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Abstract: In some subsurface urban development projects, bedrock faults intersecting with the tunnel
path are inevitable. Due to the high costs of urban tunnel projects, it is necessary to study the behavior
of such concrete structures under fault movement risks. Using an advanced 3D numerical finite
difference code and a plastic hardening constitutive model for the soil, this paper examined the
performance of the straight and oblique segmented structures of Tabriz Subway Line 2 under large
deformations. The Tabriz Line 2 tunnel passes through a reverse fault called the Baghmisheh Fault.
The fault–tunnel simulations were validated by centrifuge tests on the segmental tunnel for normal
faulting. In the centrifuge tests and validation models, there was a maximum difference of 15%.
According to the results of the Tabriz Line 2 tunnel under reverse faulting, segmental structures
outperform no-joint linings when it comes to fault movement. During reverse fault movement, line 2
segments did not collapse but showed slight deformations. However, continuous structures collapsed
under faulting, i.e., the structural forces created exceeded the section strength capacity. Among the
segmental structures, the lining with oblique joints showed better behavior against faulting than
the lining with straight joints. For better tunnel performance under fault movement, oblique joints
should be used in segmental structures in faulting areas.

Keywords: normal and reverse fault; segmental structure; numerical simulation; centrifuge test;
oblique and straight joints; joint separation

1. Introduction

Ruptures due to seismic loadings may interact with underground and surface struc-
tures and cause damage to buildings, bridges, dams, and underground structures such
as tunnels and pipelines [1–5]. There are two main categories of seismic damages for
underground structures, (1) produced by permanent ground deformation (PGD) caused by
the earthquake activity, and (2) caused by severe seismic shaking due to seismic wave prop-
agation [6]. Based on field observations, however, the tunnel damage caused by displaced
fault areas (first seismic hazard) is more severe than the shaking caused by seismic waves
(second seismic hazard) [7]. The Kocaeli and Düzce Earthquakes (1999) in Turkey, the
Chi-Chi Earthquake (1999) in Taiwan, and the Wenchuan Earthquake (2008) in China are
among numerous examples that caused severe damage to infrastructures by PGD [2,8,9].
The presence of a fault causes stress concentrations. The excavation is then exposed to
additional rock mass deformations, which in turn contributes to the support compression.
This will then necessitate an additional support or the introduction of injection measures.
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Active faults are the most important geological features when designs in seismic
regions must be done, as there is always a relationship between the main region faults
and the earthquakes. When structures are built near active faults, procedures are recom-
mended [10,11]. Despite this, many cities, such as Tabriz in Iran, are situated within bedrock
fault zones. Consequently, it may not always be possible to prevent construction near these
faults. This phenomenon causes serious problems during tunnel construction. It is therefore
necessary to conduct reliable design studies before constructing a tunnel intersection with
an active fault. It is also recommended that suitable tunnel lining be used in order to mini-
mize damage [2]. When dealing with mechanized shield tunneling, a segmental structure
is installed by a tunnel boring machine (TBM). The segmental structure is composed of
several reinforced concrete segments and joints (Figure 1). Using this structure, there is an
increase in the degree of freedom of the tunnel lining both longitudinally and transversely.
Earthquake-induced damage will then be concentrated in the flexible joints or limited to a
portion of the segments. The result is that the damage to the entire lining can be reduced
by this segmental structure. The basic question is whether the resistive capacity of the
segmented lining is stable against the relative motion of the fault and what its difference is
compared to the continuous lining.
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Figure 1. 3D schematic of a segmental tunnel lining with oblique joints.

This paper examines the performance of segmental tunnel structures affected by a
dip-slip bedrock fault rupture using advanced three-dimensional numerical simulations.
The Tabriz Subway Line 2 was used as a reference case. The tunnel route crosses a bedrock
fault known as the Baghmisheh Fault. The developed numerical codes were validated with
centrifuge tests performed by one of the co-authors [2,12]. In the next step, we investigated
the interaction between the segmental tunnel structure and the capable fault rupture in
the Tabriz Subway. Compared to similar studies, this research is distinguished by the
advanced modeling of segment joints (oblique and straight joints) in conjunction with their
interactions with soil mass. Furthermore, an advanced constitutive model was assigned to
sandy soils, which had not previously been applied.

2. Literature Review

Numerous studies have focused on the tunnel crossings through active fault paths and
the damage caused by fault offsets, including field studies [7,13], theoretical analyses [14],
numerical simulations [1,4,5,15–19], and experimental tests [2,5,15,20–22].

