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The permanent ground deformation during the earthquake faulting induces
moderate to severe damages to the underground tunnels. The majority of the
investigations on the behavior of the tunnels against fault offset were in the rock
medium. There is very little available in the literature about the fault-tunnel inter-
action in alluvial soil. This paper has studied the interaction between a continuous
tunnel and reverse faulting within a dense sandy alluvial deposit. An experimental
centrifuge test, alongside the numerical modelling, has been utilized for this
purpose. It has been shown that the longitudinal strains of an infinite tunnel were
much higher than that of a finite length tunnel. The results have also displayed that
there are critical cross-sections along the tunnel's length that maximum curvatures,
moments, shears, and axial forces occur in them. The numerical parametric study on
the variation of the Fault Zone Width (FZW) and reinforcement content (ρs) have
shown that higher ρs values would be more useful in tunnel resistance against
faulting. Besides, smaller FZW will make higher deformations, moments, and forces
in the concrete lining. The optimum ρs value has been obtained as 4%.
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ABSTRACT

1. Introduction

The rapid development of modern cities is
dependent on substructures, which indeed play a
pivotal role in supporting the fundamental needs of
the communities. One of these vital substructures
which used in the transportation of people or
conveying water, wastewater, and energy over
long distances is the underground tunnel. Extreme
ground events such as the earthquake shaking or
the earthquake faulting may affect the tunnels
constructed in the seismically active regions.
Tunnels in these regions should not only design for
normal operating conditions but also should consider

the extra loads and displacements in earthquake
events.

The Permanent Ground Deformations (PGD) due
to the earthquake faulting is one of the main events
that affect the performance of embedded tunnels.
PGD induces moderate to severe damages to the
tunnels lining. The relocation of the underlying
bedrock fault is the source of the extra forces
imposed on the lining. To date, the greater part of
the literature on the tunnel-earthquake interaction
was on the effects of the seismic waves on the
tunnels [1-8]. Past well-known earthquakes such as
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the San Francisco [9], Idu Peninsula [10], Fukui [11],
Kern County [12], Niigata [11], Off-Izu Oshima  [13],
Mid-north Iwate [14], and Duzce [15] have shown
that PGD due to earthquake faulting could also
severely damage the underground tunnels. Unfortu-
nately, there is very little available about surface
fault rupture influences on the tunnels [16-20].
Besides, amongst these little studies, even much
less technical data could be found about the tunnels
in alluvial deposits under dip-slip faulting. The
existing data have concentrated mainly on tunnels
surrounded within the rock media influenced by
the strike-slip fault dislocations [11, 21-28]. Such
studies, therefore, have failed to address the
alluvial tunnels intersected by normal or reverse
fault rupture planes (e.g. urban metro or motorway
tunnels constructed in sandy deposits).

Brown et al. [29] provided a useful review of
the behavior of different tunnels during the fault
dislocations. The majority of the tunnels they have
considered were constructed in rock materials
bisected due to the movements of the strike-slip
faults. The primary purpose of the Brown et al. [29]
report was to study the behavior of Berkeley-Hill
Bart tunnels through the Hayward fault. There is an
elementary axisymmetric elastic finite element
analysis in their report that by somehow reproduced
the deformed shape of the Bart tunnel (Figure 1a). It
was the first application of the numerical method
in the fault-tunnel interaction problem.

Burridge et al. [16] have studied the behavior of
the Los Angeles Metro Tunnel during the dis-
placement of a 45° reverse fault that crossed the
tunnel with right-angles. They have utilized the
geotechnical centrifuge and one-dimensional Finite
Element Method (FEM) for this investigation
(Figure 1b and 1c). The purpose of employing
numerical modelling in their work was to model an
infinite tunnel in the soil (Figure 1c). This is because
of the limited dimensions of their centrifuge container
that prevented the modelling of a sufficiently long
tunnel (Figure 1b). An elastic beam on simple
elastoplastic springs has been used in their  numeri-
cal modelling (Figure 1c). In centrifuge tests, an
Aluminum tube has been used as the small-scale
model of a prototype concrete tunnel. This model
tube has simulated a tunnel with 5.34 m inside
diameter and 0.2 m wall thickness. Due to the

Figure 1. (a) Deformed mesh of the finite element model of
Bart tunnel under strike-slip creep of Hayward fault, California;
(b) model tunnel placed at right angles to fault in a split fault
rupture centrifuge box [16]; (c) elastic beam on elastoplastic
discrete spring foundation used in modeling Los Angeles Metro
tunnel [16].

difficulties in the manufacturing of the model
tunnel and its financial costs, the behavior of the
Aluminum tunnel has been kept in the linear-elastic
region. Furthermore, due to the different mecha-
nical behavior of the Aluminum and concrete, the
obtained results by Burridge et al. [16] did not
demonstrate the real behavior of the concrete
tunnel. Therefore, their results should be interpreted
with caution.

