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Abstract: In order to explore the influences of fault dislocations on tunnel stability under seismic
action, a nonlinear dynamic simulation method for the rock—fault contact system is proposed. First,
considering the deterioration effect of seismic action on the ultimate bearing load of the contact
interface between rock mass and fault, a mathematical model is established reflecting the seismic
deterioration laws of the contact interface. Then, based on the traditional point-to-point contact type
in a geometric mesh, a point-to-surface contact type is also considered, and an improved dynamic
contact force method is established, which considers the large sliding characteristics of the contact
interface. According to the proposed method, a dynamic finite element calculation for the flow of the
rock—fault contact system is designed, and the accuracy of the method is verified by taking a sliding
elastic block as an example. Finally, a three-dimensional (3D) calculation model for a deep tunnel
through a normal fault is built, and the nonlinear seismic damage characteristics of the tunnel under
horizontal seismic action are studied. The results indicate that the relative dislocation between the
rock mass and the fault is the main factor that results in lining damage and destruction. The seismic
calculation results for the tunnel considering the dynamic interaction between the rock mass and
the fault can more objectively reflect the seismic response characteristics of practical engineering. In
addition, the influences of different fault thicknesses and dip angles on the seismic response of the
tunnel are discussed. This work provides effective technical support for seismic fortification in a
tunnel through fault.

Keywords: tunnel through fault; concrete lining structure; fault dislocation; seismic deterioration
effect; dynamic contact force; seismic damage analysis

1. Introduction

A large number of tunnel projects in China that are under construction or have already
been built, are located in earthquake-prone areas, especially in the southwest. The seismic
response of tunnels in areas of high earthquake intensity is a problem that must be faced in
current tunnel construction, especially for tunnels through fault fracture zones [1-3]. The
“5.12” Wenchuan earthquake indicated that tunnels with good engineering geological con-
ditions show good seismic performance, while tunnels with complex geological conditions,
including major changes of strata or poor rock properties, are more vulnerable to seismic
damage. Therefore, the fault fracture zone is the main area where the tunnel’s seismic
damage is concentrated [4-6]. Engineering practice indicates that once an earthquake
occurs, relative dislocation is easily produced between the rock mass and the fault, which
can lead to irreparable damage to the tunnel and can affect its normal operation. This also
makes rescue work in the earthquake area much more difficult. Therefore, it is necessary to
study the seismic damage characteristics of the tunnel through fault, which will have great
practical engineering value and social economic benefit.
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At present, model tests and numerical simulations are the main methods adopted to
study the dynamic response laws of the tunnel through fault under seismic action. In a
model test, Fang et al. [7] conducted a large-scale shaking table test study of a complex
tunnel through fault constructed in Tibet and analyzed the propagation laws of seismic
waves and the failure modes of the tunnel. Liu and Gao [8] studied the dynamic failure
characteristics of the tunnel through fault compared with ordinary tunnels, using shaking
table tests, and they analyzed the development process for lining cracks and the distribution
laws of dynamic earth pressure. Fan et al. [9] designed a 3D sliding device representing an
active fault and conducted a shaking table test to investigate the seismic performance of a
tunnel under normal fault sliding. Although many scholars have achieved a great deal in
shaking table test research on the seismic response behavior of the tunnel through fault, the
development and application of model tests are still limited by many factors. For example,
the engineering geological environment and the boundary conditions are difficult to grasp
accurately, and the test cost is very high.

Relatively speaking, the prospects for the application of numerical simulations are
more promising than those for model tests, due to their low cost and high efficiency.
Li et al. [10] analyzed the displacement difference and plastic zone of a railway tunnel
through fault under seismic excitation, using a solid element and a structural plane element
to simulate the fault. Yang et al. [11] studied the changing process of stress and strain in
a tunnel under the joint action of an earthquake and a fault, using the discrete element
method. Ardeshiri et al. [12] conducted a nonlinear dynamic analysis of a cavern—fault sys-
tem, using the hybrid finite difference-discrete element method. The key to the numerical
simulation of seismic damage in the tunnel through fault lies in establishing a reasonable
analysis method for the dynamic interaction between the rock mass and the fault. However,
most current studies assume that the rock mass and the fault constitute a continuous
system, which ignores the influence of discontinuous fault dislocations on the dynamic
response of the lining structure. In fact, the dynamic contact force method proposed by Liu
and Sharan [13] provides a good method for solving this kind of problem that does not
need iteration and is easy to combine with the explicit central difference method [14,15].
However, the traditional dynamic contact force method assumes a small sliding displace-
ment, which is clearly not perfect when simulating large dislocations between rock masses
and faults.