Gregor et al. [23] also investigated the behavior of twin tunnels at fault intersections
using numerical methods. They concluded that underground structures could be designed
to withstand earthquake-induced vibrations and fault ruptures. They also found that
the fault causes tunnel instabilities and that soil and water masses flow into the tunnel
(in linings with ring joints). A series of experimental and numerical studies were con-
ducted by [15] in order to analyze the behavior of tunnel linings crossing reverse faults.
Additionally, they found that soil rigidity and fault angles play a significant role in the
formation of shear zones. In a numerical study, Anastasopoulos et al. [16] investigated
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the faulting effects of an immersed tunnel which is exposed to earthquakes. Using the
ground motion field data from the Wenchuan earthquake, Yang et al. [9] studied the dy-
namics of tunnel failure against an active fault. Based on their findings, it was necessary to
examine the stability of underground structures affected by faults and earthquakes, since
the motion of the fault reproduced the stresses. Using the 2D discrete element method,
Chang et al. [1] investigated fault rupture propagation through overlying sand in a reverse
fault and validated their numerical results using an 80× g centrifuge test. Furthermore,
Baziar et al. [24] used the finite element method to simulate tunnel behavior in sandy
soil sediments across reverse fault rupture propagation. It was suggested that the tunnel
and soil interaction mechanisms should be considered during the design of tunnels near
active fault zones. Additionally, Kiani et al. [2] conducted centrifuge tests to investigate the
interaction between shallow segmental tunnels and normal faults in sandy soils. According
to their findings, tunnel deformations are affected by tunnel depth and fault inclination
angle. These tunnels are deformed and separated at the segmental joint location. Cai
et al. [5] studied the intersection of normal faults and tunnels. Their results were confirmed
by centrifuge tests, and the effect of tunnel length and tunnel depth was investigated.
Nemati et al. [25] have also studied short-term seismicity patterns along the most active
faults in Iran. Zhang et al. [26] modeled fault effects on a horseshoe tunnel, investigated
different fault positions and added a new element to model discontinuous fault behav-
ior. They concluded that fault location affects rock movements around the tunnel. Ma
et al. [27] used discrete and continuous medium coupled models to explore cross-tunnel
deformations and failure mechanisms within active faults. In a ring lining with a high
number of flexible joints, they found that fault displacements and stresses were smooth.
A new type of material with high deformability and flexibility was examined by Zhao
et al. [18] in order to address tunnel fault damages. Based on the simulation results, it
was found that the plastic strain zones were greatly reduced and concentrated in flexible
joints made of plastic fiber concrete. Esmatkhah et al. [28] investigated the settlements and
damages caused by the metro tunnel excavation operations during the tunnel excavation
phase. They monitored the settlements that caused damage to the surface urban facilities
and buildings and provided risk tolerance maps, using a geographical information system.
Wang et al. [19] investigated the impact of faults on underground caverns. For the purpose
of evaluating the faulting effects on the seismic behavior of underground caverns as well as
the effect of fault parameters (intersection angle, fault thickness, and fault shear strength)
on seismic response, they developed 3D dynamic finite-element models. Sabagh and Gha-
landarzadeh [22] performed centrifuge tests to evaluate the behavior of continuous tunnels
at the intersection of reverse faults, and validated their results with 3D numerical models
and parametric analyses. According to Shen et al. [21], sectional tunnel linings with flexible
joints can improve the deformation of cross-tunnel structures which have active faults.
Yan et al. [29] also used two types of joint design and proposed a new method for modeling
tunnel loading in fault zones under earthquakes. Zhou et al. [30] developed a finite element
model of a horseshoe tunnel under seismic loads and examined parameters such as fault
angle, ring width, and fault zone width. They concluded that the fault intersection fracture
with the tunnel at an angle of 60◦ is more dangerous.

Aygar and Gokceoglu [31], Wen et al. [32], and An et al. [33] recently proposed methods
for lining tunnels at fault intersections and examined these methods using numerical
modeling to minimize the fault damage effects on the tunnel lining. Wen et al. [32] proposed
a method for adjusting the ring lining (segmental lining with transverse joints only).
According to their findings, the ring lining reduces compressive and shear stress, and
the narrower the ring lining is, the greater its effectiveness. The study by An et al. [33]
also concluded that, under normal conditions, tunnel fault movement causes tensile and
compressive shear damage, which can cause the tunnel to collapse; however, the use of
flexible joints reduces these damages.

The studies described above have not adequately discussed the geometry of the
longitudinal and transverse joints of the segmental lining (oblique and straight joints). As
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can be seen from the figures of these studies, they have modeled the segmental structure
only as a segmental ring, without longitudinal joints. The purpose of this paper is not only
to simulate longitudinal and transverse joints in the precast tunnel structure but also to
investigate the diagonality of the longitudinal joints of the segmental structure concerning
the tunnel axis.