In 1999, the uncompleted Bolu tunnel in Turkey
damaged heavily due to ground shaking of the
Duzce Earthquake [14-15]. Later investigations
have revealed that the Bakacak fault would
impose a distributed displacement up to 50 cm to
this tunnel. Therefore, it was necessary to design
the Bolu tunnel for this prospective fault-rupture.
The response of the Bolu tunnel to the Bakacak
fault displacement could be obtained through
modelling the tunnel as a beam that its boundaries
placed under the movements of the Bakacak fault
[15]. A series of simplified elastoplastic springs
might simulate the mechanical behavior of the
surrounding soil. Although the beam-spring model
has been suggested in Russo et al. [15], they have
not provided any result of their numerical analyses.
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The concept of the beam surrounded by
elastoplastic springs has been first introduced by
ASCE [30] and later by ALA [31] Guidelines. Both
Guidelines were prepared for the analysis of the
buried pipelines under the fault displacements. For
tunnels in fault zones, FHWA-NHI-10-034 [32] and
MCEER-06-SP11 [33] have suggested employing
the same beam-spring model as proposed by
ASCE [30] Guideline.

Lin et al. [20], Baziar et al. [34], and Mamaghanian
et al. [35] have investigated the deformation of both
tunnel and surrounding soil in the two-dimensional
plane-strain condition (Figure 2a). These studies
have revealed that the presence of a rigid or flexible
tunnel within the alluvium could bifurcate the shear
zone band emanated from the bedrock fault. Hence,
the deformational pattern of the ground surface
would alter due to the presence of the tunnel.

To investigate the role of tunnel boundary con-
ditions, tunnel length, and tunnel depth on the
stress-strain behavior of the lining, Cai et al. [18]
conducted centrifuge tests and numerical analyses
under the condition of normal faulting (Figure 2b).
The relative orientation between the tunnel and the
fault trace was 90°. The influence of boundary
conditions on tunnel response was insignificant for a
length longer than a specific value (700 m in their
study). The results also showed that increasing
the depth of the tunnel will increase the tunnel's
longitudinal strains during the normal faulting. It
should be noted that in Cai et al. [18], the tunnel
behavior in both centrifuge models and numerical
analyses were considered to be linear elastic.

It has been noted before that there is very little

Figure 2. (a) The development of the fault zone in a two-dimensional plane strain problem [20] and, (b) The geometrical properties
of a centrifuge test on a model aluminum continuous tunnel [18].

available in the literature regarding the tunnels
constructed in the soil and subjected to the active
fault displacements. In all the studies reviewed
here about the effects of faults on the alluvial
tunnels, however, what is not yet clear is the effect
of the Fault Zone Width (FZW) on the concrete
lining behavior. Besides, there are no previous
reports in the literature on the influence of the
rebar content on the response of the tunnels to the
fault rupture. Thus, the objective of the present
investigation is to find the effects of the FZW and
rebar percentage on the maximum bending
moments, forces, and strains in the lining of a typical
tunnel. It is assumed that this tunnel has been
constructed in sandy soil and subjected to a 60°
reverse faulting. To this end, a numerical program,
which developed by authors at IIEES, has been
employed. This program validated and verified by
the results of the centrifuge tests performed at
IIEES by the authors and by Cai et al. [18].

