a hysteresis behaviour when drying and wetting; that
is, the relationship between suction and water content is different if the soil starts fully satur-
ated or from a dry state. Those curves are known as main drying and main wetting curve. Pre-
vious research has shown that the obtained relationship would fit within the main curves for
tests initiated from fully saturated to fully dry (residual saturation) (Fredlund et al., 2012).

The SWRC can be used to estimate unsaturated soil property functions (USPF), e.g. perme-
ability, shear strength and volume change. Although those are empirical relationships, the
results show a good fit with tests specifically designed to test those properties (Fredlund et al.,
2012). The estimation of USPFs are related to the drying branch of the SWRC (Fredlund
et al., 2012), coupled to that, most previous studies focused on desorption tests. Therefore, for
comparison and repeatability with previous studies, this study focused on the drying SWRC.

The initial dry density is another parameter for a SWRC, and for naturally occurring mater-
ials such as subgrades, they are usually at least mechanically stabilised, i.e., they are com-
pacted to a maximum dry density at an optimum moisture content (OMC).

In this study, two silty sands were tested, and Table 1 presents the index properties obtained
before the sample preparation for the suction experiments. According to the Unified Soil Classi-
fication System (USCS), both soils are classified as Silty Sand material (SM), and according to
tests performed on the material with 39% fines (Kuttah, 2020), it has a plasticity index of less
than 4%, resulting in low plasticity soil. The material with 17% fines was deemed nonplastic.

In light of this, the results of this study will be interpreted according to SWRC for incompress-
ible soils, where the gravimetric SWRC (w-SWRC) can be converted into volumetric (6-SWRC)
and degree of saturation (S-SWRC) relationships without the need to obtain shrinking param-
eters (Fredlund, 2019).

Table 1. Index properties of the tested soils.

Lig. PL PL
Lim. lim. Index
Soil Classifi- Passing sieve Max. Dry unit Optimum Mois-  Specific LL PL PI

cation 0,063mm (%) weight (g/cm?) ture cont. (%) gravity (-) (%) ) (%)
SM 17,40 1,902 8,7 2,65 - - -
SM 39,00 2,083 8,5 2,64 18" 14,30" 3,70

! Results obtained from (Kuttah, 2020) from tests conducted in the same material.
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Therefore, after establishing the boundary conditions, a SWRC to characterise unsaturated
subgrades could be obtained in the laboratory.

2.1 SWRC testing

There are at least two well-described methods to measure the relationship between suction
and moisture content, one artificially imposes a pressure in the specimen to force water out
and is known as the axis translation technique; the other measures water tension in
a specimen as it dries (Briaud, 2013; Fredlund et al., 2012). Their use will depend on the suc-
tion range of interest, the type of soil and the time frame available. The particle size distribu-
tion plays a significant role in the consolidation time between different pressure targets, i.e.,
the rate of water release from the soil for a given suction.

For the suction level experienced in subgrade soils, a pressure plate apparatus, which
employs the axis translation technique, suffices the requirements considerably faster when
compared with the filter paper, which employs the other method described above. This
research was conducted using a pressure plate apparatus, namely SWC-150 Fredlund
SWCC Device (Figure I). This apparatus can apply and sustain up to 1500 kPa of air pres-
sure in a cell chamber, and the consolidation time between applied pressures vary from sev-
eral hours to days, whilst the filter paper varies from two to five days (Erlingsson et al.,
2009).

Matric suction (y) is emulated using the SWC-150 by increasing the pore air pressure (i)
while keeping the pore water (u,) at atmospheric pressure. For in situ conditions, matric
suction is yielded with negative water pressures while the air pressure is kept at atmospheric
level; the outcome is that the same matric suction from the field can be yielded in the labora-
tory (2). Furthermore, field conditions are attained in metastable conditions, where water
can remain in liquid state even with negative pressure; however, if such conditions were
applied in the laboratory, a cavitation process would occur, and water readings would not
be meaningful (Marinho et al., 2008). Therefore, in the axis translation technique, the air
pressure is intentionally higher than the atmospheric pressure to fall into a stable condition
(Figure 2), controlling the formation of bubbles in the water reservoir below the ceramic
stone seen in Figure la.

V= (ua - uW)in situ = (ua - uW)axis translation (2)

Figure 1. SWC-150 Device. a) Bottom plate with the HAE ceramic stone installed into its recess b) spe-
cimen mounted on top of the ceramic stone and chamber cell positioned c) enclosed pressure chamber
with top plate.
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Figure 2. The phase diagram of water under stable conditions (licensed under CC BY).