3. Materials and Methods
3.1. Reference Case

Tabriz, a city in northwestern Iran, is located on the Alpine–Himalayan belt, which
is highly seismic. There are many tectonized occurrences of folds and faults, which cause
numerous earthquakes [34]. According to the Richter intensity scale, Tabriz is in the range
of magnitude 8 to 10. There is a high probability that surface structures will be destroyed in
areas of this seismic intensity, and that the ground surface will crack. Tabriz has many small
and large faults which, according to the existing regional earthquake data, are seismically
active [34]. Among these faults, the Baghmisheh Fault intersects with two stations of the
Tabriz Subway Line 2. This fault displays strike-slip motions with a reverse component
in most focal mechanism [34]. The focal mechanism of earthquakes in northwest Iran and
southeast Turkey shows that the convergence between the Arabian and Eurasian plates
can be eroded along the right strike-slip faults. The strike-slip fault is the southeastern
continuation of the North Anatolian fault into Iran, which includes discontinuous fault
sections with the northwest–southeast extension [35]. Figure 2 shows the position of this
fault concerning the Tabriz Subway Line 2. As a result of this fault in Line 2, this subway
line located along the east–west axis of Tabriz was selected for the case study. The line
consists of 20 stations and is 22 km long [36].
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A fault displacement can be calculated using the empirical equations provided by Wells
and Coppersmith. When designing a structure exposed to a fault of a certain magnitude,
Equation (1) can be used to estimate the maximum displacement due to reverse faulting [37].

log δfr= −0.74 + 0.08Mw (1)

where δfr is the reverse fault displacement, and Mw is the magnitude of the earthquake
moment on the Richter scale.

The maximum displacement of the Baghmisheh Fault will equal 0.8 m if the largest
earthquake event associated with the fault has a magnitude of 8. In spite of this, since the
goal of this research is to determine the displacement of the Baghmisheh Fault on the scale
of the centrifuge tests of Kiani et al. [2,12], the fault displacement was set at 2.5 m.

According to the plastic hardening (PH) constitutive model, the soil properties of the
Tabriz Subway Line 2 have been defined (Table 1). The tunnel segmental structure behavior
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is linear elastic in numerical simulations, and its mechanical properties with grout are
summarized in Table 2.

Table 1. Geotechnical parameters of the critical section [36].

Parameters Symbol Unit Value Value Value Value Value Value

Soil type L - Filling material (SM) CL–ML GM–GC–GW CL GM–GP SM
Depth D m 0–1.5 1.5–7 7–17 17–20 20–26 26–35

Dry density ρ g/cm3 1.65 1.775 1.775 1.775 1.850 1.825
Cohesion C kPa 0 11 6 25 5 5

Angle of internal
friction ϕ Degree 27 24 32 23 33 32

Triaxial loading secant
Young’s modulus Eref

50 MPa 10 25 47.5 35 65 55

Unloading–reloading
Young’s modulus Eref

ur MPa 30 75 150 105 195 165

Oedometric loading
Young’s modulus Eref

oed MPa 12 30 60 42 78 66

Coefficient of earth
lateral pressure K0 - 0.54 0.593 0.47 0.6 0.455 0.47

Poisson’s ratio ν - 0.33 0.39 0.32 0.39 0.33 0.32
Failure ratio Rf - 0.9 0.9 0.9 0.9 0.9 0.9

Janbu-type parameter m - 0.5 0.5 0.5 0.5 0.5 0.5
Reference mean

pressure Pref kPa 100 100 100 100 100 100

Table 2. Properties of the segmental tunnel lining and grout of the Tabriz Subway Line 2 [38].

Parameters Symbol Unit Value

Properties of the segmental liner

Young’s modulus E GPa 30
Density ρ kg/m3 2500

External diameter D m 9.5
Thickness t cm 35

Poisson’s ratio ν - 0.2
Width of the segment ring W m 1.5

Properties of the grouting layer (28-day)

Young’s modulus E MPa 160
Poisson’s ratio ν - 0.22

Density ρ kg/m3 2000
Grouting layer thickness t cm 15.5

3.2. Three-Dimensional Numerical Simulation

Using FLAC3D finite difference software, the interaction between the segmental lining
and fault motion was modeled. The numerical analysis was carried out in several stages.
As a first step, the model reached initial equilibrium with in situ stresses. In the second
step, the tunnel was excavated, and the segmental linings were installed. Lastly, dip-slip
fault displacements were simulated. The hanging wall boundaries moved according to
the type of dip-slip fault (normal or reverse) with a certain slope. At the same time, the
footwall remained fixed. It was necessary to apply a specific velocity to the model hanging
wall in order to achieve the desired fault displacements (Figure 3).

The analysis results depend partly on mesh density and model dimensions. Therefore,
after analyzing the sensitivity of the mesh, a series of parametric studies were conducted to
evaluate the minimum dimensions of the model, resulting in Equations (2)–(4) [39]. Having
a powerful computer enabled this study to construct a model with a minimum dimension
that exceeded the values of these equations. The fault location was selected at the center of
the model in order to minimize boundary effects.