2. A Numerical Method for Analyzing of Alluvial
Tunnels Against Reverse Fault Displacements

Since 1980, different numerical methods have
been employed to analyze the tunnel and fault
rupture interaction [16, 18, 20, 29, 34, 36-38]. Finite
element, finite difference, and discrete element
methods have been used for this purpose. Moreover,
it should be noted that the analytical methods
developed for the buried pipelines could also be
used in evaluating fault-tunnel interaction [39-41].
However, according to MCEER-06-SP11 [33], one
should consider the overestimations that these
analytical methods will impose on the results of the
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concrete tunnels.
The interaction between a tunnel and the

surrounding soil could be modeled using either
methods: beam-spring or three-dimensional con-
tinuum approach. Due to some problems such as
the modeling complexities, convergence problems,
severe increasing of the degrees of freedom,
problems in introducing the contact elements
between tunnel and the soil, difficulties in fault
rupture modeling, and many computational efforts
required in continuum approach, FHWA-NHI-10-034
[32] and MCEER-06-SP11 [33] have recommended
to use the beam-spring method for the analyzing of
the fault-tunnel interaction (Figure 3a and 3b). In
this method, the tunnel is discretized into several
beam-elements; each could take into account the
axial, shear and bending deformations (Figure 3b).
These elements can provide stresses and strains
across the cross-sections along the tunnel axis.
The material and geometrical nonlinearity could be
incorporated into these elements. The surrounding
soil, in this approach, is substituted by a series of
soil-equivalent nonlinear springs (Winkler type),
which are connected to each node of the modeled
beam. Figure (3c) displays the mechanical behavior
of these springs, which is elastic-perfectly-plastic.
Furthermore, they are just working in compression
mode and are tension-free springs.

In this paper, a series of studies on the behavior

Figure 3. (a) the actual problem of the tunnel and a dip-slip fault intersection; (b) the simplification of the tunnel-fault problem for
numerical modeling; (c) The soil-equivalent springs around the embedded beam and simplified mechanical behavior of springs.
Tunnel substituted with a beam [30, 32].

of the continuous tunnels with reinforced lining has
been performed. The tunnels constructed in the
soft ground (sandy soil) and subjected to the reverse
fault movement (60° dip-angle). The beam-spring
method has been utilized in this study. In addition,
the finite-difference numerical approach has been
used for the discretization of the beam elements in
the tunnel. An in-house computer program has been
developed in IIEES for the numerical studies of the
tunnel-fault interaction. This program could consider
both the material and geometrical nonlinearity. A
detailed description of this program along with the
beam-spring and the finite difference methods are
available in Tohidifar et al. [42].

3. Verification of the Finite Difference Code with
Normal Faulting Centrifuge Tests of Cai et al.
[18]

In the Introduction section of this paper, it has been
shown that Cai et al. [18] have performed two
centrifuge tests to study the behavior of continuous
tunnels subjected to normal faulting (Figure 2b). In
order to verify the accuracy of the results of the
above-mentioned finite difference code with a
practical case, the beam-spring model of Cai et al.
[18]'s experimental tests have been constructed
in this paper. The tunnel dimensions and material
properties for numerical analyses were adopted
the same as the centrifuge tests (Table 1). The
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Table 1. Dimensions and material properties necessary for the numerical analyses in the verification section (Data based on Cai et
al. [18]).

Table 2. Spring properties necessary for the numerical analyses in the verification section based on the ASCE [30].

centrifugal acceleration was 50 g. Therefore, the
soil unit-weight has been multiplied by a 50 factor
to similitude the real overburden pressure on the
model tunnel (Table 1). The axial, Transverse-
vertical-bearing and vertical-upward spring
properties were derived according to the ASCE
[30] Guideline. These elastic-perfectly-plastic
springs were characterized by a yield displacement
and a yield force. For two separate centrifuge tests
with varying embedment depths, these spring
properties have been obtained as Table (2).

Figure (4) shows the comparison between the
longitudinal strains induced at the tunnel crown
during the final displacement of the fault. It can be
seen in this figure that there is a good agreement
between the experimental and numerical results.
Therefore, the developed finite difference code has
predicted the centrifuge experimental data appro-
priately.

4. Centrifuge Test on a Tunnel under Reverse
Faulting and verification of the numerical
method

The behavior of tunnels, when subjected to the
displacements of the reverse faulting, is completely
different compared to the situation of the normal

fault offsets. In general, there is limited information
on the tunnel performance during the reverse fault-
ing [16, 19, 20, 34]. Past experimental investigations
just limited to the centrifuge tests of Burridge et al.
[16], if tunnel-fault intersection angle is equal to 90
degrees. It has already been seen in the Introduction
section that the scaled model tunnel of Burridge et
al. [16] have been manufactured from Aluminum
material. Because of the different stress-strain

Figure 4. Comparison of the longitudinal strains at the crown
of the tunnel for two embedment depths (dT=7.5 & 12.5 m).
Results are from the current study's numerical analyses and
experimental measures by Cai et al. [18].
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characteristics of Concrete and Aluminum, especially
in the vicinity or after the concrete cracking, their
results should be treated with care.