In this paper, an improved dynamic contact force method is established that considers
the seismic deterioration effect and the large sliding characteristics of the contact interface
between the rock mass and the fault. A calculation formula for the vibration deterioration
coefficient of the contact interface is obtained, taking into account the deterioration effect of
seismic action on the ultimate bearing load of the contact interface. Based on the traditional
point-to-point contact type, this method also takes the point-to-surface contact type into
account, and the solving strategies for the contact force and methods of judging the contact
state in the two cases are expounded. Then, the calculation flow of the improved dynamic
contact force method suitable for the tunnel contact system is designed. The simulation
results for the engineering case indicate that the proposed method reflects the nonlinear
seismic damage characteristics of the tunnel through fault reasonably well.

2. Seismic Deterioration Effect of Contact Interface

The dynamic deterioration effect of the rock structural plane under seismic action has
been confirmed by a large number of rock dynamic tests [16-18]. Through cyclic shear tests
on the structural plane for iron-cemented fine sandstone from the Wenchuan earthquake
area, Ni et al. [19] obtained a quantitative expression reflecting the vibration deterioration
effect of the structural plane. By introducing the vibration deterioration model and making
some appropriate modifications, this paper established a mathematical model suitable
for studying the deterioration laws of the ultimate bearing load of the contact interface
between the rock mass and the fault under seismic action.
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2.1. Influencing Factors for the Seismic Deterioration of Contact Interface

The deterioration effect of seismic action on the contact interface is a complex, dy-
namically changing process, and the deterioration degree can be quantitatively described
by the vibration deterioration coefficient D' (where t is the time). Summarizing previous
research results [20-22], it is found that the influences of dynamic cyclic action on the
shear properties of the structural plane mainly include the factors of relative velocity and
vibration wear. This paper adopts the influence coefficient of relative velocity 7/ and the
influence coefficient of vibration wear ;' to quantitatively describe the influences of relative
velocity and cyclic action on the ultimate bearing load of the contact interface. Assuming
that the relative velocity and the vibration wear are two independent factors throughout
the whole duration of the earthquake process, the vibration deterioration coefficient can be
expressed as

D' ="y M)
2.2. Calculation Formula for the Vibration Deterioration Coefficient

Li et al. [23] conducted rock shear tests under different shear velocities, normal stresses,
and undulating angles, using artificial concrete simulation samples. It was found that as
the shear deformation velocity increased, the shear strength of the rock joint decreased,
and the decreasing rate also decreased gradually. The attenuation laws of the joint strength
presented negative exponential changing characteristics, so the influence coefficient of the
relative velocity could be quantitatively described using a negative exponential model:

—A
AUt’ +B) @)

7=

where «, 8, and A are undetermined coefficients and AUt is the relative shear velocity
inmm/s.

Experimental research [19] indicates that as the number of shear cycles increases,
the shear strength of the structural plane decreases, and decreases rapidly in the initial
stage. After several shear cycles, the strength value remains unchanged, which can also be
described by negative exponential attenuation laws. Therefore, the influence coefficient of
the vibration wear can be expressed as

t
7' =P+ (1-Po)exp(—&;-) ®)
w
where ¢ is an undetermined coefficient, t,, is the whole duration of the earthquake, and P,
is a convergence constant.
Combining Equations (1)—-(3), the calculation formula for the vibration deterioration
coefficient of the contact interface can be obtained:

A
D' = |af

w

Au*’ +B)

oo+ (1= R exp(— ) @

The undetermined coefficients &, 8, A, Py, and ¢ in Equation (4) should be determined
according to the shear tests of rock materials in practical engineering. The relative shear

-t

velocity AU of the contact interface is obtained by the time-step integration of finite
elements, so that the vibration deterioration coefficient D! can be solved explicitly in each
time step for seismic loading.

3. Contact Conditions and Contact States
3.1. Contact Conditions

Figure 1 shows a typical contact problem. (); and (), are two objects, whose bound-
aries are I'1 and I'p, respectively. S, and S, are the given displacement and stress bound-
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aries, respectively. P and p are the external loads. [ and I’ are a contact point pair and #; and
11 are the unit normal and tangential vectors of the contact interface, respectively. When
the two objects are in contact, the contact system should satisfy the contact displacement
and contact force conditions in addition to the boundary and initial conditions. This paper
assumes that there is no initial gap between the two objects.

P

S, T P
Figure 1. Contact sketch of two objects.

(1) Contact Displacement Conditions

For two squeezed objects, it is generally considered that they will not embed into each
other, so the contact point pair ! and !’ should satisfy the displacement condition of no
embedding in the normal direction:

n"lf(ut/JrAt _ ullerAt) =0 (5)

where U} and Uf*At are the displacement vectors of I and , respectively, at time ¢ + Af.
The direction of #n; is from [ to I'.
For a contact point pair without relative sliding, the displacement condition of no

relative sliding in the tangential direction within time ¢~ + At should be satisfied:
R - UT) = f (U - u)) (©)

(2) Contact Force Conditions

For two objects in contact, the interaction forces between the contact point pair should
satisfy Newton's third law; that is, the following contact force conditions should be satisfied:

N, =-N|, T\, = -T )

where Nf/ and Nf are the normal contact forces of I’ and [, respectively. Tf/ and Tf are the
tangential contact forces of I’ and I, respectively.