(H + 4D), for the model height (2)
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(H + 3D), for the model length (3)

(3H), for the model width (4)

where H is the tunnel axis depth, and D is the tunnel diameter.
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An appropriate constitutive model for the soil is crucial for the numerical modeling
of a tunneling process and, consequently, for the correct prediction of lining loads. It is
important to note that constant stiffness would not be an appropriate method of approx-
imating surface settlements for all levels of shear strain [40,41]. The plastic hardening
constitutive model is characterized by a hyperbolic stress–strain relationship in drained
axial compression (while unloading/reloading is elastic) and stress dependency, defined
by a power law. It also includes shear and volumetric hardening and the Mohr–Coulomb
(MC) failure criteria. Three non-linear rigidities explain the soil compressibility, depending
on the stress level (Eref

50 _Eref
oed_Eref

ur ) [42,43].
The FLAC3D Version 7.00.139 geotechnical program supports only linear elastic con-

stitutive modeling for structural elements, so that precast concrete segments used for the
segmental lining are modeled as linear elastic by the liner element, which creates a frictional
interaction with the soil medium and can tolerate compressive and tensile forces in the
normal direction [43–45]. The liner element provides the structural behavior of a shell
and does not model the full volume of the segment. Due to this fact, it is not possible to
make rebars between segments within the liner element in this geotechnical software. The
liner element is in contact with the soil medium, using a link element. Link elements (like
interface elements) between segments and soil should be stiffer than their surrounding ma-
terials, and the liner elements should be able to slide or open, relative to the soil medium’s
surface. To determine the stiffnesses, the equivalent stiffness of materials is used, where
Kn and Ks (normal and shear stiffnesses) can be adjusted to 10 to 100 times the stiffness
equivalent to the stiffest adjacent zone. The equivalent stiffness in a zone in the normal
direction is equal to Equation (5) [44]:

ES(Equivalent Stiffness) = max


(

K + 4
3 G
)

∆zmin

 (5)

where K and G are the soil bulk and shear modulus, respectively, and ∆zmin is the smallest
dimension of the neighboring zone in the normal direction.

Joints represent one of the main characteristics of segmental linings, including segmen-
tal joints between segments within a ring and ring joints between consecutive rings. The
segment joints are simulated using link elements consisting of 6 degrees of freedom that
can be assigned one of three boundary conditions: free, rigid, and deformable (linear and
bi-linear) and represented by six springs (three transitional components in the directions
x, y, z, and three rotational components in the directions x, y, z). A set of rotating springs
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(Krot), axial springs (Kaxi), and radial springs (Krad) illustrates the stiffness property of
segment joints (Figure 4). The properties of longitudinal connections between individual
segments can be considered in the form of a moment–rotation relationship for a certain
Young’s modulus and thickness of the concrete segment. The idea is generally based on
the concrete hinge method presented by [46] with its nonlinear behavior and maximum
moment transfer (Myield). A practical method has been developed by [47] for simulating
rotation springs with nonlinear behavior in longitudinal joints between concrete segments.
Two adjacent segments in a ring are connected by this nonlinear spring. The assumption
in this method is that the contact surface between two segments can be represented by a
concrete beam with a depth equal to the width of the contact area (segment width) and a
height and width equal to the contact height. In order to estimate the rotational stiffness
in the form of a bilinear spring curve, first a calculation is performed with a complete
hinge with a thickness of 35 cm in the narrowest part of the connection. The maximum
bending moment, Myield, from the average axial force of the tunnel lining, is calculated
for a rotation angle of 0.01 radians (1%), which is considered as an approximation of the
maximum permissible rotation [48]. Therefore, the rotational stiffness of all connections
is calculated in this manner. This assessment of axial force, 636 kN/m, is according to
Equation (6):

KRO = 0.8Myield/θ(0.8 Myield) (6)

Myield (N = 636 kN/m) = 94 kN.m/m for θ = 1%

0.8 ∗ Myield = 0.8 ∗ 94 = 75.2 kN.m/m for θ = 0.1212%

KRO = 75.2/0.001212 = 62, 046 kN.m/rad/m
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It is also possible to model ring joints using link elements, and the mechanism of each
spring is identical to that used to connect segmental joints, but the boundary conditions
and directions of ring joints are different from those used in segmental joints [45,49,50].

3.3. Model Validation

Using experimental results, numerical simulations can be validated for their ability
to estimate the interaction effects between tunnels and faults. In this study, the numerical
modeling was validated by the experimental results of [2,12]. Using centrifuge tests,
they investigated the behavior of segmental tunnels under normal faults. In their tests,
considering a gravity acceleration of 50× g (centrifuge scale coefficient of 50), the prototype
model’s dimensions were 20, 25, and 35 m (test dimensions: 0.4, 0.5, and 0.7 m). The
diameter of the tunnel and the thickness of the segments were 5.9 m and 0.35 m, respectively.
Six segments with a width of 1.15 m were present in each ring. The soil was composed
of Firoozkuh sand No. 161 with a water content of 5% and a relative density of 50%. A
more detailed description can be found in [2,12]. Table 3 lists the soil and segmental lining
properties used in the centrifuge test.
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Table 3. Mechanical and physical properties of sand and segmental lining in the validation model
(prototype model).