Moreover, the boundary conditions of the model
tunnel in Burridge et al. [16] were such that they
were neither free nor fix. In fact, the flexibility or
rigidity of the boundary conditions was unknown.
Due to these deficiencies, more investigations are
necessary for this field.

In order to study the behavior of tunnels against
reverse faulting more precisely, one centrifuge test
has recently been performed by the authors at the
advanced laboratory center of IIEES. The centrifuge
gravitational acceleration, Ng, which defines the
scaling factor of the linear dimensions of the model
to prototype (1/N), was equal to 25 g. The soil was
Firoozkooh Sand No. 161 with the physical and
mechanical properties presented in Table (3). For
modelling of a concrete tunnel with 2.8 m outer
diameter and 12.5 cm lining thickness, an asbestos
cement pipe with 11.2 cm outer diameter and 6.5 mm
thickness has been adopted. The length of this
pipe in the centrifuge test was 63 cm (15.75 m in
prototype scale). The modulus of elasticity of the
concrete has been assumed to be 25 GPa. The same
modulus for the asbestos cement pipe was 20 GPa.

The fault rupture split box for the geotechnical
centrifuge tests was designed and manufactured
in IIEES by the authors, recently (Figure 5). This

Figure 5. Fault-rupture split box, designed and manufactured
for the advanced geotechnical laboratory of IIEES.

Table 3. Physical and mechanical characteristics of the Firoozkooh Sand No. 161.

device could simulate the action of a reverse fault
with a 60° dip-angle. The dimensions of the soil
container part of the box are 80 cm long, 70 cm
wide, and 58 cm deep. It consists of a stationary
floor (foot-wall) and a moving portion (hanging-
wall) (Figure 5). The movement of the hanging-
wall side is provided by the ramming force of a
hydraulic-jack just placed in the backside of the
right end-wall. The maximum allowable vertical
displacement of this hanging-wall is 5 cm. For
checking the deformation of the soil during the fault
rupture and for taking consecutive pictures for the
subsequent images processing, a Plexiglas plate
with 4 cm thickness has been placed in front side of
the box's container.

For modelling the tunnel-fault interaction, the
soil depth in the box was considered to be 28 cm.
Under 25 g gravitational acceleration, this depth
simulated a sand deposit with 7 m height in
prototype scale. The sand has been poured and
compacted in seven layers. The thickness of each
compacted layer was 5 cm, except that the last
upper layer which had 3 cm thickness.

The left boundary of the model tunnel was
placed inside a steel sleeve which extended to the
adjacent end-wall (Figure 6). The inside diameter of
this sleeve was greater than the outer diameter
of the asbestos tunnel. Therefore, a strip of very
compressible polyethylene foam with annular shape

Figure 6. The model tunnel (asbestos cement pipe) placed in-
side the split-box.
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was placed between sleeve and pipe. In this case,
the model tunnel could rotate and displace without
any resistance inside this boundary (free boundary).
For the right boundary in the hanging-wall side,
the model asbestos tube was placed over a solid
cylindrical polyurethane foam. This flexible foam
could glide smoothly inside the tunnel. As illustrated
in Figure (6), the cylindrical foam was extended
to the right end-wall. Therefore, during the fault
movements, due to the flexibility and compressibility
of this foam, the right boundary of the model tunnel
simulated the free condition.

The model tunnel was placed at a depth of the
4.9 m (prototype scale) from the ground surface
(central tunnel axis to the surface). The fault's
vertical displacement was 4 cm in model scale and
1 m in real scale.

Figure (7a) shows the deformed shape of the
model tunnel after the 4 cm vertical displacement of
a reverse fault (model scale). A rigid body motion,

Figure 7. (a) Deformation of model tunnel after centrifuge test due to 4 cm vertical displacement of fault, and (b) the longitudinal
strain spectrum of the tunnel obtained from numerical analysis.

including rigid displacement and rigid rotation, has
been obtained for the model tunnel. Three factors
were responsible for this rigid movement. These are
(1) the finite length of the model tunnel, (2) the free
boundary conditions at either side of the asbestos
cement pipe, and (3) the higher stiffness of the pipe
to the surrounding soil. Further inspections of the
pipe after the test have revealed that there was no
sign of any cracks or spalling in the model tunnel.
Therefore, the model tunnel has worked in the
linear-elastic range.

