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ABSTRACT Urban tunnels crossing faults are always at the risk of severe damages. In this paper, the effects of a
reverse and a normal fault movement on a transversely crossing shallow shotcreted tunnel are investigated by 3D finite
difference analysis. After verifying the accuracy of the numerical simulation predictions with the centrifuge physical
model results, a parametric study is then conducted. That is, the effects of various parameters such as the sprayed concrete
thickness, the geo-mechanical properties of soil, the tunnel depth, and the fault plane dip angle are studied on the
displacements of the ground surface and the tunnel structure, and on the plastic strains of the soil mass around tunnel. The
results of each case of reverse and normal faulting are independently discussed and then compared with each other. It is
obtained that deeper tunnels show greater displacements for both types of faulting.
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1 Introduction

The safe construction of urban tunnels against earthquake
vibrations is an important issue. The problem is more
highlighted when these tunnels are constructed in seismic
areas. It is better to avoid constructing tunnels near active
faults, but sometimes passing through a fault is even
inevitable. In such cases, the moving of faults and
subsequently deformation of tunnels are great concerns
and can have remarkable effects on the stability of tunnels.
In the Kobe earthquake in 1995 and the Chi-Chi
earthquake in 1999, some tunnels experienced significant
damages due to fault movements.
Most of studies in the earthquake engineering focused

on the dynamic reaction of the soils and of the structures,
and few studies are devoted to evaluate the effects of a
moving fault on tunnels [1–5]. In some cases, the effects of
faulting on the free field have been investigated [6–9]. In
other attempts, the interaction between the faults and

shallow or deep foundations has been studied by numerical
methods as well as by centrifuge physical tests [10–15].
However, the problem of a fault rupture in constructed
tunnels have been rarely studied.
Wang et al. [5] numerically investigated the effects of

various faults movements on the flexible lining of tunnels.
It was found the tunnel lining is seriously damaged for the
case of strike-slip faulting. The aim of their study was the
recognition of the potential risk of different faults, and the
effects of different factors such as the rock mass
parameters on the tunnel response were not evaluated.
Baziar et al. [1] modeled the effects of the reverse fault
movement on a tunnel by the finite element software
ABAQUS and by the centrifuge tests. In their research, the
fault plane was parallel to the tunnel longitudinal axis, and
therefore; adoption of a 2D model was possible. It was
assumed that the fault dip angle was 60° while the
shotcrete was the support system. In the numerical
simulation, the effects of different factors such as the
friction angle and elastic modulus of soil, the shotcrete
thickness and its elastic modulus, and the tunnel positionArticle history: Received Apr 27, 2019; Accepted Jun 17, 2019
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with respect to the fault were evaluated. The results show
that the soil elastic modulus is the most critical parameter.
However, the adopted numerical modeling was 2D and
only one type of soil and one value for fault angle were
considered in the tests. Kiani [16] studied the effects of a
normal faulting on a segmental tunnel by centrifuge test
where the fault dip angle was selected as 60° and 75°. The
effects of the tunnel depth and the fault angle on the
sinkhole dimensions as well as on the tunnel deformations
were assessed. It was found that increasing the overburden
of the tunnel and decreasing the angle of the fault lead the
affected length of tunnel to be smaller. Due to some
limitations associated to the centrifuge physical test, the
effects of soil parameters and tunnel structure were not
studied.
The literature review permits to show that the problem of

tunnels crossing various faults in different conditions has
not been sufficiently studied, and a need arises to
comprehensively focus on this problem.
Studying the case of a tunnel transversely (perpendicu-

larly) crosses a fault plane is of the great interest in urban
areas. This problem has not been addressed. That is, the
influence of spatial location of the fault plane with respect
to the tunnel axis is investigated on tunnel response by
three dimensional numerical simulations. The effects of
ground geomechanical properties (dry sand with different
densities), tunnel depth, lining thickness, and fault plane
dip angle with respect to tunnel axis are evaluated on
tunnel and on surface structures responses. The results of
each case of reverse and normal faulting are first
independently discussed and then compared with each
other.