2.2 Testing preparation

In the SWC-150 device, a metal ring is used as a sample holder, and it has a height of 32mm
and 51mm in diameter. The samples were compacted to modified Proctor energy (2,7 MJ/m?)
using a rammer compactor seen in Figure 3a (Walshire et al., 2019).

A total of 4 samples (Figure 3b) for each soil were prepared at OMC and, using the
same compaction effort, sealed with plastic foil to retain moisture and later subjected
to cycles of freeze and thaw. Figure 3¢ shows one of the two batches with samples iden-
tified from 0 to 5 F-T cycles of 48h for each cycle (24h Freezing at -20 °C and 24h
thawing at +20 °C). These temperatures and time-span were calculated in order to com-
pletely freeze and thaw the water within the sample, aiming at creating an accelerated
F-T process and they find resonance in recently published papers (Ding et al., 2020;
Ren & Vanapalli, 2019; Yao et al., 2020).

The method used to subject the samples to F-T is known as closed-system and it dif-
fers from an open-system, as in the latter, the sample has access to a water source
throughout the freezing process. The closed-system method with three-dimensional freez-
ing was adopted due to the practicality it offers in comparison with an open-system with
uniaxial freezing imposition, which would require a distinct experimental setup. The
issue revolves about preparing a smaller recompacted sample, suitable to be tested in the
SWC apparatus, and yet providing access to a water source while imposing freezing uni-
axially during F-T cycles.

Even though the closed-system could be seen as a simplification from field conditions, for soils
with lower permeability (as low as a k < 1x10~"em/s), the frost penetration rate is often greater
than the rate in which water reaches the freezing front, thus having access to water would be
indifferent in this case, as the water source would freeze as well and the moisture movement to
the freezing front would be restricted (see Wong & Haug, 1991). Furthermore, as material hetero-
geneity is expected in naturally occurring materials as subgrades, both closed-system and open-
system can be seen as representations that may be expected to a certain extent in the field (Wong
& Haug, 1991).

Hence, due to the nature of materials used in this study and the sampling setup, a closed-
system with triaxial F-T was considered adequate to acquire a better understanding of pos-
sible effects of F-T to material’s properties.

Before being tested in the SWC device, as shown in Figure I, the samples were saturated at
least overnight after being subjected to closed-system F-T cycles. A sample is shown in Figure 3d,
where it is resting on top of a porous stone to regulate the flow of water and with a filter paper
separating them to avoid material loss. The SWRC was determined as per ASTM D6836-16
(ASTM, 2016).
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Figure 3. Sample preparation. a) Rammer compactor for small samples b) compacted samples at max-
imum optimum content ¢) conditioned samples for freeze and thaw cycles, from 0 to 5 cycles (NFTO to
NFTS5) d) saturation process, before the sample is subjected to desorption in the SWC-150.

2.3 SWRC modelling

There are many available models to fit experimental data into continuous functions to
describe the suction and water content relationship. Two of the most used ones were used in
this study: the Van Genuchten 1980 (4) and the Fredlund and Xing 1994 (5). A third equation
is presented by Brooks and Corey 1964 (3) and it was tested due to its ability to represent
sharp air entry values (McCartney, 2007), observed in the SM with 17% fines.

Brooks and Corey (1964) 8(y) = 0, + (05 — 6,).(w/w 151) ¢ (3)

V _ N *(1*%)
an Genuchten (1980) 6(y) = 0, + (6, — 6,). [1 + (a.y) ] (4)
Fredlung Xing (1994) 0(y) = C(W)_{gx/ [In(e + (W/af)nf]mf} (5)
Cly) =1~ Iall + ()} [1 + (10°/1,)] (6)

Where for Brooks and Corey, y is the matric suction, #; is the saturated volumetric
water content, 0, is the residual volumetric water content, and Azc is a fitting parameter.
For the Van Genuchten model, the first part is similar to the previous model, but instead
of a power-law function, a hyperbolic function is introduced, where « is related to the
inverse of the Air Entry Value (AEV) and N is a dimensionless fitting parameter. Finally,
for Fredlund and Xing model, a, is related to the AEV, n, is related to the pore-size dis-
tribution (McCartney, 2007) and is a rate of desorption after the AEV (Zapata, 2018),
whereas my is related to the residual water content (Zapata, 2018) and represents the
model skew (McCartney, 2007).