3.2. Contact States

The above contact conditions only apply when two objects are in contact, and they do
not exist at the same time. There are generally three types of contact states: bond contact,
separation, and sliding contact. The static contact state is also considered in this paper.

(1) Bond Contact State

In the bond contact state, the contact interface has good bond properties and has no
relative sliding, so Equations (5)-(7) constitute the contact conditions. In addition, the
normal and tangential contact forces should not exceed the ultimate tensile load and shear
load, respectively:

IN{|| < D' fedy (®)
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ITH < D*(pslINJ | + feAr) ©)

where f. is the cohesive force of the contact interface, A; is the control area of I, and ys is
the static friction coefficient of the contact interface.

(2) Separation State

In the separation state, the bond properties of the contact interface are destroyed, and
there is no contact between the two objects. Therefore, the contact interface is not restricted
by the contact conditions, giving

INj[| = Tyl =0 (10)

(3) Sliding Contact State

In the sliding contact state, the bond properties of the contact interface are destroyed,
and there is relative sliding. This state is a sliding friction state, so Equations (5) and (7)
constitute the contact conditions. At this point, the tangential contact force should be
calculated according to the dynamic friction law:

ITi|| = D' g ||N} | (11)

where pg4 is the dynamic friction coefficient of the contact interface.
(4) Static Contact State

In the static contact state, the bond properties of the contact interface are destroyed,
but there is no relative sliding. This state is a static friction state, so Equations (5)—(7)
constitute the contact conditions. At this point, the tangential contact force should not

exceed the ultimate shear load:
IT{[| < D"us||NF | (12)

The above contact conditions are the relationships between the contact displacement
and contact force that the contact interface should satisfy when the contact state is known.
In the numerical calculation process, the contact state is often not known in advance, so it
is necessary to assume and judge it in each calculation step.

4. Dynamic Contact Analysis Method for Rock Mass and Fault

In the seismic loading process of a system, the contact states between the rock mass
and the fault can directly affect the seismic safety of the tunnel structure. Based on the
point-to-point contact type in the traditional dynamic contact force method, the point-
to-surface contact type is also considered in this paper, thus improving the method for
studying the nonlinear dynamic large sliding problem between a rock mass and a fault.

4.1. Fundamental Theory of the Dynamic Contact Force Method

According to the basic theory of kinematics, the dynamic balance equation for the
contact nodes can be obtained after the tunnel system is discretized using finite elements:

MU + Fgyp + Fing = F+ R (13)

where M is the mass matrix, U is the displacement vector, Fyamy, is the damping force vector,
Fint is the internal force vector, which is obtained by the stress integration of the elements,
F is the load vector of the seismic wave, and R is the contact force vector, R=N + T.

When the movement states of the contact nodes are known at time ¢, the integration
schemes of the movement variables at time t + At can be obtained, using the explicit central
difference method to solve Equation (13):

—t+At
Ut+At — U + Aut+At (14)
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ut+At _ UM —ut)

N -u (15)
— At Lt Atz
U =U+AMU + M (F = Fiy — Fyymp) (16)
A2
AutJrAt —_ TMilRt (17)

—t+At
where U s the predicted displacement when ignoring the contact force Rf and AU T4
is the modified displacement caused by R".

From the above integration schemes, we can see that the key to determining the
movement states of the contact nodes at time ¢ + At is solving for their contact force R'. R
should be determined based on the contact states and the contact conditions between the
rock mass and the fault within time t—t + At.

4.2. Solving for the Contact Force and Judging of the Contact State

The point-to-point contact is the most widely used contact type [14] and is very
effective in simulating the small sliding problem, but it is difficult to simulate the large
sliding problem well using this method. Based on the point-to-point contact type, the
calculation formula for the contact force was derived, and methods of judging the contact
state were designed. In order to simulate the large sliding problem between the rock
mass and the fault, we needed to extend the point-to-point contact method to include the
point-to-surface contact.

(1) Point-to-Point Contact Type

When the contact point pair has no large relative sliding, it can be considered that
the contact points are of the point-to-point type (as shown in Figure 2). In order to solve
the contact force R for this contact type, it can be assumed that the contact points are
in the bond contact state. Then, they should satisfy the contact displacement conditions
(Equations (5) and (6)). The normal and tangential contact gaps of the contact point pair
are denoted A, and A¢, and hence

—tHAE — A —t+Af At
An = n;r(ul/ - ul )1 Ay = trlr[(ul’ - Ul ) - (Ut/ B u;)] (18)

R

~NA >

Figure 2. Point-to-point contact.