2 Finite difference modeling

2.1 General assumptions

To start the numerical study of the interaction between
tunnel and active fault, several numerical approaches such
as the finite difference method (e.g., the studies in Refs.
[17–27]), the finite element method (e.g., the studies in
Refs. [2,4]), and the mesh-less/mesh-free method which
does not require a discretization like FDM and FEM
methods (like studies in Refs. [28–30]) can be adopted. In
this paper, the finite difference method by FLAC3D is used
where the model consists of two parts, the foot wall and the
hanging wall. These two parts are shown in Fig. 1.
To model the shearing mechanism between the two fault

sides, an interface was introduced between the foot wall
and the hanging wall. The shearing behavior of the
interface is governed by a linear elastic perfectly plastic
constitutive model (the Mohr-Coulomb criterion) where its
strength properties, i.e., the friction angle, the dilation
angle, and the cohesion are considered the same as the soil.
The normal stiffness and the shear stiffness of the interface

were chosen ten times of the equivalent stiffness of Eq. (1)
[31].

max
K þ 4

3
G
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2
64

3
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where K and G are the bulk modulus and the shear
modulus, respectively, and Δzmin is the smallest dimension
of an adjacent zone in the normal direction [17–27,31].
Noting that all of the analyses presented in this study are

quasi-static. In other words, the seismic wave propagation
in the soil and its impacts on the tunnels were not
considered. To model the fault displacement, a boundary
velocity was setup in a given number of calculation steps.
If the applied maximum displacement is equal to d value,
then the number of steps (N) will be equal to N ¼ d=V ,
where V is the velocity [31]. The direction of the given
velocities, specified in Fig. 1 (according to the fault type),
are parallel to the fault plane.
The tunnel supporting system, i.e., a shotcrete layer was

simulated by liner elements. According to the FLAC3D
user manual, these structural elements have the linear-
elastic behavior [31], and therefore; unlike the studies
conducted in Refs. [32–44], damages and instability of
structural elements cannot be expected. The Liner elements
are attached to the zone by links, and hence; a shear-
directed frictional interaction occurs between the liner and
grids. The liner-zone interface stiffness (normal stiffness
(Kn) and shear stiffness (Ks)) was chosen one hundred
times of the equivalent stiffness of Eq. (1) [31].
The finite difference running procedure consists of three

steps.
1) The first step of the finite difference process includes

Fig. 1 Hanging wall and foot wall: (a) in the reverse fault; (b) in
the normal fault.
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setting up of the numerical model, and assigning the
boundary condition and the initial stresses (taking into
account of the gravity) [45,46]. In FLAC3D, two types of
boundary are used for a simulation: real and artificial. Real
boundaries are those exist in the physical object being
modeled (e.g., tunnel surface) while artificial boundaries
do not exist in the reality [31]. For assigning and satisfying
the boundary condition, either of two methods of fixed or
stress boundary can be used. In this study, the boundary
nodes on all sides of the model were fixed in the directions
perpendicular to the Y-Z plane and to the X-Z plane, while
the nodes at the base of the model were fixed in the vertical
direction.
On the other hand, the mesh sizes were refined around

the tunnel, and zone sizes were set to be small in the foot
wall close to the fault plane.
2) In the second step, the tunnel was excavated, the

shotcrete was installed, and the system was brought to the
equilibrium. Then, displacements and velocities were set to
zero.
3) In the third step, the velocities were specified to the

boundaries of the hanging wall to shift it in the fault
direction. The large strain mode was used for this step, and
the nodal coordinates were then updated at each calcula-
tion step.
In Fig. 2, theW parameter is introduced as the horizontal

distance from the bedrock fault to the location of the
surface outcropping, i.e., the location where the ground
displacement is equal to zero.