Parameters Symbol Unit Value

Properties of the soil

Soil type L - Firoozkuh # 161
sand

Density ρ kg/m3 1700
Cohesion C kPa 1

The angle of internal friction ϕ Degree 37
Dilation angle ψ Degree 10

Triaxial loading secant Young’s
modulus Eref

50 MPa 20

Unloading–reloading Young’s
modulus Eref

ur MPa 60

Oedometric loading Young’s
modulus Eref

oed MPa 16

Coefficient of earth lateral pressure K0 - 0.38
Poisson’s ratio ν - 0.28

Failure ratio Rf - 0.9
Janbu-type parameter m - 0.5

Reference mean pressure Pref kPa 100

Properties of the liner [2,12]

Young’s modulus E GPa 34
Density ρ kg/m3 2600

Diameter D m 5.9
Thickness t m 0.35

Poisson’s ratio ν - 0.2
Width of the segmental ring w m 1.15

Six centrifuge tests were conducted considering fault angles of 60 and 75 relative to
the horizon and overburden/diameter ratios (h/D) of 0.75, 1, and 1.2. In the centrifuge
tests, the footwall was fixed, and the movable hanging wall was moved downwards using
the jack hydraulic force for normal faulting.

According to Figure 5, the validation model consists of 1,002,500 zones with a height
of 33 m, a length of 60 m, and a width of 110 m. Figure 5 illustrates the mesh and groups of
the numerical model. Table 4 provides stiffness values for the tunnel lining segments and
rings based on the springs and stiffnesses discussed in Section 3.2.

In the centrifuge tests, fault displacements of 5 cm were applied. Based on the cen-
trifuge scale coefficient, this displacement value equals 2.5 m in the prototype model. This
value was decomposed into two directions, Z and Y, in the numerical modeling, to create
the fault angle effect. Similar to the centrifuge tests, a displacement of 2.5 m was applied
quasi-statically in the direction of the slope angle (using the velocity code step-by-step in
FLAC3D software).

Appl. Sci. 2023, 13, x FOR PEER REVIEW  9  of  23 
 

Six centrifuge tests were conducted considering fault angles of 60 and 75 relative to 

the horizon and overburden/diameter  ratios  (h/D) of 0.75, 1, and 1.2.  In  the centrifuge 

tests, the footwall was fixed, and the movable hanging wall was moved downwards using 

the jack hydraulic force for normal faulting. 
According to Figure 5, the validation model consists of 1,002,500 zones with a height 

of 33 m, a length of 60 m, and a width of 110 m.  Figure 5 illustrates the mesh and groups 

of the numerical model.  Table 4 provides stiffness values for the tunnel lining segments 

and rings based on the springs and stiffnesses discussed in Section 3.2. 

 

Figure 5. Numerical model of validation based on the centrifuge test. 

Table 4. Joint parameters of the segmental lining based on the centrifuge test [51]. 

Segmental Joints  Value  Ring Joints  Value 

Radial stiffness KR (MN/m)  216  Radial stiffness KRR (MN/m)  216 

Axial stiffness KA (MN/m)  4434  Axial stiffness KAR (MN/m)  4434 

Rotational stiffness Kθ 

(MN×m/rad/m) 
62.046 

Rotational stiffness KθR 

(MN×m/rad/m) 
62.046 

The maximum bending moment at 

segmental joint Myield (kN×m/m) 
121 

The maximum bending moment at 

ring joint MRyield (kN×m/m) 
121 

In the centrifuge tests, fault displacements of 5 cm were applied. Based on the centri-

fuge scale coefficient, this displacement value equals 2.5 m in the prototype model. This 

value was decomposed into two directions, Z and Y, in the numerical modeling, to create 

the fault angle effect. Similar to the centrifuge tests, a displacement of 2.5 m was applied 

quasi-statically in the direction of the slope angle (using the velocity code step-by-step in 

FLAC3D software). 

Validation Results 

In this section, the numerical simulation results are compared with centrifuge tests 

conducted by [2,12] to ensure the accuracy of the numerical process. Therefore, numerical 

validation was carried out on six centrifuge tests. Figures 6–12 show the results of numer-

ical modeling for validation. 

   

Figure 5. Numerical model of validation based on the centrifuge test.



Appl. Sci. 2023, 13, 7866 9 of 20

Table 4. Joint parameters of the segmental lining based on the centrifuge test [51].

Segmental Joints Value Ring Joints Value

Radial stiffness KR (MN/m) 216 Radial stiffness KRR (MN/m) 216
Axial stiffness KA (MN/m) 4434 Axial stiffness KAR (MN/m) 4434

