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Faulting would result in ground deformation and even damage to the tunnel structure. Thus, special structural designs should be
made when the tunnel passes through an active fault. A single-track railway tunnel crossing a reverse fault is used to study the
suitable structure type. In this paper, antidislocation structural measures such as reasonable segment length of articulated
lining, cross-section shape, and thickness of lining are discussed through the numerical simulation. Firstly, the rational
segment length of the articulated lining is confirmed. Stress and deformation behavior of articulated lining are also analyzed
after the fault move. Then, the antifault effect of two kinds of cross-section shapes and three different lining thicknesses are
compared. Researches show that the segment length of the articulated lining could be confirmed by the longitudinal
distribution of maximum bending moment of lining after faulting. There are apparent stress concentrations occurring in the
lining segment crossing the fault plane, and serious damage appears in the vault and wall waist of the tunnel. The horseshoe
section with big curvature inverted arch is recommended to a single-track railway tunnel across an active fault. Simply
increasing lining thickness is not suggested in a tunnel structure design crossing the active fault. The size of tunnel expansion
and the minimum length of segment across fault plane can be geometrically determined according to fault dislocation
magnitude and dip angle.

1. Introduction

With the continuous expansion of China’s infrastructure con-
struction scale and the implementation of the western devel-
opment strategy, some highway, railway, and subway tunnels
would inevitably pass through the seismically active zones.

The motion of an active fault includes the stick-slip and
creep-slip mode. The rapid rupture of the fault is a kind of
stick-slip dislocation, which is often accompanied by an
earthquake and results in surface rupture zones and surface
displacements. Slowly faulting without earthquake occurring
is called a creep-slip dislocation, which also can lead to sur-
face rupture and displacement [1]. The effect of fault reacti-
vation on the tunnel are mainly manifested as structural
damage caused by rock mass vibration (i.e., seismic prob-
lem) and the destruction caused by faulting slowly (i.e., anti-

faulting problem). Past earthquakes show that faulting is the
main cause of tunnel failure in comparison with seismic
excitation.

During the planning phase of a tunnel project, the active
fault zone should be avoided as far as possible. Special
designs should be carried out in case the fault cannot be cir-
cumvented. At present, the antifaulting measures of the tun-
nel structure mainly include flexible joints design, setting
cushioning, and damping layer, enlarging the excavation
cross-section design. Some tunnel projects have adopted
the typical antifaulting design, and scholars have conducted
some relative research.

In order to reduce the damage of tunnel induced by
faulting, partition measures are adopted in the tunnel lining
design. The articulated lining is a special partition structure.
It was utilized in the Bolu road tunnel in Turkey, Koohrang-
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III water transfer tunnel in Iran, etc. while crossing the active
faults [2–7]. In the Xi’an subway tunnel design, segmental
joints and enlarging section measures were used to with-
stand the large deformation of ground fissures [8].

Numerical modeling is an important design tool to dis-
close the soil-structure interaction between the tunnel lining
and the surrounding soil. Many researchers and practi-
tioners use finite element (FE) methods [9–15], or finite
difference (FD) methods [16–17] to perform numerical
modeling for tunnels.

Among them, the effects of tunnel position, fault dis-
placement, crossing angle, and fault dip angle on the contin-
uous tunnel have been studied [14, 15]. The faulting effect
on twin tunnels built by different construction methods
was investigated [9, 10].

As for the laboratory test, a centrifuge test is a common
means used to study the faulting effect on the tunnel. The
authors [18] conducted the first centrifuge physical model-
ing to assess the interaction of a continuous tunnel at the
intersection with active faults. A series of centrifuge tests
are planned and tested on continuous tunnels by Baziar
et al. [19]. Kiani et al. [20, 21] studied the behavior of a tun-
nel crossing with a normal fault and evaluated the behavior
of the shallow tunnels affected by a normal fault with differ-
ent dip angles using centrifugal laboratory models. Failure
mechanism, progression, and locations of damages to the
continuous tunnels are assessed through a gradual increase
in ground displacement [22–29].

