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Abstract: Due to the world population increasing considerably, there is a need for efficient public
transportation, such as the subway. However, it has become a major concern to geotechnical engineers
that the development and construction of subways are held underground where faults exist, as it will
be a major risk to any structure if the fault is still active. Several seismic events, such as the earthquakes
in Taiwan in 1999, China in 2008, and Malaysia (Sabah) in 2015, caused by fault ruptures, signify the
importance of this study. In this paper, a physical model of 1000 mm in height, 3000 mm in length,
and 1000 mm in width, which is the largest single gravity (1g) model for simulation faults (normal
and reverse) ever built, was fabricated to evaluate the influence of various soil properties, various
fault angles, and tunnel depths on tunnels affected by normal and reverse faults. The effects of various
soil properties, such as water content, particle size, cohesion, and friction angle, had revealed major
changes (approximately by 34%, 39%, 64%, and 39%, respectively) in tunnel displacements. Results
also showed that increasing of fault angle could increase the tunnel displacement as much as two
times. In addition, when a tunnel is located close to the ground surface, 22% less displacement was
found to have occurred to the tunnel. With the results obtained from the physical model, simulation
had been made using plane strain and axial symmetry (PLAXIS) software. The comparison made
between rock and soft soil showed that soft soil imposed two times more displacements than rock,
and an existence of foundation in soft soil and rock can decrease the tunnel displacements by 6% and
4%, respectively. This paper asserts that besides the structural design of a tunnel, the geotechnical
design also has a major impact on the safety and robustness of the tunnel, in which aspects such as
soil properties, tunnel depth, and fault angle have a strong influence on tunnel damages which were
not considered in previous research, despite their importance.
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1. Introduction

Fault ruptures are caused by sudden movement on a fault, when stress on the edge overcomes the
friction, and energy in waves are released and travel through the soil. In recent years, there has been
an increasing amount of research on this topic due to several major incidents, such as fault ruptures in
Taiwan in 1999, Turkey in 1999, the USA in 2002, Japan in 2004, China in 2008, and in Iran in 1990 [1-6].
Furthermore, in 2015, an earthquake with a magnitude of 6 occurred in Sabah, Malaysia, which was
recorded as the second largest earthquake in the country after the 1991 earthquake in Ranau, which was
also in Sabah [7]. A tectonic map of fault activity revealed that Sabah'’s fault was part of a 200 km-long
system of normal faults that crosses the eastern side of the Crocker Range, parallel to Sabah’s northwest
coastline [8].
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Two types of physical models, namely, centrifuge and 1g models, have been used in previous
studies on fault ruptures [9,10]. The centrifuge model has the ability to change the centrifuge’s
acceleration, Ng, where N stands for the scaling factor and g stands for the acceleration of gravity.
It means that a unit weight of soil in the centrifuge is N times the unit weight at 1g [11-16]. It involves
changing gravity to simulate a real situation. However, fault simulations with centrifuge tests were
mostly used to investigate free fields (fields without any structures) and cohesionless soil [13,15,17].
Several studies have examined the relationship between shear zone and damages, and the findings
show that soil experiences the highest stress and strain in the shear zone, which causes damages to soil.
Lee et al. used the centrifuge model for an experimental investigation to explore the shear zone when
faults happen in a free field, and he showed that soil density can have a major influence on ground
surface displacements [18]. The 1g model is more preferred to be used for simulating the effect of soil
properties on tunnels induced by faults. Firstly, unlike the centrifuge model, which is very sensitive to
achieve certain gravity, natural gravity is used in the 1g model. Secondly, the process of increasing the
vertical component in the 1g model can be manipulated, and also, more gauges can be installed in the
1g model due to its larger size. Thirdly, the effects of various soil properties can be investigated more
accurately as it involves greater mass of soil.