In FLAC3D, at each stage of an analysis, the maximum
unbalanced force in the model should be monitored. When
the ratio of the maximum unbalanced force magnitude for
all the grid points divided by the average applied

mechanical force magnitude is smaller than 1� 10 – 5, it
can be assumed that the model is in the equilibrium [31].

2.2 Verification of finite difference model

First of all, the centrifuge physical test conducted by Kiani
[16] is introduced. Because, it was contributed to calibrate
the accuracy of predictions by the numerical simulation.
Kiani [16] investigated the effects of reverse and normal
faulting on a segmental tunnel. In the tests, the dry sand
was poured in the rigid box in layers and then compacted.
After reaching the desired soil thickness, the segmental
tunnel (constructed by asbestos cement pipes) was placed
in the soil layer. Then, the filling was continued until the
soil reached to the ground level. The properties of the soil
and the tunnel in the physical model are summarized in
Table 1.

The centrifuge acceleration set to 50g, and the fault
displacement (in the fault direction) was applied to the
moving part of the box. The tunnel displacements and the
tunnel affected length due to the reverse and normal
faulting are presented in Table 2.
The dimensions of numerical model were chosen 50

times greater than the physical model tests. Then, sensitive
analyses for the boundaries location as well as the mesh
size were performed to check their effects on the results.
For various mesh refinements, tunnel deflection values
(i.e., vertical displacement) due to the normal faulting are
shown in Fig. 3. As seen, the results are not mesh
dependent and the difference between the results are less
than 1%. On the other hand, an unstructured discretization

Table 1 Properties of the soil and of the tunnel in the centrifuge test

level [16]

parameter unit value

elastic modulus of soil MPa 20

friction angle of soil – 37

soil density kg/m3 1630

Poisson’s ratio of soil – 0.3

cohesion of soil kN/m2 0

segment density kg/m3 2600

Poisson’s ratio of segment – 0.28

elastic modulus of segment GPa 20

Table 2 The displacement of tunnel obtained by the centrifuge physical test model level [16]

fault type fault angle height of overburden of soil (m) the length of the tunnel affected by normal
fault movement (m)

maximum displacement of tunnel (m)

reverse 60° 4.42 – 0.550

reverse 75° 4.42 – 0.256

normal 60° 4.42 9.44 2.500

normal 75° 5.90 11.5 2.500

Fig. 2 Definition of W parameter.
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of the elements particularly below tunnel are generated on
the basis of FLAC3D tutorial advisement to avoid
undesirable effects. The numerical model dimensions
presented in Fig. 4 are 112 m wide (X direction), 100 m
long (Y direction, tunnel axis direction), and 25 m high (Z
direction) consisting of 219840 zones and 229665 grid
points.
As specified in Section 2.1, the velocities were applied

to the boundaries of the hanging wall in N steps to reach
the required displacement. Considering the model dimen-
sions (shown in Fig. 4), and assuming the Mohr-Coulomb
failure criterion with appropriate stress-strain law (see
Section 3), the number of steps was chosen as a value so
that the results of the finite difference analysis met those of
the experimental one. That is, for the reverse and normal
faulting, the numbers of steps were respectively set 3500
and 15000 which imply a velocity V = 7.1� 10–4 and
V = 1.67 � 10–4 (m/calculation steps) in order to give the
movement of 2.5 m in the direction of the faults. By this
process, the results of the finite difference method were in a
good agreement with the results of the centrifuge physical
model, i.e., the maximum displacement of the tunnel in the
various conditions (mentioned in Table 2) was very similar
to that obtained by numerical procedure.