Statistical analysis was used to assess the model fits of the data. The analysis was based on
the sum of squares of errors (SSE) resulting from the difference between the measured and
curve fitted results. Table 2 shows that Fredlund and Xing demonstrate good agreement with
the measured data, except for one of the tests, which Van Genuchten described better (NFT5).
It is worth mentioning that the correlation coefficient (R?) shows a strong relationship
between the model parameters and the calculated result for all models. For comparison and
repeatability, the Fredlund and Xing 1994 model was adopted to perform the subsequent
analysis.
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Table 2. Curve fitting statistics for the silty sand with 17% fines.
NFTO NFT1 NFT3 NFTS

Model SSE R? SSE R? SSE R? SSE R?

Fredlund & Xing 1,968 0,996 1,827 0,997 0,767 0,999 5,790 0,989
Van Genuchten 35,928 0,930 32,120 0,944 25,203 0,955 4,495 0,992
Brooks & Corey 43,651 0,890 36,498 0,922 46,561 0,899 35,520 0,916

3 ANALYSIS AND DICUSSION

Tests in the SM material with 17% fines (Figure 4) showed that the AEV was not particularly
influenced by the F-T cycles, with the a, ranging from 7,16 kPa for 0 F-T to 6,91 kPa for 5
F-T; but increasing and decreasing in the interval. On the other hand, the rate of desorption
once the AEV was reached, n; changed significantly, decreasing from 36,53 to 9,75 in the same
comparison. The fitting parameter m1, increased from 0,18 to 0,41 and it can be seen that it is
proportionally inverse to the residual water content. Thus, the higher the my the lower the
residual water content. Finally, the residual suction decreased from 80 kPa to 30 kPa in 5 cycles
of F-T. These results suggest some shift in the unsaturated behaviour of this material, where the
same water content yielded less suction with the increase of the number of F-T cycles.

Figure 5 presents the results for the material with 39% fines. The as results suggest an
increasing trend in the AEV, ranging from 12,95 kPa to 15,07 kPa from 0 to 5 F-T cycles,
respectively. The desorption rate n, increased from 4,51 to 25,50, and the residual water
parameter my ranged from 0,21 to 0,19; whereas the residual suction decreased from 750 kPa
to 150 kPa in 5 F-T cycles. A similar conclusion can be made in comparison to the other soil,
that less suction is yielded with the same water content as F-T cycles increases, although the
results show a sharper contrast from the first cycle of F-T, in line with previous studies.

The increased AEV may find resonance in the frost penetration theory depicted in Stefan
solution (1), where the frost depth increases with falling air temperatures during winter, mean-
ing the pore water starts to freeze from closer to the surface downwards, consequently redu-
cing the availability of unfrozen water. One of the effects is an overall reduction in pore size,
which increases the AEV (Noh et al., 2012); and the other is that the menisci between pore
water and grain particles are more tensioned, yielding more suction and possibly attracting
more water to the freezing front.

Such effect could change the balance in the vadose zone, shown in Figure 6, and the water in
the capillary fringe — corresponding to the region below the AEV — could be pulled upwards. In
other words, y 4z can be different among unfrozen and frozen soils of the same type, bulk density
and initial water content (Noh et al., 2012; Ren and Vanapalli, 2019).
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Figure 4. SWRC for silty sand with 17% fines, compacted to 95% modified Proctor energy.
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Table 3. Model parameters using Fredlund & Xing SWCC curve fitting model.

F-T cycles | soil v, (kPa) ar (kPa) ng (-) mg (-) SSE (-) R%(-)
O0F-T|SM f=17% 80 7,16 36,53 0,18 1,97 0,996
1 F-T|SM f=17% 47 7,42 25,90 0,23 1,83 0,997
3F-T|SM f=17% 47 7,29 19,10 0,32 0,77 0,999
SF-T|SM f=17% 30 6,91 9,75 0,41 5,79 0,989
0 F-T | SM f=39% 750 12,95 4,51 0,21 0,83 0,996
1 F-T | SM f=39% 450 12,18 5,76 0,31 5,32 0,990
3F-T|SM f=39% 350 15,16 22,67 0,19 1,51 0,996
SF-T|SM f=39% 150 15,07 25,50 0,19 0,75 0,998
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Figure 6. A) Vadose zone below a pavement structure b) idealised suction and unfrozen water content
relationship from cryo-SWCC and SFCC studies c) idealised SWRCs representing data compiled in the
present study.
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Cryo-SWCC (Noh et al., 2012) and Soil-Freezing Characteristic Curve (SFCC) (Ren and
Vanapalli, 2019) studies suggest the increase in AEV (Figure 6b) when comparing a single
thawing sample with an unfrozen sample, but no permanent change is discussed. In the cur-
rent study, SWRC model parameters were obtained from samples tested at room temperature
after being subjected to F-T cycles, and they show a trend for WRC reduction. Figure 6¢
shows idealised SWRCs based on the data compiled in the study, and they differ from
Figure 6b in the sense that they suggest a permanent shift in the SWRC post F-T cycles.