Combining Equations (5), (6), (14), (17), and (18), and according to the contact force
conditions (Equation (7)), the expression for the contact force R; can be derived in the form
of a normal component N} and a tangential component T':

" 2M; My

N = 2 Amy, T =

2M; My,
_ At 19
E7 (M + Mp)AR2 ! (19)

(M, + M)A

where M; and M; are the lumped masses of I’ and , respectively.
If An > 0, this indicates that the contact points are in a tension state. If Nf satisfies
Equation (8), this assumption is correct; otherwise, the contact points enter a separation
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state, and then the contact force is modified according to Equation (10). If A, < 0, this
indicates that the contact points are in a compression state. If T} satisfies Equation (9), this
assumption is correct; otherwise, the contact points enter a sliding contact state, and then
the contact force is modified according to Equation (11).

(2) Point-to-Surface Contact Type

When the contact point pair has large relative sliding, it can be considered that the
contact points are of the point-to-surface type (as shown in Figure 3), and the cohesive
force is no longer considered in this case. In order to solve for the contact force R', it can
be assumed that the contact points are in a static contact state, so they should satisfy the
contact displacement conditions (Equations (5) and (6)). Assuming that I’ is the projection
point of [ on the contact interface, the displacement of ! is given by

u, = ; U, (20)
where p is the node number of the element to which the contact interface belongs, @, is the
shape-function value of p and My is the equivalent lumped mass of I, as shown below [24].

M, P
My =Y mp, my = =-F (21)
p %q)q

where m,, is the mass contribution of p, My, is the lumped mass of p, and g has the same
meaning as p.

=z

Bl
7

Figure 3. Point-to-surface contact.

According to the contact conditions, the expression for the contact force R} can also be
derived in the form of Equation (19). The contact force of p is calculated via

Nt =

m
t t P
g - N, T = =F

P My T (22)

If An > 0, this indicates that the contact points enter a separation state, and then the
contact force is modified according to Equation (10). If A, < 0, this indicates that the
contact points are in a compression state. If T! satisfies Equation (12), this assumption is
correct; otherwise, the contact points enter a sliding contact state, and then the contact force
is modified according to Equation (11).

4.3. Calculation Flow of the Improved Dynamic Contact Force Method

Before the seismic action is applied, the discontinuity of the finite element model
can be realized by adding common nodes on the contact interface between the rock mass

and the fault. The main calculation procedures for the improved dynamic contact force
—HHAE

method are: (1) calculate the predicted displacement U, ignoring the contact force R;
(2) determine the contact types of all the contact point pairs; (3) use the improved method
to calculate and modify Rf; (4) calculate the modified displacement AU'*4! caused by R;
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(5) calculate the vibration deterioration coefficient D‘*4f. The dynamic finite element
calculation flow for the tunnel contact system at time t + At is shown in Figure 4.

< Start of calculation >
v

| Calculate U of all the contact nodes by using (16) |

| | Circulate all the contact point pairs | |<—

| Determine the contact type |

v v
[ Point-to-point contact ] [ Point-to-surface contact ]

I I
v

| Calculate N,, T/ by using (19) and (22) |

v

| Judge the contact state and correct N;, T/

Circulation is over

Yes

Calculate AU™™, U™, U™ by using (17), (14) and (15)

Calculate D'** by using (4)

v

@nd of CalculatiorD

Figure 4. Calculation flow for the dynamic contact system of tunnel at time f + At.

5. Verification of the Method

In order to verify the accuracy of the improved dynamic contact force method for
simulating large sliding displacements, the movement response of a sliding block under ex-
ternal loads (as shown in Figure 5) was selected for analysis [25]. The block was a cube with
an edge length of 1.0 m, and the sliding surface under the block was sufficiently large. The
block and the bottom surface were made of the same linear elastic material, with an elastic
modulus of 0.3 GPa, a Poisson ratio of 0.3, and a density of 300 kg/ m3. The finite element
mesh was composed of hexahedral elements with dimensions of 0.5 m x 0.5 m x 0.5 m. It
was assumed that the gravity of the block, the cohesive force of the sliding surface, and
the vibration deterioration effect of the sliding surface need not be considered. The static
and dynamic friction coefficients of the sliding surface were approximately equal. In order
to investigate the mutual transformation of different contact states, two calculation cases
were designed, as shown in Table 1 (where ¢ is the time).

.
T—»XL"';
VAV EVEVEY VYAV AV

O
Figure 5. Contact model of the elastic block.

0

— "
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Table 1. Design of calculation cases.

Case Initial Displacement Init(i)al Velocity Vertical Load Horizontal Load . . ..
u (m) a0 (ms) Fx (kN) Fr (kN) ¥
1 0 0 -30 24t 0.4
2 0 -20 -25 20 0.4
Taking the bottom center of the block as a monitoring point (as shown by the red dot
in Figure 5), the velocity and displacement time histories of the block, calculated by the
method developed in this paper and the analytical method, are plotted in Figures 6 and 7.
In the two calculation cases, the numerical solutions of the velocity and displacement time
histories of the block were basically consistent with the analytical solutions. The results
show that under the above assumption, the improved dynamic contact force method is
feasible, and is suitable for simulating different contact states of a contact system and the
large sliding problem for contact interfaces.
100 70
Analytical solution Analytical solution
80 4 — — — — Numerical solution 50 4 — — = — Numerical solution
£ 60- £ 304
z =
2 40- 2 104
o 2]
> >
204 ~10
0 L T T -30 T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (s) Time (s)
(@) (b)
Figure 6. Velocity time histories of the elastic block: (a) case 1; (b) case 2.
50 55
Analytical solution Analytical solution
_ 40+ — — — — Numerical solution _ pln P Numerical solution
g E 1]
Z 30- 5
£ 204 =
& & 154
a a
10 - 5
0 T T T =5 T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time (s) Time (s)

(@) (b)

Figure 7. Displacement time histories of the elastic block: (a) case 1; (b) case 2.