Investigation on the effects of soil properties alone shows that deformations of wet and dry
soil when a fault happens are different. It was found that wet soil shows a major increase in piston
pressure compared to dry soil, illustrating that wet soil increases the soil strength [19]. Soil density
is another important aspect of soil failure. The shear zone in low-density soil is typically more
complex than in high-density soil, and as the relative density of the ground model becomes more
significant, the number of rupture planes decrease because soil strength does not allow more fractures
in the soil [9,11]. Furthermore, soil properties such as cohesion, friction angle, particle size, density,
and water contents are very important in any simulation and analysis involving soil [20,21]. Results
from previous studies have shown that changing of soil friction angles and cohesion could affect the
bearing capacity of soil [22,23]. The results from Khezri et al. showed that cohesion is very important
to be measured in underground structures because cohesion increases with depth and each layer of
soil has different cohesion [24]. Furthermore, soil particle size and water content have been claimed
to have critical impacts in designing foundations, roads, and other infrastructure [25,26]. Moreover,
normal and reverse faults would also have different impacts on soil deformations. When a normal
fault happens, at least one rupture propagation reaches the ground surface and damages building
foundations, and there could be more impacts on the soil [10,27].

Tunnels and subways will be the first structures to experience damages when any movements
happen, before the forces caused by faults reach the ground surface. Hence, the stability of tunnel
structures should be given more consideration by engineers. Millions of people use underground
public transportation every day, and hence, fault ruptures could pose a major hazard to their lives.
Restoration of structures is another challenge because it can be very costly and is sometimes impossible.
Thus, more research in this area is needed to reduce the damages to tunnels and buildings. Besides
fault characteristics, soil properties also impose major influences and need particular attention. Several
studies have previously been conducted in fault ruptures, in which none have considered soil properties
as one of the major aspects of tunnel displacement. The simulation of normal and reverse faults can be
shown by lifting the bottom of the physical model upward or downward, for simulating reverse and
normal faults, respectively. Researchers have evaluated the limitations of displacements, and different
data have been found, showing that %% (h stands for movements of the hanging wall and H stands
for the depth of the sand box) can produce the range of 4% to 10%. The displacement will cause
some changes to ground surfaces, which are different based on soil properties [27-29]. In this study,
the ranges were chosen between 2.7% to 8%. In previous studies, the effect of displacements was only
measured on the ground surfaces; while in this study, the displacements also have been measured on
an embedded tunnel.
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In this paper, an experimental investigation was conducted to explore the effects of various
soil properties, such as cohesion, water content, particle size, and friction angle, and various fault
properties, such as fault types, angles, and tunnel depth, by using a 1g model. Furthermore, differences
and similarities of normal and reverse faults, the effects of various fault angles, and tunnel depths on
tunnels have also been investigated. Plane strain and axial symmetry (PLAXIS) software is a useful
tool for analyzing two- and three-dimensional models, and has been used for different circumstances,
such as modeling rock mass parameters, tunnels, foundations, and many more. In this paper, PLAXIS
software was used for simulating the effect of faults on soft soil and rock, and also the influence of
foundation on tunnel displacements. Furthermore, unlike other studies that only investigated free
fields, this research focuses on a field with a tunnel. The outcome of this study is believed to help
engineers in understanding the level of damage that might be imposed on tunnels at the area of a fault,
with various properties of soil and faults.

2. Methodology

A physical model of 3000 mm length X 1000 mm width x 1000 mm height was fabricated in the
Geomechanics laboratory, UPM, to simulate both types of normal and reverse faults, following the
established boundary conditions of B = 4H, where H stands for thickness and B is the length of the
physical model. The physical model consists of stable and movable parts, which can be moved upward
and downward using a hydraulic jack to simulate reverse and normal faults respectively, see Figure 1.
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Figure 1. Schematic of (a) physical model (b) strongbox.

Three different water contents, particle sizes, cohesions, and friction angles, were assessed to
evaluate the effects of various soil properties on the tunnel when a fault happens (Tables 1-4). The fault
angle of 60° remained constant in all tests at various soil properties and the soil type based on unified
soil classification system (USCS) is poorly graded sand (SP). The natural water content was determined
to be 5% and specimens with 2% water content were prepared by letting them air-dry in the laboratory
for two weeks. Specimens with 9% and 12% water content were prepared with different amounts of
water, as shown in Table 5. To achieve a certain percentage of water content, after conducting several
tests, the results showed that 95 kg of water could increase the soil water content of 3.7 tons of soil
by approximately 3%. A compaction test was conducted to find the optimum water content (OMC),
and the result obtained was an OMC of 13.9, as illustrated in Figure 2. The reason for choosing the
maximum water content of 12% was to achieve a soil density of 80% and soil friction angle of 39°.
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Table 1. Soil properties used for various water content.