For better understanding the behavior of this
tunnel, a numerical study has also been performed.
The elastic modulus of the tunnel in numerical
analysis was the same as the asbestos cement's one
(i.e. 20 GPa). Besides, the lining material behavior
was assumed to be elastic. Soil equivalent spring
characteristics have obtained in Table (4). Figure (7b)
presented the spectrum of the longitudinal strains
along the tunnel. The maximum and minimum

Table 4. Spring properties for the numerical analysis of IIEES centrifuge test.
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longitudinal strains based on this figure was 0.04%
and -0.04%, respectively. The onset of com-
pressive yielding of the concrete based on fib [43]
is -0.175%. This value is higher than the -0.04%
developed in the tunnel lining. Therefore, the tunnel
has not yielded or crushed in compression mode.

On the other hand, the tensile failure of a
concrete with  occurs at a strain equal to 0.014%
[44]. This value is lower than the +0.04% created in
the lining of the model tunnel. Therefore, tension
cracks should be developed in the prototype concrete
tunnel. Consequently, tunnel requires longitudinal
reinforcements to bear this tension strain.

The rotation angle of the tunnel in Figure (7a)
was 5°. The numerical analysis predicted this
rotation as 4.8° through the entire length of the
tunnel. Therefore, the rigid body motion of the
model tunnel has also been shown in the numerical
analysis.

The limited dimensions of the split box have
precluded to model a prototype tunnel with essen-
tially infinite length. The calibrated numerical
model with above centrifuge test could be helpful
in modelling of an infinite prototype tunnel. There-
fore, a real tunnel with 2.8 m outer diameter, 12.5 cm
lining thickness, and 900 m length was modelled
in the same embedment depth as above. A 60°
reverse fault with 1 m vertical displacement has
been imposed on the tunnel. For the comparison
with the results of the model tunnel in the centrifuge
test, the yielding and failure of the lining material
have been prevented. Therefore, linear elastic
material was used again in this analysis.

Figure (8) demonstrated the longitudinal strains
in the top and bottom fibers of the tunnels modelled
numerically in this study (i.e. centrifuge test model
and infinite tunnel). It is evident from this figure
that the effect of the boundary conditions on the
magnitude of the developed strains was significant.
The maximum tensile and compressive strains in
the top fiber of the infinite tunnel were 35 and 19.5
folds greater than the same strains of the centrifuge
tunnel, respectively. These values for bottom fiber
were 9.75 and 42.3. Moreover, the magnitude of the
tensile and compressive strains in the infinite tunnel
was such that the compression and tensile failure of
the lining concrete would occur by 1 m displacement
of the fault.

5. Numerical Analyses of Tunnel under Reverse
Faulting (Parametric Study)

To address the behavior of cast-in-place rein-
forced concrete tunnels constructed in sandy
deposits and subjected to the reverse faulting, a
parametric study has been performed in this paper
on the circular tunnels. It was assumed that the
tunnel had a length equal to 300 m and was under a
60° reverse fault offset (Figure 9a). The Fault
Zone Width (FZW) in the middle portion of the
tunnel had a length equal to 5, 10, and 50 m
(Figure 9a and 9b). A hyperbolic distribution for
both vertical and horizontal PGD has been assumed
(Figure 9b). If the maximum vertical PGD is
considered to be equal to δ, then because of the 60°
reverse fault displacement, the maximum horizontal
PGD would be cot δ(60°).

The cross-section of the tunnel was a tube-liked
reinforced concrete section that according to
section A-A in Figure (9a) has been schematized
in Figure (9c). The unconfined cylindrical com-
pressive strength of the concrete at the age of
28 days has been considered to be cf ′ = 25MPa.
The longitudinal and shear reinforcements had a
maximum yield strength equal to 420 MPa and an
elastic Young's modulus equal to 200 GPa (US steel
grade 60). The stress-strain curve of the concrete
and the steel materials that have been used in this
numerical analysis are presented in Figure (10).
These simplified curves have been suggested by
different Standards and Guidelines such as TEC [45],
fib [43], Eurocode2 [46] and ITA [47].