3 Parametric study and discussion

The parametric study consists of numerous investigations
to evaluate the effects of various parameters such as the
soil geo-mechanical properties, the support system proper-
ties, the tunnel depth, and the fault dip angle on outputs of
fault movements including the development of soil plastic
strains, the tunnel displacements, and the ground settle-
ments along the tunnel longitudinal axis. In the analyses,
two different relative densities were considered for the dry
soil.
1) A dense soil with the strain-hardening/softening

constitutive model implemented in FLAC3D. This model
allows representation of nonlinear material softening and
hardening behavior based on prescribed variations of the
Mohr-Coulomb model properties (i.e., cohesion, friction,
dilation, and tensile strength) as functions of the deviatoric
plastic strain. The friction and dilation angles were
assumed to decrease linearly with the increase of deviatoric
plastic strains up to 10% (Fig. 5) [47].

Fig. 3 Effect of mesh sizes on the tunnel deflection values (the
first and second numbers in the legend of figure represent the
number of meshes in the Y and Z directions, respectively).

Fig. 4 Perspective view of the model and its meshes: (a) general
model; (b) half of model along the tunnel axis.

Fig. 5 (a) Friction and (b) dilation angle parameters versus plastic shear strain used for the dense soil.
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2) A loose soil characterized by the linear elastic-
perfectly plastic constitutive model with the Mohr-
Coulomb shearing criterion implemented in FLAC3D. In
this case, the strength parameters remain constant after
failure.
The basic properties of the dense and loose granular

soils, and the support system are summarized in Tables 3
and 4, respectively. As seen, each of the soil properties is
introduced by a deterministic value. In fact, soil properties
can vary from a point to another point even in uniform
deposits. Therefore, statistical distributions such as the
Normal and Log-Normal distributions are required to
describe soil properties, and stochastic approaches are
necessary to analyze the problem. This method of analyses
gives better engineering judgment of such as the work
available in Refs. [48–50]. But for a preliminary study, a
deterministic analysis in which the mean values of
parameters are used is sufficient.

3.1 Effects of the shotcrete thickness

Three values of 0.25, 0.30, and 0.35 m are considered for
the shotcrete thickness while the other parameters remain
constant. For the reverse faulting, it can be observed from
Fig. 6, once the shotcrete thickness is increased, the plastic
strains around the tunnel tends to spread out over a wider
zone on the hanging wall but they are reduced on the foot
wall. This is because, a higher rigidity of the shotcrete layer
prevents it from moving, and therefore; the relative
displacement between the soil and the surrounded
shotcrete is increased (meaning soil shearing). In the
normal faulting cases, the results are inverse but with less
intensity (see Fig. 7).
The longitudinal displacement profiles of ground surface

are shown in Fig. 8. As observed, independent of the
shotcrete thickness, the W values are respectively 28 and
30 m for the reverse and normal faulting (the soil layer
thickness in all of the tests is equal to 25 m). The ground
surface as well as the tunnel crown is more influenced by
the normal faulting rather than by the reverse one.
Figure 8 also shows that increasing of the shotcrete

thickness slightly reduces the ground surface displace-
ments for the reverse faulting. Meanwhile, it has almost no

Table 3 Properties of the soil [51,52]

parameter unit dense soil loose soil

elastic modulus MPa 34 15

peak friction angle – 34 30

peak dilation angle – 4 a) 0

residual friction angle – 30 30

residual dilation angle – 0 a) 0

density kg/m3 1800 b) 1500 b)

Poisson’s ratio – 0.3 0.3

cohesion kN/m2 0 0

Note: a) The dilation angle is assumed to be equal to f ¼ φ – 30 where φ is the
friction angle; b) assumed by authors.

Table 4 Properties of the shotcrete

parameter unit value

density kg/m3 2600

Poisson’s ratio – 0.28

thickness m 0.3

elastic modulus GPa 34

Fig. 6 Effect of the tunnel shotcrete thickness on the deformed mesh due to the reverse faulting (the properties of the dense soil are
mentioned in Table 3). (a) Shotcrete thickness = 0.30 m; (b) shotcrete thickness = 0.35 m.
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effect in the case of a normal faulting. This result can be
cautiously extended to the maximum tunnel displacement
but with more intensity compared to the ground surface
displacement (Fig. 9). Increasing of the shotcrete thickness
linearly reduces the maximum tunnel displacement. On the
other hand, like for the ground surface, the tunnel vertical
deformation is greater while crossing normal faults.