40f16

Soil Soil Tunnel Water
Particle Cohesion Friction Fault Denth Fault Tvpe  Content w Test
Size D5y c (kPa) Angle ¢ Angle (°) P M o Number
o (mm) (%)
(mm) °)
Reverse 2 M2R
Normal 2 M2N
Reverse 9 M9R
0.4 10 39 60 250 Normal 9 MON
Reverse 12 MI12R
Normal 12 MI12N
Table 2. Soil properties used for various soil particle size.
Soil Soil
Cohesion Friction Covr\l?etr(i: w Fault g‘:llt;l Fault Tvpe Particle Test
(c) (kPa) Angle ¢ o Angle (°) P M Size D5y Number
o (%) (mm)
©) (mm)
Reverse 0.2 P0.2R
Normal 0.2 P0.2N
Reverse 0.4 P0.4R
10 39 12 60 250 Normal 04 P0.4N
Reverse 0.6 P0.6R
Normal 0.6 P0.6N
Table 3. Soil properties used for various soil cohesion.
Soil Soil
Friction Particle COVIY:::;: w Fault "l]";:r;;l Fault Tvpe Cohesion Test
Angle ¢ Size D5 o Angle (°) P yP c (kPa) Number
. (%) (mm)
©) (mm)
Reverse 0 COR
Normal 0 CON
Reverse 10 C10R
39 0.4 12 30 250 Normal 10 C10N
Reverse 20 C20R
Normal 20 C20N
Table 4. Soil properties used for various soil friction angle.
Soil Soil
Cohesion Particle Comaetﬁi w Fault "l]";:nt;l Fault Tvpe Friction Test
c (kPa) Size Dsg o Angle (°) P M Angle ¢ Number
(%) (mm) °
(mm) ©)
Reverse 27 F27R
Normal 27 F27N
Reverse 33 F33R
10 0.4 12 60 250 Normal 33 F33N
Reverse 39 F39R
Normal 39 F39R
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Table 5. Amount of water content.
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Figure 2. Graph from compaction test. OMC, optimum water content.

The effects of fault angles was studied at 30°, 60°, and 90°, see Table 6, and Figure 3 illustrates
how they were employed in this study. Furthermore, the tunnel depths were chosen to be located
at 250 and 500 mm from the surface, see Table 7. The values of soil properties for the soft soil and
rock (in the United State Army Corps of Engineers, categorized as loose and dense sand) evaluated
in PLAXIS have been collected from case studies, see Table & [23,30]. The tunnel displacements were
recorded by three strain gauges, and five linear variable differential transformer (LVDT) were used
(Figure 4) on top of the physical model. The five LVDTs were installed to show the displacements of
the tunnel, and the three strain gauges were installed to show the ground surface displacements. Most
of the gauges were installed in the middle of the physical model because forces are located where the
fault is located, and hence the displacements could be recorded at its maximum.

Table 6. Soil properties used for fault angles.

Soil Soil Water Tunnel
Cohesion Friction Particle Content w Denth Fault Type Fault Test
c (kPa) Angle ¢ Size D5y o P yP Angle (°) Number
° (%) (mm)
©) (mm)
Reverse 30 C20R30
Reverse 60 C20R60
Reverse 90 FA90R
20 3 04 12 250 Normal 30 C20N30
Normal 60 C20N60

Normal 90 FA9ON
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Figure 3. Illustration of fault angles of 30°, 60°, and 90°.

Table 7. Soil properties used for various tunnel depths.

