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Influence of fault forms on the
evolution of concrete damage
patterns in tunnels
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School of Civil and Transportation Engineering, Hebei University of Technology, Tianjin, China,
2Company of Guangzhou Municipal Engineering Design and Research Institute, Guangzhou, China,
SPingdu Municipal Audit Bureau, Qingdao, Shandong, China

Quickly and accurately estimating the seismic weak surface of a fault tunnel is
one of the most severe challenges in tunnel seismic design. Therefore, the
strong nonlinear response of the Jinping Il Hydropower Station under the
dislocations of positive, reverse, and slip faults was investigated through the
finite element method using a static elastoplastic model. The results reveal the
damage and failure mechanism of tunnels under different faults. By using the
IDA damage rating index, the damage initiation, evolution, and development
process of tunnels under different types of faults are analyzed. The results
showed that the affected area of fault dislocation is concentrated and intense,
which is mainly distributed along the two sides of the fault surface. The damage
of the positive and reverse faults to the tunnel extends from the arch waist to the
vault and the invert of the arch, while the influence of the slip fault on the tunnel
is the greatest at the vault and invert of the arch and then extends to the arch
waist. In terms of the impact range, the reverse fault is the biggest, followed by
the slip fault, while the positive fault is the lowest. This study contributes to the
design and construction of tunnels through the faults.

KEYWORDS

Jinping Il Hydropower Station, fault movement, Rule of damage evolution, FEM,
rupture form

Introduction

Three large magnitude earthquakes, namely, those in the Kocaeli, Imperial valley, and
Chi-Chi zones (Archuleta, 1984; Ma et al., 1999; Yagi and Kikuchi, 2000; Kelson et al.,
2001; Russo et al., 2002), have shown that fault rupture can cause serious damage to the
structures, especially tunnels embedded within faults. Interaction of surface faults with
surface structures (such as bridges, dams, and buildings) or underground structures (such
as tunnels and pipelines) may cause significant damage to them (Ismail and Casas, 2016;
Hebbouche et al., 2020; Yp et al., 2020). In recent investigations of tunnel damage cases
after strong earthquakes, it has been found that permanent ground deformation from fault
dislocations can lead to cracking and even collapse of tunnel linings (Chen et al., 2012; Ma
et al, 2019; Ma et al., 2021). However, the researchers of earthquake engineering have
focused on the dynamic response of soils and structures than on the dynamic response of
the ground with ground displacements caused by rupture of earth faults in the past
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four decades (Baziar et al., 2014). Therefore, the potential impact
of fault dislocation on the safety of the tunnel structure needs to
be considered for tunnels in areas close to the active fracture
zones.

The interaction of surface faults with surface structures (e.g.,
bridges, dams, and buildings) or underground structures (e.g.,
tunnels and pipelines) may cause significant damage to them
(Livaoglu et al., 2019; Rajyaswori et al., 2020; Xuepeng et al., 2020;
Zhong et al.,, 2020; Yi et al., 2022). In order to fully understand
this phenomenon, a great deal of research has been carried out on
the aspect of tunneling through faults. Peng et al. (2013); Peng
etal. (2017) proposed the influence mechanism of ground cracks
on the tunnel and the disease prevention and control method
through model test and numerical simulation. Rofooei et al.
(Jalali et al., 2016; Rofooei et al., 2018) and Tan et al. (Kiani et al.,
2016) carried out a detailed parametric analysis of local buckling
of buried pipelines under reverse faults through experimental
and numerical studies. Sandbox model tests and numerical
simulations show that the effect of the reverse fault on the
tunnel is closely related to the fault dip and soil stiffness and
that the upper plate is more susceptible to deformation and
damage than the lower plate phase plate (Baziar et al., 2014; Kiani
etal., 2016; Cai et al., 2019). The results of centrifuge experiments
show that the concentrated settlement caused by positive faults
can cause serious damage to the tunnel (Sabagh and
Ghalandarzadeh, 2020). (2015) obtained the
relationship between the initial position of the positive fault
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fracture and the fault dip angle through sandbox experiments. In
the case of reverse faults, the tunnel needs to be designed with
additional protection against faults in order to reduce the damage
caused by the reverse faults (Kieffer et al., 2001; Yan et al., 2020).
They investigated the change pattern of the overburden caused
by the inverse fault movement based on the two-dimensional
discrete element method. Chang et al. (2015) investigated the
change pattern of the overburden caused by the inverse fault
movement based on the two-dimensional discrete element
method. Marchandon et al. (2020) found that the strike-slip
fault appears at the top of the fault, and the slip decreases. Experts
simulated the internal force and plastic deformation of the tunnel
under the dislocation of the walking slip fault by the finite
element method (FEM) and finite difference method (FDM)
(Zhao et al., 2019; Zaheri et al., 2020).