3.2 Effects of the mechanical properties of soil

Each of following different soils (i.e., gravel, sandy gravel
with few fines, and uniform fine sand with properties
available in Table 5) was solely considered around tunnel
to evaluate the effects on the outputs. Comparing the input
data of the first case of Fig. 6 and the first case of Fig. 10, it

Fig. 7 Effect of the tunnel shotcrete thickness on the deformed mesh due to the normal faulting (the properties of the dense soil are
mentioned in Table 3). (a) Shotcrete thickness = 0.30 m; (b) shotcrete thickness = 0.35 m.

Fig. 8 Effect of shotcrete thickness on the settlement profile along the tunnel crossing a reverse fault or a normal fault.
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can be concluded that a greater friction angle results in a
smaller deformed zone. Similarly, comparing the input
data of the first and the second cases of Fig. 10 shows that
the maximum value of plastic strains contours increases

once the soil stiffness becomes greater. The reduction of
the plastic zone extension in the first case can be associated
to the increase of the friction angle.
In the soil with greater geo-mechanical properties, the

extent of deformed meshes around the tunnel is spread out
over a wider zone in the hanging wall side of normal
faulting and the maximum plastic strain is greater, as well
(Fig. 11). As well, comparing Figs. 10 and 11, it can be
found that the probable failure zone of soil is closer to the
fault plane for the normal faulting.
Figure 12 implies, unlike for the normal faulting, the soil

geo-mechanical properties have an inverse relation to the
absolute vertical settlement for the case of a reverse fault.
Considering the input data in Table 5, the major difference
between the results of the loose and dense soils refers to the
elastic modulus of soil as well as the soil density. A
negligible difference among the results of various loose (or
dense) soils is associated to the soil friction angle. On the
other hand, in the normal faulting, while the soil properties

Fig. 9 Effect of the shotcrete thickness on the maximum vertical
displacement of a tunnel crossing a reverse fault or a normal fault.

Table 5 Effect of the soil geo-mechanical properties on the maximum tunnel vertical displacement in the reverse and normal faulting

peak friction angle
(°)

peak dilation angle
(°)

soil density
(kg/m3)

elastic modulus of
soil (MPa)

maximum vertical tunnel
displacement for reverse

faulting (m)

maximum vertical tunnel displace-
ment for normal faulting (m)

34 4 1800 34 1.14 2.16

36 6 1800 34 1.17 2.16

38 8 1800 34 1.19 2.16

30 – 1500 15 0.62 2.18

28 – 1500 15 0.59 2.18

24 – 1500 15 0.54 2.18

Fig. 10 Effect of the soil mechanical properties on the deformed mesh due to the reverse faulting. (a) φ= 38°, ψ= 8°, soil density = 1800
kg/m3, elastic modulus of soil = 24 MPa; (b) φ= 30°, ψ= 0°, soil density = 1500 kg/m3, elastic modulus of soil = 15 MPa.
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have almost no effect on the maximum settlement, the
settlement profiles are greatly influenced when the soil
geo-mechanical properties are changed. As well, the W
value of the loose sand is different from that of the dense
sand.
It seems that when the tectonic forces are compressive

and produce a reverse faulting, a part of the total force
tends to compress the soil in order to make it denser. In this
case, the loose soil which has the low elasticity modulus
quickly deforms, and then a lower part of the total force
remains to move the tunnel. In other words, a part of total
amount of compressive force leads the soil particles to

Fig. 11 Effect of the soil mechanical properties on the deformed mesh due to the normal faulting. (a) φ= 38°, ψ= 8°, soil density = 1800
kg/m3, elastic modulus of soil = 24 MPa; (b) φ= 30°, ψ= 0°, soil density = 1500 kg/m3, elastic modulus of soil = 15 MPa.