Soil Soil Water Tunnel
Cohesion Friction Particle Content w Fault Fault Tvpe Depth Test
c (kPa) Angle ¢ Size D5y o Angle (°) yp P Number
> (%) (mm)
© (mm)
Reverse 250 TD250R
Reverse 500 TD500N
0 3 0.2 2 Normal 250 TD250N
Normal 500 TD500R
Table 8. Soil properties used in PLAXIS.
Elasticity Soil Friction Cohesion S:-tltsleAnclfnt Fault C‘::::it Fault Tunnel
Modulus  Angle ¢ (°) ¢ (kPa) Analysis Type W (%) Angle (°) Depth (mm)
Sand 25,000 33 0.3 Loose sand Normal
Dense sand and 9 60 250
Rock 200,000 2 50 and gravel | Reverse

()

(b)

Figure 4. Illustration of (a) strain gauges (red circles) and linear variable differential transformer (LVDT)

(blue circles), and (b) computer and data logger.
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3. Results
3.1. Effects of Various Soil Properties on Displacements

3.1.1. Water Content

Figure 5 shows the effects of various water contents on tunnel displacements induced by both
normal and reverse faults. Water contents of 2%, 9%, and 12% in reverse faults were labeled as M2R,
MOIR, and M12R, and in normal faults were labeled as M2N, M9N, and M12N. The results show that
the tunnel, after a 15 mm displacement by the vertical component, had lost its strength, and tunnel
displacement reached 31 mm, which is higher than in the reverse fault with a water content of 9%
(MOYR). Another important aspect is the major differences (almost 34%) between M2R and M12R,
revealing how the existence of water in the field could reduce displacements and damages to tunnels.
The same curves in the normal and reverse faults for MON and M12N show that the percentages
of water content at an optimum water content (OMC = 13.9%) exhibited less differences in tunnel
displacements. The findings on normal and reverse faults revealed that displacements decline with
increasing soil water content (before reaching the OMC level). This aspect can also be found in previous
studies [31,32]. Another reason for the decreasing displacements was found by Kumari, which is that
soil cohesion increases with the rise in water content, causing the shear forces to increase, thus giving
the soil more strength [33].

40 ¢ -M2R
T3 o = - M9R
£ &
z 0 Z - & =M12R
c X
o 25 Vol
E 4 se— M2N
o 20 ,7/7
x4 2 / S— MON
5 15 5 2H
3 z —o— M12N
g 10 z 7
5 $
- 5 2,
X
,Y/
O T T T 1
0 20 40 60 80
Displacements by vertical component (mm)

Figure 5. The effect of water content in reverse and normal faults.

3.1.2. Particle Size

Figure 6 illustrates the effects of various soil particle sizes on tunnel displacements induced by
both normal and reverse faults. Soil particle sizes of 0.2, 0.4, and 0.6 mm were labeled as P0.2R, P0.4R,
and P0.6R respectively, for reverse faults, and P0.2N, P0.4N, and P0.6N for normal faults. Overall,
the curves of reverse faults are sharper than those in normal faults. The results revealed that soil
particle size of 0.6 mm had less displacements than the others. For instance, the results showed an
almost 39% difference in displacements between the finest (P0.2R) and the largest (P0.6R) soil particle
size. The most relevant study from the literature is by Deepa, which revealed that coarse sand with clay
has a higher soil strength and can tolerate more stress in soil [34]. Notably, normal faults with particle
sizes of 0.4 (P0.4N) and 0.6 mm (P0.6N) started from the same displacements (6 mm), but in a reverse
fault, they had different starting displacements (8 mm for P0.4R and 10 mm for P0.6R). The results
agreed with those of other studies, which showed that fine soil has less tolerance under force [35,36].
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Figure 6. The effect of particle size (Dsp) in reverse and normal faults.
3.1.3. Cohesion

Figure 7 illustrates the effects of various soil cohesion, which was recorded to have a major
impact to tunnel displacements. Cohesionless soil, and soil with cohesion of 10 kPa and 20 kPa were
labeled as COR, C10R, and C20R in reverse faults, and CON, C10N, and C20N in normal faults. One of
the significant changes was the sharp increase in tunnel displacements (from 2 to 22 mm) in C10N,
when the vertical component reached 60 mm.