Although the damage characteristics of the lining can be
reproduced more truly by centrifugal test, it has some prob-
lems such as high cost, consistency between prototype and
model, and boundary problems.

Due to the complex mechanical response of the tunnel,
the segment length, the cross-section shape of the tunnel,
and its stress characteristics while faulting still need to be
further studied. Taking a single-line railway tunnel as an
example, the reasonable segment length of the articulated
lining is firstly determined. Then, the stress distribution
and deformation characteristics of the articulated structure
are analyzed under faulting through numerical calculation.
Comparative studies are also made on the antifaulting effect
of different cross-section shapes and lining thickness.
Finally, the overcut design of the tunnel section is discussed.
Those would provide a technical reference for the design of
tunnel structure across active faults.

2. Materials and Methods

2.1. Study on the Segment Length of the Lining Structure. For
the tunnel located in an active fault zone, the tunnel lining
would suffer great bending and distortion under the action
of the strong faulting force. The conventional composite lin-
ing type has difficulty withstanding such strong external
force; hence, lining damage and structural failure would
appear. To minimize the damage caused by fault dislocation,
flexible joints are often used in the tunnel lining design.
Therefore, the continuous lining is divided into small seg-
ments by flexible joints. The deformation and stress concen-
tration mainly occur in the segment connection part with

less stiffness and greater flexibility when faulting. As a result,
the integrated damage of the structure is avoided.

In this paper, finite element numerical calculation is
used to determine the reasonable segment length of tunnel
lining according to the bending moment distribution char-
acteristics. The dip angle of the fault is 70°, and the slip dis-
tance is set as 20 cm. The horseshoe section shape of the
single-line railway tunnel utilized in the numerical calcula-
tion is shown in Figure 1, and the main mechanical indexes
of the lining are shown in Table 1. The lining material fol-
lows the Mohr-Coulomb yield criterion.

2.2. Method to Reveal the Stress and Deformation
Characteristics of Lining under Fault Dislocation. To study
the mechanical response of the articulated lining tunnel
crossing an active fault, a 3D numerical calculation model
(Figure 2) is used. The numerical model is 50m long, 56m
wide, and 62m high. The buried depth of the tunnel is
24m. The dip angle of the fault is 70°. Eight-node hexahe-
dron elements are used to simulate the surrounding rock,
primary support, and lining of the tunnel. The model is
divided into 303 852 elements. The interface is used to sim-
ulate the fault plane. The segment length of the tunnel is
14m, and one of the segments is intersecting with the fault
plane. The width of the link section, namely, the special
deformation joint, is 10 cm. The filling material of deforma-
tion joints is an elastic material low-pressure polyethylene
which is commonly used.

In the numerical calculation model, the rock mass, pri-
mary support, and the secondary lining are all elastoplastic
material following the Mohr-Coulomb yield criterion. The
filling material of deformation joints is treated as the
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Figure 1: Horseshoe section of tunnel lining (units: cm).
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linear elastic constitutive model. The physical-mechanical
parameters used in the numerical calculation are shown
in Table 2.

The forced displacement method is used to simulate the
fault dislocation. Faulting simulation includes two steps. The
first is the generation of the initial stress of lining. In this
step, the boundary of the upper surface of the model is free,
and the other boundaries are normal constraints. The sec-
ond is reverse fault dislocation. The boundaries of the foot-
wall remain unchanged, and the lateral and bottom
boundaries of the hanging wall are replaced by the displace-
ment vector. The vector is upwards and parallels to the fault
plane. The faulting value is 20 cm.