Fig. 12 Effect of the soil geo-mechanical properties on the settlement profile along the tunnel crossing a reverse fault or a normal fault.
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move to make the soil mass denser.
Unlike for the reverse faulting cases (Fig. 12), the W

value in the normal faulting is dependent upon the soil geo-
mechanical properties, and it becomes greater for the loose
soil.
In this section, the Elasticity modulus of shotcrete layer

is selected as a constant value; hence, the output results
also reflects the effect of the relative elasticity modulus of
the shotcrete to the soil.

3.3 Effects of the tunnel depth

One of the parameters that can have a significant influence
on the performance of the tunnel is depth. The tunnel
depths are varied from 11.8 to 7.4 and to 14 m in order to
investigate the influence of the overburden on the
development of the shear plastic zone as well as on the
settlements, and on the tunnel crown at the final stage of
the faulting. It can be inferred from Fig. 13 that once the
overburden above tunnel is smaller, its resistance against
an upward movement is lower. For the normal faulting, as
shown in Fig. 14, when the tunnel is located at the lower
depth, the maximum plastic strain is bigger, and
simultaneously; a greater part of the soil around the tunnel
is effected by the fault movement.
The maximum plastic deformations are localized at the

tunnel crown for the cases of reverse faulting and at the
tunnel center levels for the cases of normal faulting.
Figure 15 shows that when the tunnel is located close to

the ground surface, the displacements of the ground
surface are reduced in the hanging wall side. As well, the
settlements tend to have a uniform trend over the
influenced area. As seen in Fig. 16, for both reverse

faulting and normal faulting, deeper tunnels are imposed to
a greater maximum displacements.

3.4 Effects of the fault dip angle

Here, the fault dip angle is increased from 60° to 90° with
an increment of 15°. As observed in Fig. 17, the maximum
plastic strain increases on the hanging wall while it is
reduced on the foot wall when the reverse faulting dip
angle becomes smaller. However, more amount of zones
become plastic as the dip angle is lower. That is, when the
dip angle is equal to 90°, less zones deforms compared to
the smaller dip angle. As well, in the normal faulting, less
zones deforms when the dip angle becomes greater
(Fig. 18).
Figure 19 shows that for both the reverse and normal

faulting, a greater fault dip angle leads to smaller
settlements and the W value. Therefore, the lower
displacements and probably the least damage can be
expected for structures when the fault dip angle is about
90°. However, it seems that it is not very effective for the
lower fault dip angles, i.e., between 60° and 75°.
The results of parametric study also indicate that in the

case of the reverse faulting, increasing the fault angle
causes the maximum tunnel displacement to reduce
(Fig. 20).

3.5 Fault movement and safety of surface and buried
structures

In addition to the maximum displacements value of ground
surface as well as the tunnel crown, the corresponding
gradients are also critical factors, and must be considered

Fig. 13 Effect of the tunnel depth on the deformed mesh due to the reverse faulting. (a) Tunnel depth = 7.4 m; (b) tunnel depth = 14 m.
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in the design. Table 6 represents the value of maximum
gradient and their corresponding location (measured from
the bedrock fault). For the reverse fault, the weaker soil
gives the smaller values while the shotcrete thickness and
fault dip angle have almost no effect. In more or less all the
tests, for the case of the normal faulting, the value of the
maximum gradient of settlement is higher than the one due
to the reverse faulting.
Table 7 gives the tunnel structure deformation due to the

reverse fault movement. Obviously, the shotcrete thickness
is the most effective parameter for the deformation control.

On the other hand, a weaker soil with a smaller dip fault
angle will induce the lower damage to tunnels.