The tunnel outer diameter has been assumed to

Figure 8. Development of the longitudinal strain in the top
and bottom fiber of the prototype tunnels.
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Figure 9. (a) Longitudinal view of the modeled tunnel in the
soil. Springs are worked in axial, vertical downwards and
upwards but for graphical reasons not shown here; (b) the
distribution of the permanent ground deformation in the vertical
and horizontal directions and the fault zone; (c) A-A cross-
section of the modeled Tunnel.

Figure 10.  Simplified stress-strain curves for, (a) reinforcing
steel, and (b) concrete. According to fib [43] and ITA [47].

Table 5. Amount of longitudinal and shear reinforcements for tunnels in the current study

be 6 m (Figure 9c). This diameter corresponds to
a single-track train or metro tunnel. Besides the
concrete lining thickness has been considered to be
equal to 30 cm, which satisfies the minimum

thickness conditions of ITA [48] and O'Rourke [8].
The embedment depth of the tunnel has been
supposed to be 10 m. This depth indicates that
the type of examined tunnel was shallow.

The concrete cover for reinforcements at the
outer and inner surfaces of the circular tunnels was
8 cm and 5 cm, respectively (Figure 9c) [48-49].

The ratio of the total cross-sectional area of
the longitudinal reinforcements to the gross area
of the concrete tunnel has been assumed to be
ρs  =  0.5, 1.5 and 4%. The total cross-sectional
area of both longitudinal and shear reinforcements
are also higher than the minimum values proposed
by the International Tunneling Association [48] as
demonstrated in Table (5).
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The analyzed tunnel has been assumed that bored
in a soft ground medium. This soft ground was a
dense sandy deposit with 40° friction angle and
17 kN/m3 unit weight density. It was also assumed
that the ground is homogenous and isotropic.
Therefore, a constant soil friction angle (i.e. 40°)
has been used in the estimation of the capacity of
the soil springs required in the beam-spring
models. As already described, the definition of
these equivalent nonlinear springs is leaned on the
guidelines for the seismic design of oil and gas
pipeline systems, ASCE [30].

The speed of execution is crucial in such nu-
merical analyses. Therefore, a preliminary mesh
length analysis has been accomplished to minimize
computational costs. An optimum beam-element
length equal to 2.5 m has been obtained, which for a
300 m long tunnel led to 121 equally spaced nodes
along the modelled tunnel beam.

6. Fault Displacement Effects on the Bending
Moment, Axial and Shear Forces

This section describes the nature of the deve-
lopment of the bending moments, axial and shear
forces in a concrete tunnel induced by the perma-
nent ground displacement. The profile of the vertical
displace-ments of a tunnel with Do = 6m, t = 0.3 m,
dT = 10m, ρs  = 1.5%, and FZW = 10 m is presented
in Figure (11a). Four different levels of vertical
fault offsets have been illustrated in this figure
(i.e. δ = 3, 6, 9, and 12 cm). The pattern of these
displacement curves is such that they are all
showing an inflection point in the center of the fault
region. The inflection point is a point that the curva-
ture, κ, changes its sign from positive to negative or
vice versa (Figure 12a). Based on the principles of
structural analysis, the bending moment of a beam is
dependent on its curvature magnitude (e.g. in elastic
region M = κ(EI)t). Therefore, the intersection of the
bending moment curves with M = 0 line in Figure
(11b), also show the point of inflection inside the
fault zone.

The maximum magnitude of dM/dx occurs at
the inflection point. Therefore, based on the prin-
ciples of the mechanics of the materials [50], the
maximum beam shear force should be placed at this
point (V  =  dM/dx). Figure (11c) shows this matter
clearly. Moreover, the shear forces were equal to

Figure 11. Variation of (a) vertical displacements; (b) bending
moments; (c) shear forces; and (d) axial forces; for a tunnel
with Do = 6 m, t = 30 cm, ρs=1.5%, dT=10 m, FZW=10 m.

zero when V  =  dM/dx = 0. The distribution of the
axial forces along the tunnel has been demonstrated
in Figure (11d). The maximum axial forces for
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different fault displacements occurred in the
middle of the fault zone. The negative values of
the axial forces show that the tunnel cross-sections
were under compressive actions of the fault. This
compression force is one of the main characteristics
of reverse faults.