2.3. Research on the Applicability of Section Shape. To find a
reasonable cross-section shape for the tunnel across the
active fault, two different kinds of section shapes are selected
to be compared. The section forms are separately horseshoe
and circular. The two sections are area equivalent. The
horseshoe section is shown in Figure 1. The inner contour
area of the horseshoe section is 55.96m2, so the outer radius
of the circular section should be 4.22m. The supporting
parameters of the two sections are the same. The lining
thickness of the circular section is also 55 cm. Stress and
deformation differences between the different section shapes
are analyzed using numerical simulation.

2.4. Research on the Influence of Thickness of the Segmental
Lining. The stiffness of a tunnel structure is mainly affected
by material property and lining thickness. Under the action
of external force, the stiffness has a great influence on the
deformation of the structure. To study the influence of
cross-section size on the structure stress and deformation
under fault dislocation, three different lining thicknesses

are chosen. The lining thicknesses are separately 30 cm,
55 cm, and 85 cm. Numerical simulation is adopted to ana-
lyze the mechanical effect of different lining thicknesses
while faulting.

2.5. Design Method of Lining Structure Redundancy. During
fault dislocation, the deformation of the lining segment
intersecting with the fault plane is more complex. Transla-
tion movement and rigid body deflection of the segment
occur at the same time. Because the stress concentration
level of this segment is high, its damage is the most serious
among all segments. Therefore, in the length design of the
lining segment, a lining segment should be set across the
fault plane to reduce the influence of dislocation on adjacent
segments.

Because the tunnel lining could not resist the huge force
caused by fault dislocation, it is usually adopted to enlarge
the excavation section of the tunnel to provide the space
for the repair and maintenance of the tunnel. While reverse
fault dislocating, the tunnel design idea is shown in Figure 3.
Taking the inner clear height ðHÞ of the tunnel lining as the
controlling index, the inner clear loss of the tunnel is Δh1ð
Δh1 = S sin α when the fault dislocation is S. Therefore,
the enlarged section size of the tunnel lining in the uplifted
wall should be DðD =H + S sin αÞ through expanding exca-
vation of the tunnel bottom. In terms of geometric concepts,
the minimum length of the lining segment intersecting the
fault plane is LðL =HðH + S sin αÞ cot α =H cot α + S cos α
Þ. Thus, the tunnel redundancy (or expanding excavation
size) is determined by fault slip magnitude and dip angle.
And the minimum length of lining segment intersecting
with the fault plane is determined by the inner clearance of
lining, fault slip magnitude, and dip angle.

3. Results and Discussion

3.1. Determination of the Suitable Segment Length of Lining
Structure. The bending moment distribution of the tunnel
lining after faulting is shown in Figure 4. The value of the
maximum bending moment is 30:69 × 103 kN·m. It can be
concluded that the maximum bending moment of the lining
appears on both sides of the fault, and the length between
them is 14m. In the articulated design, the failure of tunnel
lining is mainly controlled by the maximum bending
moment. Since the deformation joints in the lining structure
are flexible connections, its design value of bending moment
should be less than that of the lining. That could ensure that
the flexible connection should be destroyed before the lining
segment destruction. The flexible connection parts become
plastic hinges. Therefore, in the design of the lining, the seg-
ment length should be less than the distance between the

Table 1: Mechanical parameters of the lining used in numerical calculation.

Lining EA (kN) Np (kN) EI (kN·m2) Mp (kN·m)

C45 reinforced concrete (55 cm thick) 5:786 × 108 48555 5:918 × 109 1:40 × 105

EA presents tension and compression stiffness in the axial direction; Np presents maximum tensile resistance; EI presents flexural rigidity; and Mp presents
the maximum bending moment.
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Figure 2: 3D numerical calculation model.
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two maximum moment locations. The maximum segment
length of the lining should be 14m.

3.2. Stress and Deformation Characteristics of the Segmental
Lining under Fault Dislocation

(1) Stress distribution characteristics of the lining

After the dislocation of the reverse fault reaches 20 cm,
the maximum and minimum principal stress and maximum
shear stress of the segments are shown in Figures 5–7. Con-

sidering the boundary effect of the numerical model, the
stress characteristics of the middle three segments (namely,
segment 2, segment 3, and segment 4) are analyzed.