Rotational stiffness Kθ

(MN×m/rad/m) 62.046 Rotational stiffness KθR
(MN×m/rad/m) 62.046

The maximum bending
moment at segmental joint

Myield (kN×m/m)
121

The maximum bending
moment at ring joint MRyield

(kN×m/m)
121

Validation Results

In this section, the numerical simulation results are compared with centrifuge tests
conducted by [2,12] to ensure the accuracy of the numerical process. Therefore, numerical
validation was carried out on six centrifuge tests. Figures 6–12 show the results of numerical
modeling for validation.
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Figure 6. Deformation of the segmental lining under normal faulting: (a) the fault slope angle of 60◦;
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Figure 7. Le changes with increasing depth in the centrifuge test presented by [2,12] and the numerical
validation model: (a) the fault slope angle of 60◦; (b) the fault slope angle of 75◦.
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Figure 8. The cross-sectional deformation of the segmental tunnel lining under normal faulting:
(a) the fault slope angle of 60◦; (b) the fault slope angle of 75◦.
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Figure 9. Vertical displacement diagram of the segmental lining under normal faulting: (a) the fault
slope angle of 60◦; (b) the fault slope angle of 75◦.
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Figure 10. Vertical displacement diagram of the segmental lining at 60◦ and 75◦ fault slope angles.
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Figure 11. Soil surface settlement for different overburdens and fault angles in numerical
validation models.
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Figure 12. PGD in the numerical validation and the centrifuge test at the fault angle of 75◦.
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As shown in Figure 6a,b, deformations of the segmental lining were caused by normal
faulting at angles of 60◦ and 75◦ with overburden (h)/diameter (D) ratios of 0.75, 1, and
1.2, respectively. Figure 7a,b shows the value of Le (the length affected by the fault in the
lining) for both centrifugal tests presented by [2,12] and the numerical validation model.
There is a relatively strong correlation between the Le value in the centrifuge test and the
numerical model. It is observed that Le decreases with increasing depth. In other words,
the fault’s effect on the tunnel is concentrated in the fault plane area, and it affects a smaller
length of the tunnel lining as a result of increasing the tunnel’s depth.

Figure 8a,b illustrates the cross-sectional deformations of segmental linings under
normal faulting at angles of 60◦ and 75◦ with different overburden/diameter ratios from
the side and inside the tunnel. According to these figures, the longitudinal joint separation
increases with increasing tunnel depth and fault angle. This rise in the 1.2D overburden
ratio is quite evident, and includes more rings. A greater amount of separation occurs at
an angle of 75◦. As a result, an increase in fault angle leads to an increase in the vertical
component of the faulting force and an increase in segmental ring ovalization. A diagram
of the segmental lining vertical displacement following faulting at 60◦ and 75◦ slope angles
with varying overburden ratios is shown in Figure 9a,b. In this case, the displacement of
the segmental lining due to faulting increased with increasing tunnel depth. According to
the curves, as the normal fault angle increases, the displacement slope of the segmental
lining increases (Figure 9b).

Figure 10 shows the vertical displacements of the segmental lining with an overburden
ratio of 1D at fault angles of 75◦ and 60◦. At the beginning of the tunnel, the vertical
displacement for the 75◦ angle is greater than the vertical displacement for the 60◦ angle.
For 75◦ and 60◦ angles, this value is 2.379 m and 2.125 m, respectively. As shown in
this figure, in the 75◦ fault, the fault plane intersects the tunnel at y = 22 m. In contrast,
for the 60◦ fault, this intersection occurred at y = 26 m. After crossing the fault plane
and in the footwall area, displacement values decreased for both cases. The reduction in
displacement occurred more rapidly at the 75◦ angle. The displacement at the end of the
tunnel (y = 60 m) reached 0.562 m for the 75◦ angle and 0.88 m for the 60◦ angle. For 75◦,
the vertical component of the fault force is greater than the horizontal component, which
explains the variation in displacement between these two cases. Therefore, in this case,
at the fault location, displacement changes have a steeper slope than in the 60◦ case. In
the 60◦ case, the general displacement process occurs with a smoother slope, due to the
increase in the horizontal component of the fault displacement compared to the 75◦ case.

Figure 11 illustrates the curves of vertical displacement of the ground surface for
overburden ratios of 0.75D, 1D, and 1.2D and fault angles of 60◦ and 75◦ in numerical
validation models. Observably, the maximum ground displacement value increases quite
gradually with increasing overburden. The vertical displacement of the ground also
increases as the fault angle increases due to an increase in the vertical component of the
fault force. By decreasing the fault slope angle, the fault area develops further towards
the footwall, affecting the surface further. Based on the results of the numerical validation
models, the simulation results are consistent with those of the centrifuge tests conducted
by Kiani et al. [2,12]. A comparison of the permanent ground displacement (PGD) in the
validation model and the centrifuge test on a fault with a slope angle of 75◦ is shown
in Figure 12. With acceptable accuracy, the centrifuge results validate the numerical
simulations. There was a maximum difference of 15% between the validation model and
the centrifuge test.

Accordingly, it can be concluded from these six validation models that the rupture
mechanism governing the segmental tunnel is tensile and shear in normal faulting. Tunnel
segment bodies do not rupture, due to the opening of longitudinal and transverse joints.
Significant deformations are caused by the opening of longitudinal and transverse joints.
There are no sudden deformations, and the tunnel structure can withstand a portion of
the fault force without experiencing significant damage. An increase in the overburden
reduces the length of the tunnel affected by the fault (Le), but the severity of the damage
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and the ellipse cross-section of the tunnel increase. A rise in the overburden increases the in
situ stresses resulting from the overburden weight. As the fault angle increases, the vertical
deformation of the tunnel segmental lining increases.