Most of the current studies focused on the reaction under
positive fault, reverse fault, and strike-slip fault dislocation.
However, the damage pattern of tunnels under the joint
action of multiple forms of staggering still needs further
investigation. In this study, the damage evolution of concrete-
based tunnels under the action of different fault dislocation forms
is investigated by the proposed static FEM method. This article
provides better suggestions for engineering design and
construction and achieving the purpose of predicting the weak
surface of the tunnel through the fault to avoid the adverse effects
of faults on the tunnel.
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FIGURE 1

Tension and compression curves of concrete. (A) Concrete in
CDP model tensile cracking strain; (B) Concrete in CDP model
compression cracking strain

Project overview

Jinping IT Hydropower Station is an important part of
China’s “West-East
“Sichuan Electricity Transmission”. The four diversion

Electricity Transmission” and
tunnels of Jinping II are characterized by large depth of
burial, complex environment of crossing strata, super
depth of burial, long hole line, and large hole diameter.
Such a topographical environment will lead to an
unfavorable geological environment, such as rock creep
and hydrodynamic seepage (Bai et al., 2021; Bai et al.,,
2022). The deep buried headrace tunnel is prone to
produce fault dislocation due to thermal hydraulic
coupling effects (Bai et al.,, 2019; Cao et al., 2022).
Jinping II Hydropower Station is located in the western
mountainous region of China, with complex geological
faults,
development and rock fragmentation. However, how to

conditions such as joints, and fissures
reduce the impact of active faults on existing tunnels is one
of the difficulties in design and construction.

According to the exploration data, the starting and ending
piles of the tunnel of the relying project are Citation (1)12 +

261.5~Citation (2)12 + 285, whose fracture zone form is
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mainly extrusion fracture zone. The fracture zone is filled
with white marble strips, rock chips, and mud, and the rocks
in the zone are subject to extrusion and dissolution.
Rendering of ferromanganese, the rock is soft and
vulnerable to impact such as an earthquake. The dip angle
of the fault is about 60°.

Modeling and parameter selection

Concrete tensile and compressive damage
model in ABAQUS

The fault movement has two main characteristics of strong
nonlinearity and large deformation in the tunnel. In order to
describe the damage process ideally, the concrete plastic damage
model was chosen for the lining. The model assumes that the
uniaxial tensile and compressive response of concrete is
characterized by plastic damage, as shown in Figure 1. The
response of concrete in tension (a) and in compression (b) to
uniaxial loading.

The stress-strain relationship between tension and
compression can be expressed as follows:

o= (1- dt)EO(st - gfl): (1)
0. = (1 - dc)EO(Sc - 551)) (2)
pl

where the subscripts t and ¢ refer to tension and compression. &
and Efl are the equivalent plastic strains. d;, d, is to indicate the
degradation of elastic stiffness characterized by two damage
variables. E, is the initial modulus of the material.

The model assumes that the reduction of the elastic modulus
is given by the scalar degenerate variable.

E=(1-d)E(0<d<]1), (3)

where E, is the initial (undamaged) modulus of the material.

(1-d)= (1 -sdo)(1 -scdy), 4

where s, sc is the parameter related to the stress
state (0<<s;,s.<1).
It is defined as follows:

s=1-wr" (61) 0<w, <1
se=1-w[l-r"(61)] O0<w.<Il’

TABLE 1 Material parameters used in simulation.

Name Density Young’s modulus
/(kg-m™) /(GPa)

Surrounding rocks 2650 20.0

Fracture zone 2300 4.0
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FIGURE 2
Schematic diagram of tunnel and fault location.

1(o11>0)

0(01,<0)’ ©)

r(on) =H(on) = {
where wy, w. is the weight factor, related to the material
properties, to express the degree of recovery of the material
stiffness under the reverse load.

Damage factor calculation

Concrete has a large difference between compression and
tension properties due to its inherent properties (Lubliner et al.,
1989), so the damage factor d is calculated separately for both
compression and tension cases.

From Egs. 1 and 2, we have

d.=1- O'CEBI/(SC - 551). (7)

ot ; _ gin el el _ ~1
Bringing in &, = " + ¢, and & = 0.E;', we get

o E!
c=1= ol 2 . (8)
el (1/b, - 1) + 0. E;!
Among them, b, = §§l/eic".
Similarly, we can obtain
o,E!
= ©)

-1- .
sfl(l/bt -1) + 0, Ej!