(1) Distribution of the maximum principal stress

Figure 5 indicates that the maximum tensile stress of
segment 2 in the footwall (fixed part) is 1.25MPa and
appears at the waist and foot of the lining wall. The maxi-
mum tensile stress of segment 3 intersecting with the fault
plane is 1.26MPa and occurs at the waist of the sidewall.

Table 2: Equivalent physical and mechanical indexes adopted in the numerical model.

Items
Unit weight
(kN·m-3)

Elasticity modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal friction
angle (°)

Tensile strength
(MPa)

Rock mass of hanging wall 22 3.5 0.33 0.45 33 0.168

Rock mass of foot wall 19 1.5 0.38 0.15 25 0.047

Preliminary support 25 29.86 0.2 1.8 60 1.3

Lining 25 34.19 0.2 2.35 60 2.5

Material of deformation joint 10 0.006 0.42 — — —
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Figure 3: Diagram of clearance change of the tunnel lining segment under reverse fault dislocation.
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Figure 4: Bending moment diagram of lining after fault dislocation.

4 Geofluids



The maximum tensile stress of segment 4 in the hanging
wall (rising part) is 0.71MPa and occurs at the waist of the
sidewall. The maximum principal stress of segment 3 is
almost 1.7 times as much as segment 4.

Therefore, the tensile stress of the segments intersecting
with the fault plane and lying in the footwall is larger, while
the tensile stress of the segment in the hanging wall is smaller.

The maximum tensile stress occurs mainly at the waist of side-
wall. The wall waist is prone to longitudinal cracks.

(2) Distribution of the minimum principal stress

According to Figure 6, the maximum compression stress
of segment 2 in the footwall is -20.5MPa and appears in the

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5 Segment 6

Figure 5: Maximum principal stress nephogram (units: Pa).

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5 Segment 6

Figure 6: Minimum principal stress nephogram (units: Pa).
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arch of the tunnel. The maximum compression stress of seg-
ment 3 intersecting the fault plane is -23.3MPa and occurs
at the inverted arch of the tunnel. The maximum compres-
sion stress of segment 4 in the hanging wall is -16.9MPa
and occurs in the inverted arch of the tunnel. The minimum
principal stress of segment 3 is almost 1.4 times as much as
segment 4.

Therefore, the compression stress of the segment inter-
secting with the fault plane is the greatest. Affected by the
drag and squeeze action of the fault, the compression
stress of the segments in the footwall is greater than that
in the hanging wall. The maximum compression stress of
the segments in the hanging wall and intersecting with
the fault mainly occurred in the inverted arch of the tun-
nel. In contrast, the maximum compression stress of the
segments in the footwall has mainly appeared in the arch
of the tunnel.

(3) Distribution of the maximum shear stress

According to Figure 7, the maximum shear stress of seg-
ment 2 in the footwall is 10.7MPa and appears in the arch of
the tunnel. The maximum shear stress of segment 3 inter-
secting with the fault plane is 11.4MPa and appears in the
inverted arch of the tunnel. The maximum shear stress of
segment 4 in the hanging wall is 8.4MPa and occurs in the
inverted arch of the tunnel. The maximum shear stress of
segment 3 is almost 1.4 times as much as segment 4.

For the shear stress value, the biggest appears in the seg-
ment intersecting with the fault plane. And the stress of the
segment in the footwall is bigger than that in the hanging
wall. The maximum shear stress of the segments in the foot-
wall and intersecting with the fault occurs mainly in the

inverted arch. The maximum shear stress of the segment
in the hanging wall is mainly concentrated in the vault of
the tunnel.