40
=3 — & -COR
% 30 —#— CON
é - — # -C10R
£ —<—C10N
o 20
- — % - C20R
215
s —o— C20N
@ 10
[
£ 5

0 T T T 1

0 20 40 60 80

Displacements by vertical component (mm)

Figure 7. The effect of cohesion in reverse and normal faults.

The results showed that higher soil cohesion can dramatically decrease the tunnel displacements.
For instance, 27% of increment was exhibited in tunnel displacements when cohesion changed from
C20R to C10R. The results can be discussed in reference to previous studies that showed that a higher
cohesion increases the shear strength and the stability of soil [37,38]. In cohesionless soil, the results
showed that the soil became deformed very easily, even with small displacements. Furthermore, in
any project, it is important to know that cohesion increases with depth, and each layer has a different
cohesion level [24].
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3.1.4. Friction Angles

Figure 8 illustrates the effect of various soil friction angles on tunnel displacements induced by
both normal and reverse faults. Soil friction angles of 27°, 33°, and 39° were labeled as F27R, F33R,
and F39R in reverse faults, and F27N, F33N, and F39N in normal faults. The results show that F27R
had almost 39% more displacements compared to F39R, and more fractures appeared on the surface of
F27R (Figure 9). Also, the reverse fault (F27R) caused 48% more tunnel displacements compared to the
normal fault when the friction angle was set at 27° (F27N). Furthermore, the closeness of the curves in
normal faults at the beginning was in contrast with the reverse faults.

40
E 35 — & -F27R
E
2 30 —#— F27N
c
@ 25
g — & -F33R
9 20
% 15 e F33N
e
g 10 — % -F39R
c
S
- —@— F39N
0 T T T 1
0 20 40 60 80
Displacements by vertical component (mm)

Figure 8. The effect of friction angle on reverse and normal faults.

(@) (b)

Figure 9. Fractures in (a) F27R (b) F39R.

The results from the physical model also revealed that when a fault occurs, soft soil in displacements,
% (h stands for displacement and H stands for soil thickness), of more than 4% gets compacted first and
then displaced. Moreover, soft soil makes more fractures and affects more ground surfaces than dense
soil. The results also showed that in F39R and F39N, soil reaches the ground surface more easily and
makes more displacements compared to soft soil. The results discussed in this section agreed with the
finding by Moss et al., which is that dense soil can tolerate more deformation than soft soil [39]. When
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the soil friction angle was fixed at 39° and the displacement of the vertical component was set at 60 mm,
the results showed that normal faults caused the maximum displacements of 20 mm to the tunnel.
The results showed the importance of soil friction angles and soil density, where changing either in
normal or reverse faults has a high impact on tunnel displacements. The results can be explained
by a laboratory test on soil stability, which showed that increasing the friction angle decreases the
settlements and also increases the shear strength in soil [40,41].

3.2. Effects of Fault Angle on Displacement

Figure 10 shows the importance of fault angles on tunnel displacements. Fault angles of 30°, 60°,
and 90° were named as FA30R, FA60R, and FA90R for reverse faults, and FA30N, FA60N, and FA90ON
for normal faults. The results showed major tunnel displacements between fault angles of 30°, 60°,
and 90°. FA30R recorded 5 times bigger displacement than FA30N when the vertical component was
changed to 20 mm.

60
E 50
£ A
[
qE) « #— FA30N
o 30 ~ 5
© o
< — & =FA60R
] -
T 20 7 - T —<— FAGON
2 - A
£ & % % - FA90R
2 10 -
£ ©— FA90N
O V* T T 1
0 20 40 60 80
Displacements by vertical component (mm)

Figure 10. Fault angles of 30°, 60°, and 90° in normal and reverse faults.