It is apparent from Figure (11b, 11c, and 11d) and
Figure (12a) that bending moments, shear and axial
forces, and curvatures were increasing functions of
the fault displacement. It should be noted that the
magnitudes of the bending moments, shear forces,
and curvatures in the hanging wall side of the fault
were higher than the footwall side. This finding
will be explained in more details in the following
paragraph.

Figure (12b) illustrated the general deflection
curve of a tunnel against the reverse fault movement.
If the inflection point of this tunnel is considered as
a pivot that the sign of the curvature changes
around it and exactly at this point M = 0 and
V = Vmax, then it could be assumed that there is an
equivalent shear surface that passes by this point
and divides the tunnel into two up-going and
down-going sections. This figure shows that in the
hanging-wall and foot-wall sides, the bearing and
upward springs have been activated, respectively.
Because the stiffness and the ultimate force of the
bearing springs were higher than the upward ones,
therefore, higher moments or shear forces have
been created in the hanging wall in comparison to
the footwall.

The location of the maximum moments, maxi-
mum shear, and maximum axial forces show that in
designing process of the tunnels for fault crossing,

Figure 12.  (a) Variation of curvature along the tunnel axis, and (b) the general concept of the tunnel deformation, equivalent failure
surface, and the nature of the activation of the vertical springs.

there are critical sections that should be considered
in the tunnel analysis. If no substantial ground
movements imposed on the tunnel, then increasing
the reinforcement ratio at these critical sections
might be useful in diminishing the tunnel liner
damages. This issue is discussed further in the next
section.

7. Effects of Longitudinal Reinforcement Ratio
ρs on Tunnel Response

In the previous section, the distribution of the
bending moments, shear, and axial forces for a
tunnel against fault displacements have been
obtained for ρs = 1.5%. This section is concerned
with the effects of the different ρs ratios (i.e. 0.5
and 4%) on the tunnel reactions against the surface
fault rupture. The FZW in this section had a range
from 5 to 50 m. The maximum fault displacement
has been assumed to be δ = 15 cm in the vertical
direction. This displacement is equivalent to an
earthquake with a moment magnitude, Mw, equal
to 3.5 Richter [51].

As seen in Figure (13-a), the increasing of the
reinforcement ratio caused a decrease in the
maximum curvature values for FZW = 5 m. On the
other hand, the maximum curvatures do not
change substantially for FZW = 50 m. The graphs
in Figure (13a) also show that by increasing the
FZW, the magnitude of the maximum curvatures has
been dropped drastically. These may be explained
by two possible mechanisms: (1) the localization of
ground displacements, and (2) the stiffness of the
tunnel. The increase of the reinforcement ratio will
cause increasing the tunnel stiffness. When the
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Figure 13. Variation of different tunnel parameters versus
longitudinal reinforcement ratio ρs, (a) maximum tunnel
curvature; (b) maximum bending moments; (c) maximum
axial force; and (d) maximum longitudinal strain on the lower
edge of tunnel's invert. (Do = 6 m, t = 30 cm, dT = 10 m, and
FZW = 5 & 50 m)

localization of the ground movements is high, i.e.
lower FZW or higher δ/FZW, the tunnels with
lower stiffness will deform more conveniently.
Therefore, more curvature along the tunnel axis will
take place.

On the other hand, for the higher FZW, the width
of the region of the ground displacements is such
that for a constant vertical fault displacement, δ,
the δ/FZW ratio is tenfold lower. Therefore, the
same δ has been distributed in the broader zone.
This lower angular ground deformation caused to
the smaller tunnel curvatures.

The maximum bending moment diagrams for
ρs = 0.5, 1.5, and 4% ratios and FZW = 5 and 50 m
are presented in Figure (13b). The general trend
of both FZW = 5 and 50 m curves is ascending.
There is a specific ρs value after which the bending
moment magnitudes will not change significantly.
It was expected that for FZW = 5 m, the moments
would be higher than FZW = 50 m. Referring to the
preceding paragraph, the lower tunnel curvatures
in FZW = 50 m have resulted in lesser magnitudes
of the maximum moments. The higher ρs values
cause to higher tunnel rigidity. Therefore, higher
bending moments have been developed for more rigid
tunnels

For the maximum axial force in the tunnels
(Figure 13c), which occur within the middle section
of the fault zone width (Figure 11d), there was no
difference between the FZW = 5 and 10 m. The
negative sign of these forces proves that the tunnels
were under compression due to the reverse faulting.
The trend of both curves was increasing by increas-
ing of ρs in the compressive part of the chart.
Also, similar to the maximum bending diagrams in
Figure (13b), it seems that there is an asymptote in
Nmax = -135 MN that makes an upper-bound for the
proposed curves. No significant changes in maxi-
mum axial forces will be happened by increasing
ρs values higher than 4%.