(2) Deformation characteristics of the lining

Due to the faulting, the tunnel lining is subjected to
forced displacement resulting in significant vertical defor-
mation. Therefore, two typical positions of the vault and
the bottom of the inverted arch are selected to monitor the
lining displacement during the faulting. Figure 8 indicates
the vertical displacement curves of typical positions.

Segment 1 Segment 2 Segment 3 Segment 4 Segment 5 Segment 6

Figure 7: Maximum shear stress nephogram (units: Pa).
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We made the following conclusions according to
Figure 8: (1) The partition effect of deformation joints is
obvious, and the vertical deformation of segments 1 and 2
located at footwall is very small. (2) The deformation of seg-
ment 3 intersecting the fault is more complex. Because of the
great stiffness of the lining, a rigid deflection of segment 3
occurs besides upward displacement under the fault forced
dislocation. (3) The deformation of the segments 4, 5, and
6 in the hanging wall is basically identical. However, the dis-
placement of the vault is less than that of the inverted arch
due to the constraint of the upper surrounding rock. Under
the forced displacement applied to the bottom of the hang-
ing wall, the rock mass between the bottom of the model
and the tunnel in the hanging wall generates compression
deformation. Therefore, the calculated displacement in the
inverted arch of the tunnel is less than 20 cm.

3.3. The Applicability of Section Shape of the Tunnel Crossing
an Active Fault

(1) Comparison of stress characteristics of the lining
segments

The calculation results of the maximum principal stress,
minimum principal stress, and maximum shear stress of the
main sections of different section shape tunnel lining are
listed in Table 3.

The following can be seen from Table 3: (1) The maxi-
mum compression stress and shear stress of the circular
shape are smaller than that of the horseshoe, while the max-
imum tensile stress is greater than that of the horseshoe after
faulting. On a whole, the circular section has a better ability
to withstand fault dislocation. (2) For the two kinds of cross-
section shapes, the internal force of segment 3 crossing the
fault plane is the largest and the damage is the most serious,
followed by segment 2 in the footwall and segment 4 in the
hanging wall. (3) The top and bottom of the circular shape
tunnel bear big tensile stress, compression stress, and shear
stress, which are the most vulnerable parts to damage.

(2) Comparison of deformation characteristics of lining
segments

The vault and the bottom of the tunnel are selected to
monitor the vertical deformation during the fault disloca-
tion. The lining deformation of the horseshoe section is
shown in Figure 8 above, and the deformation curve of the
circular section is shown in Figure 9.

Table 3: Comparison of lining stress between circular and horseshoe section shapes.

Items
Segment 2 Segment 3 Segment 4

σmax (MPa)
σmin
/MPa

σshear
(MPa)

σmax
(MPa)

σmin
(MPa)

σshear
(MPa)

σmax (MPa)
σmin
(MPa)

σshear
(MPa)

Circular
Value +1.49 -16.8 8.7 +2.12 -20.4 +10.9 +0.99 -13.0 6.9

Position Top Bottom Bottom Top Bottom Bottom Top Bottom Bottom

Horseshoe
Value +1.26 -20.5 10.7 +1.25 -23.3 +11.4 +0.71 -16.9 8.4

Position Inverted arch Sidewall Sidewall Sidewall Vault Vault Inverted arch Vault Vault
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Figure 9: Lining deformation curve of the circular section under
fault dislocation.
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The following can be concluded: (1) The deformation
characteristics of the circular and horseshoe segmental lining
are the same when the reverse fault moves. (2) The vertical
deformation of the inverted arch is the same. The vertical
deformation of the circular vault is smaller than that of the
horseshoe section, but the difference is small. The calcula-
tion results show that the circular section has some advan-
tages over the horseshoe section in deformation resistance,
but the difference is not significant.

In conclusion, adopting the circular section can reduce
the stress of the lining to a certain extent, but it has no obvi-
ous advantages in resisting dislocation deformation. Consid-
ering the economy and the functional requirements of the
single-track railway tunnel section, the horseshoe section
with large curvature is recommended to increase the effec-
tive utilization rate of the section.