The major recorded numbers can be seen in FA90R and FA90N, with approximately 13.8 mm
and 12.8 mm, respectively. The numbers had changed dramatically in 40 mm of movement by the
vertical component, and the results showed that the displacements caused by FA90R and FA90N
were more than twice those caused by FA60R and FA90N. However, the results were not dramatic
when comparing fault angles of 30° to 60° in reverse and normal faults. The domination of changes
between a fault angle of 90° with those of 30° and 60° also remained steady in 60 mm of movement by
the vertical component in reverse and normal faults. The results showed that when the fault angle
was changed to vertical, the forces became sharper and the displacements by the vertical component
affected the tunnel more. The difference between normal and reverse faults revealed that under a
normal fault condition, the soil experienced sinking and the fractures on the ground surface were not
as sharp as under a reverse fault condition. The reason for this is that normal faults caused sinkholes
and deformations [16].

3.3. Effects of Tunnel Depth on Displacement

Figure 11 illustrates the importance of the fault properties considered, which are tunnel depth
on tunnel displacements. Tunnel depths of 250 and 500 mm were labeled as TD250R and TD500R
in reverse faults, and TD250N and TD500N in normal faults. The results revealed that the tunnel
exhibited more displacements when it was located closer to the fault. The maximum displacements
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of the tunnel could be as low as 31 mm for a reverse fault and 22 mm for a normal fault, which was
recorded for the tunnel depth of 250 mm.

45
T 40 — TD250R
E 35
@ = W= TD250N
é 30
g 25 == A== TD500R
(T
E‘ 20
T 15 @)= TD500N
g 10
f=
>
-
T 1
0 20 40 60 80
Displacements by vertical component (mm)

Figure 11. The effect of tunnel depth in normal and reverse faults.

The results showed that for a tunnel depth of 250 mm, a 20 mm displacement by the vertical
component caused tunnel displacements of 11 mm at the fault angle of 60°. However, for a tunnel depth
of 500 mm, the tunnel experienced slight displacement, which was 13 mm for the fault angles of 60°.
Comparison between reverse and normal faults revealed the huge differences between them. For the
tunnel depths of 500 and 250 mm, the differences recorded were about 41% and 44%, respectively.
The schematic of the tunnel bending is illustrated in Figure 12, which shows how normal faults can
affect the ground surface and the buildings above it.

() (b) (0)

Figure 12. Failure when normal fault happens: (a) schematic diagram, (b) displacements,
and (c) tunnel failure.

3.4. Finite Element Analysis

The comparison between rock and soft soil under normal and reverse fault conditions showed
that soft soil could cause two times more displacements than rock, and a comparison between normal
and reverse faults showed that the displacements caused by reverse faults could be more than four
times those caused by normal faults, see Figure 13. In addition, both soft soil and rock have been
used in PLAXIS software for displacements comparisons when foundation is added to the field with a
tunnel. The displacements changed when foundation was added to the field, compared to without
foundation when all stresses focused on the tunnel itself. Hence, foundation reduced the settlements of
the tunnel. Figure 14 shows the differences in the total displacements obtained from the analyses done
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for the cases of without and with foundation. The results revealed that the existence of foundation in
soft soil caused a reduction of ground surface displacements by 23% and tunnel displacements by 6%,
see Figure 15.

35
E =—g— Soft soil
£ 30 . Normal Faul
= /7 ormal Fault
*2 25 7 — W= Soft soil,
g 20 7 Reverse Fault
7
g 7 == A== Rock,
& 15 A o=\
= P - Reverse Fault
2 s ==
= 10 e=¢== Rock, Normal
p— N I
% 5 R o Fault
2N

g o / ‘

0 20 40 60 80

Displacements by vertical component (mm)

Figure 13. Comparison between rock and soft soil in a field affected by normal and reverse faults.

(a) (b)
Figure 14. The total displacements shading, (a) without foundation and (b) with foundation.

(a) (b)
Figure 15. Soft soil ground surface displacements, (a) with foundation and (b) without foundation.

Ground surface and tunnel displacements reduced by 14% and 4% respectively, in rocks compared
with in soft soil. Furthermore, the exact soil properties used in the physical model were also tested and
the results revealed reductions in the ground surface displacements by 29% and tunnel displacements
by 7%. The results are well matched with Razmkhah et al.’s work, which showed that tunnels could
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minimize the surface displacements [42]. Furthermore, tunnels play a very important role for ground
surface displacements and also reduce the displacements in foundation.