6. Engineering Case Study
6.1. Engineering Profiles and Calculation Model
The water diversion project of Central Yunnan is a super-large inter-basin water

transfer project, which takes water from the Shigu segment of the upper reaches of the
Jinsha River to solve the water shortage problem in the Central Yunnan areas. The control
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120m

™~

Hanging wall

project for the main canal is the Xianglushan tunnel in Dali section I, with a total length of
63.43 km and a buried depth of more than 300 m. Many active fault zones exist along the
line, most of which intersect with the line at medium or large angles. The basic earthquake
intensity degree of the tunnel area is degree 8, and the peak acceleration of the horizontal
ground motion with 10% exceedance probability in 50 years is 0.2-0.3 g. A tunnel section
with a fault and a buried depth of 400 m was selected for the seismic calculation in this
study. The rock mass is type IV, and the tunnel diameter is 9.8 m. The thickness of the
lining support is 55 cm, with a C30 concrete structure.

Due to the great depth of the tunnel, the number of elements would be very large and
the dynamic calculation would take a great deal of time if the 3D finite element model
was built to the ground surface. Therefore, a depth of only 55 m was used at the top of
the tunnel, to save calculation time. A normal fault with a thickness of 20 m and a dip
angle of 60° was considered, with an inclination parallel to the tunnel axis. The finite
element model was composed of 69,888 rock mass elements, 17,472 fault elements, and
8640 lining elements, all of which were eight-node hexahedrons, as shown in Figure 8.
The maximum mesh size was within 5 m, which satisfies the accuracy requirement of the
dynamic calculation. The initial contact node pairs were set between the hanging wall, the
fault, and the footwall, respectively. It should be noted that the contact interface between
the concrete lining and the fault or the rock mass was not considered.

Contact interface

(a) (b)

Figure 8. Three-dimensional calculation model of the tunnel with a normal fault: (a) whole model; (b) lining.

Based on a comprehensive analysis of in situ stress test results in the tunnel area, the
lateral pressure coefficients of the rock mass were taken as: kx =1.2, ky =0.74, kz = 1.0.
The values of the mechanical parameters of the tunnel materials are provided in Table 2.
The cohesive force of the contact interface between the rock mass and the fault was taken
as 0.35 MPa, and the static and dynamic friction coefficients were both taken as 0.53. The
undetermined coefficients in Equation (4) were taken as: « = 0.883, § = 0.02, A = 0.032,
Py =0.8, { =5. As the research was limited by current test conditions, the values of these
undetermined coefficients were mainly based on the test fitting curves in [19,23].
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Table 2. Mechanical parameters of tunnel materials.

. Elastic Modulus Poisson  Internal Friction Cohesive Tensile Compressive Density
Material (GPa) Ratio Angle (°) Force (MPa) Strength Strength (g-cm™3)
(MPa) (MPa)
Fault 0.3 0.33 24.2 0.1 0.50 10.0 2.0
Lining 30.0 0.17 46.0 2.0 1.43 12.7 2.5
Rock 5.0 0.29 35.0 0.6 1.30 40.0 2.7

6.2. Calculation Conditions

Based on the improved dynamic contact force method, a seismic response process sim-
ulation of the Xianglushan tunnel with a normal fault was performed, using the dynamic
time history finite element analysis program for an underground cavern [26]. The same
elastoplastic damage constitutive relation was applied to the rock mass and the concrete
lining, and the Mohr—Coulomb yield function with a tensile cut-off limit was applied as
the yield condition, expressed as

f®=01— 03Ny +2(1—D)cy/Ny, f =03 — 0" (23)

where 5 = 0 and f' = 0 represent the shear and tensile yield conditions, respectively,
and o3 and ¢y are the maximum and minimum principal stresses, respectively. It was
assumed that tensile stress is positive and compressive stress is negative. In addition, c is
the cohesive force, o' is the tensile strength and N, is a parameter expressed as

_1+sing

Nop = 1—sing

(24)

where @ is the internal friction angle. D is the damage coefficient, which is expressed as

D = /D3 + D} + D3 (25)

D; =1—exp(—Ry/elel), i=1,2,3 (26)

where D; is the damage coefficient of the i-th principal stress direction, sf is the cumulative
plastic deviator strain of the i-th principal strain direction and R is a dimensionless constant.