The maximum longitudinal strain (bending+axial
strains) in the lower edge of the tunnel's invert are
presented in  Figure (13d). In this study, this lower
edge strains have been more critical than the upper
edge of the tunnel's crown. Apparently, lower
compressive strains have been induced in FZW =
50 m. As already explained, the lower δ/FZW
ratio for FZW=50 m have indicated lower induced
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deformations into the tunnel. Therefore, lower
maximum curvatures, bending moments, and
longitudinal strains have been obtained in this case.
Conversely, the localization of the ground dis-
placement in FZW = 5 m was higher. Hence, the
developed strains were greater. The general trend
of the maximum strain curves was decreasing by
increasing of the ρs. However, the rate of this
reduction was higher for the FZW = 5 m. This figure
shows explicitly that the increase of the longi-
tudinal reinforcement ratio would be quite useful in
decreasing the strains and therefore the damages
imposed to the tunnel lining. This effect is slighter
for the wider fault zones (FZW = 50 m in this
study). For FZW = 5 m, the difference in maximum
com-pressive strain for ρs = 0.5% and ρs = 4% was
65%. It means that by δ = 15 cm, in a tunnel with Do

= 6 m, t = 30 cm, and dT = 10 m, the induced
strains with ρs = 4% were 65% lower than ρs =
0.5%. This diminution was 30% for ρs = 1.5% and
ρs = 4%. In addition, there is an optimum ρs value
after that the amount of the strain decreasing
would not be sensitive to ρs. It is suggested equal to
4% in this study.

8. Conclusion

This study has identified the effects of the ground
deformations due to the reverse faulting on the
response of the continuous concrete tunnels. A
computer program, which has been developed
based on the finite difference method, has been
employed for analyzing of the fault and tunnel
interaction. This computer program was verified
and validated through two experimental centrifuge
tests performed at the IIEES' advanced laboratory
center by the authors, and the tests carried out by
Cai et al. [18]. The results of the IIEES centrifuge
test and the subsequent numerical models have
shown that the length of the tunnel has a significant
and direct effect on the amount of the developed
strains in the lining.

A numerical parametric study has also been
performed in this paper. It was assumed that the
examined tunnels have been bored in sandy deposits
with cast-in-place reinforced concrete lining. The
assumed tunnels had Do = 6 m, t = 30 cm, dT = 10 m,
and ρs = 0.5, 1.5, and 4%. The Fault Zone Width
(FZW) was assumed to be 5, 10, and 50 m. The

results of the analyses have shown that the greater
the ground displacements, the greater the bending
moments, axial and shear forces, and curvatures.
There was an inflection point in the tunnel deflection
curves that in there the bending moments were
zero and the shear forces were maximum.

The FZW had a significant influence on the
maximum curvatures, bending moments, and
longitudinal strains. The smaller the FZW, the
more ground displacement localized. Therefore,
more strains, moments, and curvatures have been
obtained. Using a constant vertical ground dis-
placement, δ, the δ/FZW ratio was lower for higher
FZW. Therefore, relatively smaller angular defor-
mations imposed on the tunnel liner. It shows that
for wider FZWs, the maximum curvatures and
moments were smaller.

The increase of the longitudinal reinforcement
ratio, ρs, have made the tunnel stiffer and stronger.
Due to stiffness increment, the maximum bending
moments have been increased, while maximum
longitudinal strains have been decreased. It shows
that higher ρs magnitudes will be useful in decreas-
ing the lining strains and therefore in mitigation of
tunnel damages. It should be noted that there is a
limit value for ρs (=4%) after which the increasing
of ρs would not alter the strains, axial forces,
curvatures, and bending moments, significantly.
Consequently, ρs = 4% was an optimum value for
the tunnels studied in this paper. Besides, for higher
FZW (=50 m in this study), the variation of ρs did
not make sharp differences in reduction of longi-
tudinal strains or curvatures. Therefore, it is
recommended to consider the δ, FZW, and ρs

factors together in the estimation of the behavior of
the continuous tunnels against the surface faulting
action.
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