3.4. Influence of Thickness of the Segmental Lining

(1) Deformation characteristics of the lining structure

The deformation difference of the lining with three kinds
of section thicknesses is illustrated by the vertical deforma-
tion of the inverted arch, as shown in Figure 10. It indicates
that the deformation characteristics of lining with different
section thicknesses have no obvious difference.

(2) Mechanical characteristics of the lining structure

The statistics of the stress of lining segments near the
fault plane are listed in Table 4.

The following conclusions are obtained: (1) Under dif-
ferent lining thicknesses, the maximum value of principal
stress and shear stress all appeared in segment 3 across the
fault, followed by segment 4 in the hanging wall. The least
value appears in segment 2. (2) When the thickness of the
lining changes, the larger the section thickness is, the greater
the minimum principal stress, and the maximum shear
stress are. However, the variation of maximum principal
stress with the section thickness is not apparent. (3) It is
not recommended to simply increase the lining section
thickness to resist fault dislocation.

3.5. Design of Lining Structure Redundancy. For the tunnel
engineering, the clearance height H of the tunnel lining is
9.22m, and the dip angle of the reverse fault is 70°. When
the dislocation of fault is 20 cm, the tunnel needs to be
expanded by 0.19m, and the section clearance height after
the expansion is 9.41m by the design method mentioned
above. From a geometric point of view, the minimum length
of the lining segment intersecting the fault plane is 3.5m.

4. Conclusions

For a tunnel across an active reverse fault, the reasonable
segment length of the articulated lining, the effect of the lin-
ing section shape and size, the expanding excavation size of
the tunnel section, and mechanical response are all studied
using numerical simulation. The main conclusions are
drawn as follows:

(1) The maximum segment length of the lining can be
determined according to the bending moment distri-
bution of the lining after fault dislocation. Under the
engineering conditions abovementioned, the seg-
ment length should less than 14m

(2) When the fault moves, the tensile stress, compres-
sion stress, and shear stress of the lining segment
intersecting with the fault are the largest. And its
stress value is 1.4~ 1.7 times as much as the segment
in the hanging wall. The vault and wall waist of the
tunnel would be seriously damaged

(3) The circular section shape can effectively reduce the
stress of lining structure, but it has no obvious
advantage in resisting dislocation deformation. For
the single-track railway tunnel, a horseshoe section
shape with large curvature inverted arch is recom-
mended to increase the effective utilization ratio of
the section

(4) As the thickness of the lining increases, the structural
stiffness increases, and the stress of the structure
becomes larger when the fault moves. Thus, it is

Table 4: Comparison of segment stress under three different lining thicknesses.

Thickness
of lining

σmax (MPa) σmin (MPa) σshear (MPa)
Value Position Value Position Value Position

30 cm

2# +1.2 Inverted arch -8.6 Vault, arch springing 4.4 Vault

3# +1.3 Vault、sidewall -16.8 Inverted arch 8.4 Wall foot

4# +0.7 Inverted arch -16.6 Arch springing 8.2 Arch springing

55 cm

2# +1.26 Wall waist -20.5 Vault 10.7 Vault

3# +1.25 Vault -23.3 Inverted arch 11.4 Inverted arch

4# +0.70 Vault -16.9 Wall foot 8.4 Wall foot

85 cm

2# +1.18 Wall waist -13.1 Vault 6.7 Vault

3# +1.30 Vault -32.1 Inverted arch 15.4 Inverted arch

4# +1.02 Vault -17.9 Inverted arch 7.4 Inverted arch

8 Geofluids



not suitable to adopt the measure of simply increas-
ing the lining thickness to resist the fault dislocation

(5) The expanding excavation size of the tunnel section
and the minimum length of lining segment across
the fault plane can be determined according to the
geometric characteristics of lining deformation dur-
ing fault dislocation
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