4 Conclusions

In this paper, by the three dimensional numerical
simulation, the problem of a reverse fault or normal fault
movements on a crossing shotcrete tunnel is studied. The
parametric study investigates the effects of soil properties,
the tunnel and its support properties, and spatial location of

Fig. 14 Effect of the tunnel depth on the deformed mesh due to the normal faulting. (a) Tunnel depth = 7.4 m; (b) tunnel depth = 14 m.

Fig. 15 Effect of the tunnel depth on the settlement profile along the tunnel crossing a reverse fault or a normal fault.
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fault plane on the interaction between the tunnel and its
medium. It qualitatively finds out their influences on the
amount of the deformed zone, on the tunnel maximum
displacement, and on the ground surface settlements along
the tunnel axis. The distinguished results are as follows.
1) Unlike the fault dip angle and the soil friction angle,

the parameters including the tunnel support rigidity, the
soil stiffness, and the tunnel depth have a direct relation to
the value of developed plastic strains in the hanging wall
side when a reverse faulting occurs.
2) The influenced length of the ground surface along the

tunnel axis due to the fault movement is independent of
both the tunnel support rigidity and the soil stiffness. ButFig. 16 Effect of the tunnel depth on the maximum displacement

of a tunnel crossing a reverse fault or a normal fault.

Fig. 17 Effect of the reverse fault dip angle on the deformed mesh. (a) Fault dip angle = 75°; (b) fault dip angle = 90°.

Fig. 18 Effect of the normal fault dip angle on the deformed mesh. (a) Fault dip angle = 75°; (b) fault dip angle = 90°.
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certainly, this parameter is smaller when the fault dip angle
is greater.
3) In the reverse faulting, while the friction angle has a

negligible effect, the soil stiffness has remarkable influence
on the settlement profile (and its gradient) and on the
tunnel crown displacement (and its deformation). On the
other hand, in the normal faulting, the soil properties have
almost no effect on the maximum settlement, but greatly
on the settlement profile. The location of the higher
gradient moves to the hanging wall as the soil becomes

stiffer.
4) The greater displacements of the ground surface and

the tunnel crown can be seen for the deeper tunnels in the
hanging wall side for any form of faulting.
5) The fault dip angle is the other parameter that seems

important for the safety design. When the angle between
the fault and tunnel axis is 90 °, smaller displacements are
imposed to the ground surface and to the tunnel crown. As
well, the tunnel support rigidity is the most effective
parameter in controlling the deformations.

Fig. 19 Effect of the fault dip angle on the settlement profile along the tunnel crossing a reverse fault or a normal fault.

Table 6 The maximum gradient of settlement and corresponding location for the different cases (reverse and normal faults)

the cases point of the maximum gradi-
ent in the reverse fault (m) Y

maximum gradient in the
reverse fault

point of the maximum gradi-
ent in the normal fault (m) Y

maximum gradient in the
normal fault

the base example case 8 – 0.09 – 9 0.10

shotcrete thickness = 0.25 m 8 – 0.10 – 9 0.10

shotcrete thickness = 0.35 m 8 – 0.09 – 9 0.10

dense sand, f = 36°, Es = 24 MPa 8 – 0.11 – 10 0.11

dense sand, f = 38°, Es = 24 MPa 10 – 0.14 – 12 0.12

loose sand, f = 30°, Es = 15 MPa 10 – 0.07 11 0.12

loose sand, f = 28°, Es = 15 MPa 7 – 0.065 11 0.12

loose sand, f = 24°, Es = 15 MPa 10 – 0.06 11 0.12

tunnel depth = 7.4 m – 15 – 0.10 – 28 0.16

tunnel depth = 14 m 5 – 0.14 8 0.18

fault dip angle = 75° 2 – 0.09 5 0.09

fault dip angle = 90° – 2 – 0.09 0 0.06

Note: The base example input data are: shotcrete thickness = 0.30 m, dense sand, f= 34°, Es (elasticity modulus of soil) = 24 MPa, tunnel depth = 11.8 m, and fault dip
angle = 60°.
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