3.4. Bedrock Fault Intersection with Segmental Lining: Numerical Simulation

Figure 13 displays the advanced 3D numerical model of Tabriz Line 2. It has a
length of 90 m, a height of 62 m, and a width of 176 m, twice the values obtained from
Equations (2)–(4). There are approximately two million zones in the numerical model. The
model reached equilibrium after constructing the soil layers and applying in situ stress and
boundary conditions. In the following, the tunnel was excavated, segments installed, and
grout was injected. Tunnel lining was modeled in two ways: continuously and segmentally,
with oblique and straight joints. In Figure 14, you can see both continuous and segmental
lining. The segment type is universal, with a ring width of 1.5 m. In order to prevent
sealing defects, the longitudinal joints of the segmental lining and the joints of the segments
are not aligned in consecutive rings. A solid element with a linear elastic model is used
to model the grout behind the segments. Table 2 provides specifications for 28-day hard
grout and tunnel lining. The segmental lining was modeled with oblique and straight joints
to investigate the joint geometry effect. Two consecutive rings are modeled with a key
segment at the crown in the first ring and a key segment at the floor in the second ring. The
mechanical and geometrical characteristics of segment joints were almost identical to those
reported by Do et al. [45]. The joint stiffness values related to their study were used in this
study (Table 5).
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Table 5. Parameters of the joints in Line 2 numerical model [38].

Segmental Joints Value Ring Joints Value

Radial stiffness KR (MN/m) 1050 Radial stiffness KRR (MN/m) 1050
Axial stiffness KA (MN/m) 500 Axial stiffness KAR (MN/m) 500

Rotational stiffness Kθ

(MN×m/rad/m) 100 Rotational stiffness KθR
(MN×m/rad/m) 100

The maximum bending
moment at segmental joint

Myield (kN×m/m)
150

The maximum bending
moment at ring joint MRyield

(kN×m/m)
150

Following the simulation of segment installation and grout injection, the faulting steps
were carried out. Because the fault intersecting with Line 2 is a reverse fault and has a slope
angle close to the vertical, the hanging wall’s lateral boundaries were moved upwards, with
a slope of 80◦. The velocity equivalent to the required displacement (2.5 m) was applied to
both continuous and segmental models.

4. Results and Discussion

This section presents the numerical modeling outputs of the fault rupture on Line 2
of the Tabriz Subway. Outputs include displacements and internal structural forces for
segmental and continuous linings.

4.1. Displacement Outputs
4.1.1. Soil Displacements

Figure 15 depicts the central profile of the ground displacement contour with seg-
mental lining under reverse faulting for both types of joint arrangements (straight and
oblique). The soil meshes adjacent to the fault area segments are compacted, indicating
the interaction and pressure caused by reverse faulting in the fault area. The opening
of longitudinal and transverse joints is observed in the crown and floor of the fault area
segmental lining. Transverse joint openings are greater in straight joints than in oblique
joints. Furthermore, longitudinal joint openings have been observed at the crown of straight
joints. These results are similar to the centrifuge test results obtained by Kiani [12]. Kiani
found that reverse faulting has a small effect on the rupture of segmental linings. There are
only limited openings in the longitudinal and transverse joints of the segmental lining, as
well as minor deformations.

4.1.2. Lining Displacements

Figures 16 and 17 show the contours and curves of the vertical displacements of
segmented and continuous lining under reverse faulting, respectively. The segmental lining
under faulting has smooth displacement along the entire tunnel path (Y-axis). The presence
of joints acts effectively, causing gradual deformations. In comparison, the continuous
lining in the fault zone shows sudden and non-uniform vertical displacements. Thus,
due to continuous tunnel lining rigidity, the displacements are concentrated, and sudden
changes appear at the fault location. Therefore, the probability of tunnel lining rupture
in this concentrated area will be high. However, in the case of using a flexible lining
(segmental), there are small displacements along the tunnel path axis. The displacements
will not be concentrated at the fault location, and the probability of rupture in the segmental
lining is lower. According to Figure 17, in the segmental lining located in the hanging
wall, the tunnel segmental ring displacements of the tunnel crown are gradual, while in
the continuous lining, the whole lining located in the hanging wall has the maximum
fixed vertical displacement. From 2.5 m of displacement applied to the hanging wall in the
slope direction, the vertical displacement is 2.46 m. The vertical displacement of 2.46 m is
transferred to the continuous lining, and represents a total vertical displacement transfer
from the hanging wall to the continuous tunnel lining. Nevertheless, for the segmental
lining with oblique joints, the vertical displacement value is 2.32 m. For the segmental lining
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with straight joints, the vertical displacement value is 2.36 m. In segmental linings with
oblique joints, displacements are lower than those in segmental linings with straight joints.
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4.2. Internal Structural Forces