4. Conclusions

This study has shown that soil and fault properties have a major impact on tunnel displacements.

Four important soil properties were focused on: water content, soil particle size, soil cohesion, and soil
friction angle, which have been proven in this study to have major effects on tunnels. Fault angle and
tunnel depth also showed influences on tunnel displacements.

The results showed that the major difference in displacements (almost 34%) was between the
water contents of 2% and 12%. An increase in soil water content causes less displacements in wet
soil compared to dry soil because there is more shear stress in wet soil.

Results also showed a significant effect of soil particle size on displacements. It was indicated that
fine soil has less strength in faulting and has a major impact on tunnels. For instance, at the fault
angle of 60°, the curves showed an almost 39% difference between the finest (0.2 mm) and the
largest (0.6 mm) soil particle size. Furthermore, the findings of Hong et al. showed that fine soil
has less strength in sudden movements, and faults are one of the sudden movements that happen
in a short period of time [43].

The results on cohesionless soil at the angle of 60° under a reverse fault condition showed that
cohesionless soil deformed very easily when the vertical component changed by more than 10 mm.
Even with the increasing soil density, fractures appeared due to no cohesion in the soil. Hence,
sand is very sensitive to displacements, and tunnels become deformed very easily. For instance,
the results showed that when soil cohesion was changed from 20 kPa to cohesionless soil at a
fault angle of 30° for a reverse fault, displacements increased by 64%. Moreover, higher cohesion
increased the shear strength and the stability of the soil, leading to less displacement in soil.

It was also shown that friction angles play a crucial role in tunnel displacement. Increasing the
friction angle decreased the settlements and also increased the shear strength in soil. The results
showed that dense soil transfers more forces compared to soft soil. Also, the density of the soil
helped to protect the tunnels from damages. On the contrary, in soft soil, all the forces were
focused on the tunnels. Hence, displacements were more likely to be sharper.

Fault angles were also proven to play an important role in tunnel damages, and the current
findings added to our understanding of fault angles and showed how they could have a major
impact on tunnels. According to the results, the major changes were reported when the three
fault angles of 30°, 60°, and 90° were tested. Sharp changes such as those at the fault angle of
90° caused more damages on tunnels because the forces were focused directly to the tunnels.
However, at the fault angle of 30°, the damages to tunnels could be less and the tunnel could have
less damages from the displacements because the distribution of forces on the tunnels does not
focus on any specific point (unlike at the fault angle of 90°). The existence of tunnels has a major
impact on the direction of the forces caused by fault angles. Tunnels change the direction of forces
to vertical and more energy is pointed toward the middle part of the tunnels. However, when the
fault angle is 30°, more tunnel parts are involved in tolerating the forces and the results showed
25% and two times less displacement compared to at the fault angles of 60° and 90°.

It was also shown that the displacements of the tunnel are different when the tunnel is located at a
different depth. The findings can be concluded in three steps when a tunnel is added in a different
depth. First, when the tunnel was located in 250 mm from the ground surface, the tunnel tolerated
more forces induced by faults because soil absorbed some displacements and protected the tunnel
from severe damages. Hence, the tunnel displacements decreased. Second, at a tunnel depth of
either 250 or 500 mm, the fractures appeared after the vertical component moved approximately
20 mm, because the tunnel dramatically increased the bearing capacity of the soil. Third, as the
tunnel was located closer to the fault (500 mm from the ground surface), more damages were
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likely to happen to the tunnel because more forces focused on the tunnel, compared to at 250 mm,
where soil tolerated some displacements.

A comparison of the results between the physical model and the software showed the conformity
of the data. Also, a simulation was carried out evaluating the differences between rock and soft
soil, and the results revealed that soft soil could induce two times more displacements than the
rock. Moreover, results from the field with a tunnel and foundation showed that soft soil could
experience eight times more displacements than the rock, and tunnels could reduce displacements
of foundations by approximately 34% in reverse faults and almost 24% in normal faults.
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