4 CONCLUSION

The studies on F-T of subgrades are needed to better understand the impacts on their mechan-
ical characteristics. The results from the current study are limited to two silty sands with low
plasticity; and the results conclude that 1) there is a reduction in WRC with increasing
number of F-T cycles; 2) the contrast between the null sample (NFTO) and the other is higher
with increased fines content.

More pronounced results would be expected if the samples had access to water during the
cycles of freeze and thaw because then the freezing and thawing would be coupled with drying
and wetting cycles. In addition, if freezing were imposed uniaxially, it would generally cause
water movement to the freezing front, which creates a non-uniform degree of compaction within
a sample (Wong and Haug, 1991). However, as this study was conducted imposing freezing
triaxially, it is not expected significant water movement, thus no ice segregation, but rather
ice crystals formation within particle’s pores.

Other than its own properties, as the SWRC, a subgrade will likely be affected by F-T
cycles by different degrees according to the layers’ thicknesses above it and their thermal con-
ductivity, not to mention water availability within the system. It is out of the scope of the pre-
sent study to verify all those implications. It does, however, exemplify that there are many
nuances for how freezing is imposed in the field, and in the present study, given the sample’s
size (32mm), triaxial freezing was considered adequate.

Previous studies suggest that the effects of F-T cycles stabilise between 6 and 7 cycles, but
due to time constraints, the number of samples was limited. In future studies, it will be aimed
to increase the number of samples to verify such stabilisation effect. Furthermore, the present
study established a difference in how much suction is yielded in samples with the same water
content for a different number of F-T cycles, and as suction changes the stress state of the
soil, it impacts the resilient modulus (Doré and Zubeck, 2009). The result from the current
study merits a further investigation to assess the extension of the impact in the Mr. including
a setup to allow uniaxial freezing and thawing of samples in an open-system.
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ABSTRACT: Water has a major influence on the mechanical response of geomaterials and
hence on the roads, railways or taxiways built on them. Water flow is usually modelled by
solving the Richards equation with appropriate hydraulic conductivity functions and water
retention curves for the soil. When materials are unsaturated, this approach means that water
flow will be based on capillary concepts. In finer materials this is a good approach, but for
coarser, open-graded, materials such as some granular road bases, some sub-bases and railway
ballast, gravity forces have a significant influence on the pore water distribution and a notable
impact on water flow, while the capillary term is much less significant. In order to get
a general expression for both coarse and fine materials new formulations for the hydraulic
properties and for the Richards equation are presented and discussed. A new expression for
the unsaturated hydraulic conductivity is suggested, dividing the capillary term and the gravity
term and including them in a slightly modified form into the Richards equation. The new
expression is applied to an existing physical model for the unsaturated waterflow on coarse
glass beads. The results are compared and discussed.

Keywords: Coarse aggregates, unsaturated, Richards equation, waterflow, gravels, ballast,
drainage

1 INTRODUCTION

Waterflow, pore pressures and water content are variables of major importance in soil mech-
anics. A general soil is in a variable saturation state, so it can be fully saturated, dry or semi-
saturated. Most of existing literature relating to unsaturated soils refers to sand gradations
and smaller, but few references exist that apply to coarse materials.

Expressions to solve unsaturated waterflow are usually founded on assumptions that are
only applicable to finer soils. Thus, when applied to coarser materials these formulations start
to be without a sound logical derivation and inapplicable.

The most frequently applied equation to solve variably saturated waterflow on soils is the
Richards’ Equation (Richards 1931), it states that the rate at with the water content changes
in a differential volume of soil is equal to the waterflow entering and leaving the boundaries
of that volume, with the waterflow being calculated by the Darcy equation. The mixed form
for the Richards equation is given by Eq. (1), where 6 is the volumetric water content, / the
piezometric pressure, z the vertical coordinate, and K the permeability tensor [L-T-1].

%:v (f((h)-V(thz)) (1)
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The piezometric pressure is, in part, dependent on the suction in the soil. So, to solve the
mixed form of the Richards’ Equation, the relationship between the volumetric water con-
tent and suction is needed, and it is defined by the soil water retention curve (SWRC)
which gives the volumetric water content for each known suction in the soil (%), which is
considered as a constitutive property of the soil. SWRCs are usually expressed in term of
some algebraic expressions depending on a certain number of parameters determined
empirically (Campos-Guereta, Dawson, and Thom 2021; Brooks and Corey 1964; van
Genuchten 1980).