A free field artificial boundary condition was applied at the four vertical boundaries,
and a viscoelastic artificial boundary condition was applied at the top and bottom of the
finite element model.

In this study, a representative Kobe NS wave was selected for input to the model in
the form of acceleration time histories. A duration section of 15 s with high amplitude
was adopted to shorten the calculation time. Then, the amplitude of the input wave
was adjusted to 0.15 g to meet the requirements of seismic fortification intensity and the
amplitude reduction of a deep tunnel. The processed acceleration time histories are shown
in Figure 9, where only the x-direction seismic excitation is considered.

In addition, a contrasting calculation case was designed, with no contact node pairs
between the rock mass and the fault. In other words, the rock mass and the fault were
regarded as a continuous structure. Then, the seismic responses of the tunnel in the two
calculation cases (considering or ignoring the dynamic interaction between the rock mass
and the fault (with RFI or without RFI)) were analyzed comparatively. In order to monitor
the displacement and stress time histories of the lining, three monitoring points were set
at typical parts of the lining: the bottom arch, the haunch, and the top arch at the middle
position of the fault. It should be noted that the tunnel excavation and the lining support
calculations should be performed before the seismic action is applied.
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Relative displacement (cm)

Acceleration (m/s?)
(=}
1

_2 T T T T
0 3 6 9 12 15
Time (s)

Figure 9. Time history of x-direction acceleration of the input wave.

6.3. Analysis of Calculation Results
6.3.1. Relative Movement and Seismic Deterioration Analysis of the Contact Interface

In the seismic loading process of the system, the relative displacement and relative
velocity between the rock mass and the fault leads to the seismic deterioration of the contact
interface. A contact node pair close to the lining haunch was selected at the contact interface
between the hanging wall and the fault, to monitor the relative movement characteristics
of the rock mass and the fault. With the dynamic interaction included, the time histories
for the relative x-direction movement of the contact interface between the hanging wall
and the fault are plotted in Figure 10, and the time history of the vibration deterioration
coefficient of the contact interface is plotted in Figure 11.

30

20 4

Relative velocity (mm/s)
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Figure 10. Time histories of the relative movement of the contact interface between the hanging wall and the fault:

(a) displacement; (b) velocity.
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Figure 11. Time history of the vibration deterioration coefficient of the contact interface.

We can see from Figure 10a that the relative displacement of the contact interface was
very small at time 0-1.5 s, and it fluctuated violently and increased sharply at time 1.5-6.0 s.
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The maximum relative displacement was —5.14 cm, appearing at time 4.9 s. After time
6.0 s, the relative displacement basically remained at —4.40 cm. This indicates that the
movements of the rock mass and the fault were not synchronous under a large seismic
action, and an obvious dislocation displacement appeared between them. That is to say,
the rock mass and the fault were in a sliding contact state after time 6.0 s. We can see from
Figure 10b that the relative velocity of the contact interface presented similar fluctuating
change laws, due to the fluctuation of the input wave: the relative velocity fluctuated
violently at time 1.5-6.0 s and fluctuated gently after time 6.0 s.

We can see from Figure 11 that the vibration deterioration coefficient of the contact
interface presented clear negative exponential attenuation laws over time: the coefficient
decreased rapidly at time 0-1.5 s, then decreased to a certain extent at time 1.5-6.0 s, tending
to be stable after time 6.0 s. This indicates that the seismic deterioration effect of the contact
interface accumulated gradually over time, and its deterioration degree can be directly
reflected in the value of the vibration deterioration coefficient.

6.3.2. Displacement Analysis of the Lining

With the dynamic interaction between the rock mass and the fault considered or
ignored, the time histories of the x-direction displacement of the lining monitoring points
in the two calculation cases are plotted in Figure 12.

6 Top arch 6
4 Haunch 4
E 24 Bottom arch 5 24
5 0+ 5 o=/
g E VY
2 27 g 27
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'é —4 - Top arch é —4 Top arch
- — = -Haunch 1 - — = -Haunch
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Figure 12. Time histories of the x-direction displacement of the monitoring points: (a) without RFI; (b) with RFL

We can see from Figure 12 that the movement laws of the three typical parts were
basically the same, and only the magnitudes at each point in time were somewhat different.
On the whole, the displacement time histories of the bottom arch and the top arch were
basically the same, while the displacement of the haunch along the x-direction was larger
than that of the other parts. The main reason for this is that, influenced by the spatial
structure of the tunnel, the seismic response of the haunch was more intense than that of
the other parts under a transverse seismic wave. When the dynamic interaction between
the rock mass and the fault was ignored, the maximum displacement of the haunch was
—6.16 cm, appearing at time 3.0 s, and the maximum relative displacement between the
haunch and the bottom arch was —0.33 cm. When the dynamic interaction was considered,
the maximum displacement of the haunch was —6.31 cm, also appearing at time 3.0 s, and
the maximum relative displacement between the haunch and the bottom arch was —0.64 cm.
In the two calculation cases, the displacement responses of the lining are clearly different.
The main reason for this is that an obvious transverse dislocation displacement appears
between the rock mass and the fault under seismic action, which has an important influence
on the seismic response of the lining monitoring section, especially the displacement of
the haunch. This indicates that the transverse dislocation displacement between the rock
mass and the fault leads to large relative deformations between different parts of the lining.
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Maximum principal stress (MPa)

Therefore, considering the dynamic interaction between the rock mass and the fault can
more objectively reflect the displacement response characteristics of the tunnel structure.