According to Figure 18a,b, the value of the bending moments in both segmental lining
modes along the entire tunnel is uniform (a high concentration of bending moments is not
observed at the fault line). Its value increases slightly only at joint location, especially for
longitudinal joints, and there is no momentary concentration in the segment body. The
maximum value of the negative segmental lining bending moment with oblique joints is
about 8008 kN×m, and the segmental lining with straight joints is 7310 kN×m. Although
the value of this parameter is higher in the model with oblique joints, the maximum value
is present only at the longitudinal joint’s location, while in the model with straight joints
it is present on a larger surface. According to Figure 18c, the bending moment value of
the continuous lining is concentrated in the fault zone and has a high amount on the
crown and floor of the lining. In continuous linings, the maximum value of the negative
bending moment is about 17,328 kN×m. The maximum bending moment of the continuous
lining is about two times that of the segmental lining. The positive bending moment is
approximately equal for continuous and segmental linings.
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According to Figure 19a,b, at the crown and floor of the segmental lining, normal
forces are distributed along the tunnel’s axis. In the fault zone, there is no concentration of
normal forces. In Figure 19c, the maximum concentration of normal force is observed in the
fault zone of the continuous lining. The normal force values in the straight joints’ and the
oblique joints’ lining are approximately equal. The maximum compressive normal force for
the continuous lining is about 849 MN, which is about one-tenth of the continuous lining
for the segmental lining (76 MN for the segmental lining with oblique joints and 70 MN for
the segmental lining with straight joints).
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4.3. Limitations and Future Recommendation

This research investigated the fault interaction with a segmental lining considering
the Tabriz Metro tunnels case. This research contributes to the complete modeling of
a segmental lining with transverse and longitudinal joints with a fault intersection. In
previous researches, tunnel linings were modeled as continuous ones, and segmental
linings were modeled only as rings, without longitudinal joints.

The limitations of the current study are as follows:

• There is no elastoplastic constitutive model for the tunnel lining, and cracks cannot
be considered.

• There is no modeling of the rebars within the concrete lining.

Due to the progress of geotechnics and of geotechnical software, new capabilities
and tools can be added in the future in FLAC3D. This will provide the possibility of an
elastoplastic reinforced concrete modeling. One of the goals of this research in the future
will be to model the damages and cracks created in the segmental tunnel structure. In
future works, the following points will be investigated:

i. Full dynamic loadings of fault movements.
ii. Use of solid elements and evaluation of the rebar presence in segmental tunnel

linings the intersection of the faults.
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iii. Investigation of combined fault interaction with segmental tunnels.
iv. Investigation of methods to reduce the damage on tunnel linings, such as an over-

excavation and the use of compressible materials behind the segmental tunnel linings.

5. Conclusions

In order to gain a better understanding of the behavior of segmental tunnels in the face
of normal and reverse fault movement, a 3D advanced numerical simulation was carried
out. This research is distinguished by accurate details of segment joint modeling and an
advanced soil constitutive model. To confirm the power of finite-difference numerical
codes for the subject under study, centrifuge tests conducted by one of the co-authors were
used (Kiani et al. [2,12]). In addition, a real-life case of a segmental tunnel facing a reverse
fault on the Tabriz Metro line 2 was studied. Based on the results presented herein, the
segmental lining at the intersection with the dip-slip fault (normal and reverse fault) has
acted effectively. The ability to withstand and reduce a large part of the fault force and
a major part of the lining failure is limited to the opening of transverse and longitudinal
joints. The results can be resumed as follows:

• Normal faults intersecting with segmental linings have tensile rupture mechanisms,
and segmental lining joints undergo greater deformations and openings than reverse
faults. It has been observed that as the tunnel depth increases, the degree of separation
of segmental rings, the opening of longitudinal joints, and the severity of failures
increase, while the range affected by the fault in segmental lining declines, and the
breakage and opening of joints approach the fault line, as a result. Vertical displace-
ment and tunnel rupture rates increase dramatically as the slope angle of the fault
increases, and the rupture path tends to follow the footwall as the fault slope increases.

• The function of the segmental tunnel in the reverse fault was compressive. Thus,
unlike normal faults, it will not suffer extensive damage. As a result of reverse faulting,
the segmental lining experiences smoother displacement along the entire tunnel length,
and only undergoes limited deformation and opening of longitudinal and transverse
joints. Furthermore, segmental linings with oblique joints perform better than straight
joints. In comparison to straight joint linings, they have less displacement and their
internal force, including bending moments, extends to a smaller area. The maximum
ground displacement value increases gradually with increasing tunnel overburden
in a normal fault. The vertical displacement of the ground also increases with an
elevation of the fault angle. This is due to an increase in the vertical component of
the fault force. Through a decrease in the fault slope angle, the fault area is further
developed towards the footwall, and further affects the surface.

• Comparing the performance of segmental and continuous lining at the intersection
with the reverse fault, it can be concluded that, unlike segmental lining, continuous
tunnel lining in interaction with the fault suffers sudden failure at the fault line. The
displacements were concentrated at the fault line location due to the rigidity of the
continuous tunnel lining. Consequently, the probability of rupture and failure of the
continuous tunnel lining at the intersection with the fault is high. In addition, the
majority of the fault force is transmitted to the tunnel lining in the hanging wall. In
a continuous lining, the bending moment is about twice as great as in a segmented
lining, and the normal force is ten times as great.
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