Permeability is usually defined in terms of the permeability of the soil when it is saturated,
multiplied by a relative permeability when it is partially saturated: k(h) = k- kr(h). The
value of the relative permeability is usually estimated from the selected water retention curve
by the method proposed by Mualem (1976). Mualem assumed a capillary approach in which
the soil pores could be simplified by a distribution of cylindrical tubes, with a pore size distri-
bution that could be estimated from the water retention curve by applying the capillary rise
equation of Young-Laplace. From the pore size distribution, he estimated the probability that
two pores of different diameter were connected. With the permeability assigned to each of
those pairs he was able to estimate the relative permeability of the soil establishing that the
first pores to be completely filled in a capillary flow were the smaller ones, coarser ones
becoming progressively filled as the degree of saturation increased. The final relative perme-
ability was the expected value for the pair’s permeability at a given pore diameter divided by
the total expected permeability involving all possible pairs of diameters in the soil for the
whole pore size distribution. This value was multiplied by a tortuosity factor that he assumed
to be a power of the relative saturation of the soil, obtaining Eq.2 for the relative permeability,
where S, is the relative saturation, Fy, the cumulative pore size distribution, r, the pore radius
and r,(S;) is the inverse of the pore size distribution. Mualem (1976) noticed that the best fit
for the exponent ‘/” was V2.
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2 CHARACTERISTICS OF UNSATURATED FLOW IN COARSE MATERIALS

A usual way to calculate the variably saturated water-flow is to solve Richards’ Eq. (1) by
using Eq. (2) and using an algebraic expression of the water retention curve of the soil like the
one given by van Genuchten (1980), fitted to a physical or empirical estimation of the curve as
in the method proposed by Campos-Guereta, Dawson, and Thom (2021).

This approach implies that a soil with a relative saturation S, = 0 begins with a residual
water content 6,.,, with this residual water content distributed in the soil in the form of pendu-
lar rings between grains and also in the form of pores fully saturated but with no connection
to the external boundary so that they cannot be drained. Also the presence of residual water
content in a very thin layer adhered to the grain surface is present but its thickness is of only
some Angstroms (Dullien 1991). When a soil having a residual water content is progressively
wetted, the assumption is that the first pores to be filled will be the smallest which, when com-
pletely filled, will then permit saturation of the next coarser ones.

This approach implies the following assumptions, first: there is a water connection between
all pores making possible the water to fill the smaller pores, and second: the pores, when filled
are fully filled before the next coarser one is filled.

For the first assumption to be valid the pendular rings have to be connected between each
other so the water can go from (unsaturated) coarser pores to smaller pores, or it’s necessary
to assume that the adhesion layer has a big enough conductivity to be able to achieve a fast
transport of water between pores or wait a long time for an equilibrium to be reached with
vapor pressure in all pores.
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For the second assumption, for the pore to be able to be fully filled, the water weight in the
pore body must be supported by the tension of water in the pore-throat.

For fine materials, these two assumptions are almost certainly valid as the weight of water
in the pendular rings and on the pore-bodies is very small when compared with the forces of
the water tension supporting the pendular rings and the volume of water in the pore bodies;
but, for uniform coarse aggregates (e.g. ballast or rockfills) they are untenable.

3 LIMITATION FOR THE PORES TO BE FULLY FILLED

In the following explanation a uniform coarse aggregate will be simplified to nearly spherical
shapes of the grains. The aggregate will have a porosity that will depend on the energy of com-
paction. The minimum packing density will be given by a cubic packing (packing density of
7/6) and a maximum packing given by a tetrahedral close packing (packing density of 7/+/18),
and usually near to a random packing (packing density around 0.56).

The final arrangement of spheres could be considered as a mix of cubic packings and tetrahe-
dral packings, where the pore bodies can be of the form given the sphere pack or a tetrahedral
pack (Figure 1).

Figure 1. Cubic packing (left) showing pore volume (right).

In a cubic packing the volume of the pore, V), .4, is calculated by Eq. (3) as the difference
of the volume of a cube with side 2 - r, and a sphere of radius r,.

46—
Vpus = 10 (3)

The weight of water inside the pore body must be supported by the surface tension in the
top pore throat and the surface tension in the bottom pore throat (Figure 2). The force is
equal to the breakthrough force in the pore throat. The pore throat may be simplified to an
inscribed circle in section, with a pore radius of 7, ., as given by Eq. (4) (see the arrowed line
in the left parts of Figure 