According to the above analysis, the displacement of the lining haunch along the x-
direction reached a maximum at time 3.0 s. With the dynamic interaction between the rock
mass and the fault considered, the changing laws of the transverse maximum displacement
of the haunch along the tunnel axis at time 3.0 s are plotted in Figure 13. Here, the minus
sign indicates the direction.
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Figure 13. Changing laws of the maximum displacement of the haunch along the tunnel axis.

We can see from Figure 13 that the maximum displacements of the haunch at different
y coordinates of the footwall were basically the same. From the footwall to the fault,
the displacement decreased sharply at the contact interface, and increased rapidly at the
fault. From the fault to the hanging wall, the displacement appeared to change suddenly
at the contact interface, decreasing slowly at the hanging wall. This indicates that the
displacement of the lining was greatly affected by the fault dislocation, especially near the
contact interface. Compared with the lining at the footwall, the fault was more likely to
affect the lining at the hanging wall, which was characterized by a larger displacement.

6.3.3. Stress and Damage Analysis of the Lining

In view of the fact that the tensile strength of concrete is much smaller than its
compressive strength, only the changing laws of the tensile stress of the lining were
analyzed in this study, which is reflected in the maximum principal stress. With the
dynamic interaction between the rock mass and the fault considered or ignored, the time
histories of the maximum principal stress of the lining monitoring points in the two
calculation cases are plotted in Figure 14.
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Figure 14. Time histories of the maximum principal stress of the monitoring points: (a) without RFL; (b) with RFIL.
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We can see from Figure 14 that the changing laws of the maximum principal stress of
the three typical parts were basically the same: the stress increased slowly at time 0-1.5s,
then changed and increased rapidly at time 1.5-6.0 s, changing little after time 6.0 s. On
the whole, the tensile stress of the haunch was larger than that of the other parts. The
maximum tensile stress of the lining was 1.05 MPa when the dynamic interaction between
the rock mass and the fault was ignored, while the value was 1.43 MPa when the dynamic
interaction was considered, which is clearly larger than that in the former case. In addition,
when the dynamic interaction was considered, the maximum tensile stress of the haunch
reached the tensile strength of concrete, and the haunch may then suffer damage. This
indicates that the stress of the lining is greatly affected by the dislocation displacement
between the rock mass and the fault.

According to the above analysis, tensile damage appears on the lining when the
dynamic interaction between the rock mass and the fault is considered. Based on the
damage constitutive relation of concrete, the distribution of the damage coefficient of
the lining structure after the earthquake can be obtained, as shown in Figure 15, and the
changing laws of the damage coefficient of the lining haunch along the tunnel axis after the
earthquake are plotted in Figure 16.
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Figure 15. Distribution of the damage coefficient of the lining after the earthquake.
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Figure 16. Changing laws of the damage coefficient of the lining haunch along the tunnel axis.

We can see from Figures 15 and 16 that the damage area of the lining was mainly
distributed in a certain range near both sides of the fault and at the parts where the fault
passes through, especially at the haunch. From the footwall to the fault, the damage coeffi-
cient of the haunch first increased and then decreased. From the fault to the hanging wall,
the damage coefficient of the haunch also first increased and then decreased. Compared
with the other parts, the damage to the lining at the contact interface between the rock
mass and the fault was the most serious. Compared with the contact interface between
the footwall and the fault, the damage to the lining at the contact interface between the
hanging wall and the fault was more serious. The local damage coefficient of the haunch
at this part was close to 1.0, and the haunch may then crack. Based on the above analysis,
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the influences of fault dislocations should be considered in the seismic design of a tunnel
structure through a fault, from the perspective of engineering safety. In addition, according
to the distribution length of the damage area of the lining, the longitudinal layout range of
seismic fortification for the tunnel structure can be determined.

6.4. Discussion

The seismic response of the tunnel through fault is affected by many factors, including
fault thickness and fault dip angle. In this section, when the influences of different fault
thicknesses on the seismic response of the tunnel were considered, the fault dip angle
was uniformly set at 60°. When the influences of different fault dip angles on the seismic
response of the tunnel were considered, the fault thickness was uniformly set at 20 m. In all
the above calculation cases, the other calculation conditions remained consistent, including
the fact that the dynamic interaction between the rock mass and the fault was considered.

6.4.1. Influences of Fault Thickness on Seismic Response of the Lining

The maximum displacements and maximum tensile stresses of the lining monitoring
points under different fault thicknesses are plotted in Figure 17, and the damage coefficients
of the haunch monitoring point under different fault thicknesses are plotted in Figure 18.
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Figure 17. Maximum response values of the monitoring points under different fault thicknesses: (a) displacement;

(b) tensile stress.
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Figure 18. Damage coefficients of the haunch monitoring point under different fault thicknesses.

We can see from Figure 17 that as the fault thickness increased, the maximum dis-
placements of the three typical parts decreased gradually, tending to be stable when the
thickness exceeded 30 m. Similarly, the changing of the maximum tensile stresses with fault
thickness showed the same laws. This is mainly because the larger the fault thickness, the
farther the lining monitoring section from the contact interface between the rock mass and
the fault, so that the influence of the fault dislocation on the monitoring points is smaller.
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When the fault thickness exceeds a certain size, the influence of the fault dislocation on the
monitoring points can be ignored. It should be noted that the maximum tensile stress of
the haunch reached the tensile strength of concrete when the fault thickness did not exceed
20 m, and this part may then suffer damage. Furthermore, we can see from Figure 18 that
as the fault thickness increased, the damage coefficient of the lining haunch decreased
gradually, remaining at zero when the thickness exceeded 30 m.

6.4.2. Influences of Fault Dip Angle on Seismic Response of the Lining

The maximum displacements and maximum tensile stresses of the lining monitoring
points under different fault dip angles are plotted in Figure 19, and the damage coefficients
of the haunch monitoring point under different fault dip angles are plotted in Figure 20.
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Figure 19. Maximum response values of the monitoring points under different fault dip angles: (a) displacement;

(b) tensile stress.
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Figure 20. Damage coefficients of the haunch monitoring point under different fault dip angles.

We can see from Figure 19 that as the fault dip angle increased, both the maximum
displacements and maximum tensile stresses of the three typical parts first increased and
then decreased, reaching a maximum at 45°. This indicates that the fault dip angle had a
great influence on the seismic response of the lining monitoring section. It should be noted
that the maximum tensile stress of the haunch reached the tensile strength of concrete when
the fault dip angle did not exceed 60°, and this part may then suffer damage. Furthermore,
we can see from Figure 20 that as the fault dip angle increased, the damage coefficient of the
lining haunch first increased and then decreased, reaching a maximum at 45°. When the
fault dip angle exceeded 75°, the damage coefficient of the lining haunch remained zero.

7. Conclusions

(1) Considering the dynamic deterioration characteristics of a rock structural plane
under seismic action, a mathematical model reflecting the seismic deterioration effect of
the contact interface between the rock mass and the fault was established. Based on the
point-to-point contact type in the traditional dynamic contact force method, the point-to-
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surface contact type was also considered, and an improved dynamic contact force method
considering the large sliding characteristics of the contact interface was established. Then,
a nonlinear dynamic simulation method for the rock—fault contact system was developed.
The calculation flow of the improved dynamic contact force method was designed, and the
accuracy of the method was verified using the example of a sliding elastic block.

(2) Based on the improved dynamic contact force method, the nonlinear seismic
damage characteristics of a deep tunnel through a normal fault were studied. The relative
movement and seismic deterioration effect of the contact interface between the rock mass
and the fault, and the characteristics of displacement, stress, and damage to the lining,
were analyzed. The results indicated that the movements of the rock mass and the fault
were not synchronous under large seismic action, and the seismic deterioration effect of the
contact interface accumulated gradually over time. The proposed method can effectively
simulate the vibration deterioration degree of the contact interface and the nonlinear large
sliding problem of the rock—fault contact system.

(3) When the dynamic interaction between the rock mass and the fault was considered,
the displacement and stress responses of the lining were greatly affected by the trans-
verse dislocation displacement between the two, shown by a clear increase in the values.
Compared with the lining at the footwall, the displacement of the lining at the hanging
wall was more easily affected by the fault. Tensile damage appeared on the lining in the
seismic loading process, and the damage area of the lining was mainly distributed in a
certain range near both sides of the fault and at the parts where the fault passes through,
especially at the haunch. Compared with the contact interface between the footwall and
the fault, the damage to the lining at the contact interface between the hanging wall and the
fault was more serious. This indicates that considering the dynamic interaction between
rock mass and fault can more objectively reflect the seismic response characteristics of the
tunnel structure.

(4) The influences of different fault thicknesses and different fault dip angles on the
seismic response of the tunnel structure were discussed. As the fault thickness increased,
both the maximum displacements and the maximum tensile stresses of the lining moni-
toring points decreased gradually, tending to be stable when the thickness exceeded 30 m.
The damage coefficient of the lining haunch decreased gradually, and remained zero when
the fault thickness exceeded 30 m. As the fault dip angle increased, both the maximum
displacements and maximum tensile stresses of the lining monitoring points first increased
and then decreased, reaching a maximum at 45°. The damage coefficient of the lining
haunch first increased and then decreased, reaching a maximum when the fault dip angle
was 45° and remaining zero when the fault dip angle exceeded 75°.
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