Among them, b, = & 1/‘efk. be, by are from experimental data.

Poisson’s ratio Friction angle Cohesion
/() /(MPa)

0.25 60 20

03 30 05
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Lining model Lining mesh

division
C D
Surrounding rock models Surrounding rock mesh division
E Vaulting
Left Arch Waist l Right Arch Shoulders

Left Arch Waist — <— Right Arch Waist

Left Arch Foot I Right Arch Foot

Invert arch

Positions of various parts of the tunnel
FIGURE 3

Modeling model of tunnel surrounding rock. (A) FEM Lining model; (B) FEM Lining mesh; (C) Surrounding rock models; (D) Surrounding rock
mesh division.

TABLE 2 Lining material parameters used in simulation.

Name Density Young’s modulus Poisson’s ratio Dilatancy angle Compressive yield Tensile yield
stress stress
/(kg:m™) /(GPa) y/() f./(MPa) f,/(MPa)
Lining 2500 30 02 36.31 20.1 2.01

By defining an effective constitutive parameter model Model building and parameter selection
(Labibzadeh et al., 2017), we can obtain d; and d.. Then,
DAMAGEC (compressive damage) is obtained to measure the The Jinping II Hydropower Station tunnel adopts the drill
damage degree of concrete. and blast construction method, and the lining is a composite
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FIGURE 4

Distribution diagram of maximum and minimum principal
stresses under elastic constitutive conditions. (A) Elastic model
lining section maximum principal stress; (B) Elastic model lining
section Minimum principal stress.

lining with initial spray anchor support and secondary mold
column support. As the calculation process mainly considers
large deformation strong nonlinear analysis, in order to
calculate smoothly, the lining is simplified to one layer with
a thickness of 0.6 m. The model section size is selected as
100 m x 100 m. The width of the fracture zone is 40 m. In
order to simulate the actual situation as much as possible, the
fracture surface is set in the fault, as shown in Figure 2, and the
simulation is carried out by setting the friction factor of the
contact surface. The friction factor in the contact surface was
selected as 0.75 (Cheng et al., 2019), and 200 m of the upper
and lower sides of the model were selected for research. The
model situation and the location of each section are shown in
Figure 3.
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FIGURE 5

Maximum and minimum principal stress distribution under
plasticity principal structure. (A) Elastic-plastic tunnel section
maximum principal stress; (B) Elastic-plastic tunnel section
minimum principal stress.

With reference to the actual exploration engineering
data (Wu and Wang, 2011) and combined with the
specification requirements, the physical and mechanical
parameters of the surrounding rock (marble) and fault
and the concrete parameters (C30) of the lining are given
in Tables 1 and 2. The CDP (concrete damaged plasticity
model) (Lubliner et al., 1989; George et al., 2017) is used for
the lining, the elastic-plastic material is used for the
surrounding rock and fracture zone (Wang et al., 2022),
and the damage criterion used is Mohr-Coulomb’s law
(Bahmani et al., 2019).
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FIGURE 6
Compression damage under positive fault. (A) Tunnel cross-
section DMAMAGEC at the invert arch; (B) Tunnel cross-section
DAMAGEC at the arch waist.

In order to calculate the damage response of the tunnel under
fault dislocations, a FEM model based on a quasi-static
elastoplastic constitutive model is constructed. It is used to
calculate the nonlinear damage evolution of the tunnel due to
large displacement caused by fault dislocation.

Numerical simulations were carried out using
ABAQUS software, and the simulation modeling used
the same dimensions as the original ones. The

simulation was carried out in three steps: 1) gravity
loading was applied to the surrounding rock of the
original data, and the ground stress was balanced; 2) the
rock excavation was simulated, and the tunnel lining was
added; 3) the forced displacement of the upper and lower
plates was applied to simulate the fault dislocation. Four
working conditions were set, and the amount of dislocation
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Damage parameters of various parts of positive fault section.

was dislocation 1, 2.5, 5, and 10 cm, respectively. The
of the
conditions is applied to the upper and lower plates. The

forced displacement corresponding working
applied displacement is to apply the corresponding
displacement along the dislocation direction. Each

working condition is individually loaded.

Results and discussion
Analysis of positive fault dislocation

In order to explain the stress of the maximum and minimum
principal stress under the damage constitutive of this paper, the
elastic model is specially established. In the elastic model, the
maximum minimum principal stresses for the four working
conditions follow the same trend, as shown in Figure 4. As
the maximum and
The
maximum and minimum principal stress values in each part

the amount of dislocation increases,

minimum principal stress increases accordingly.
of the tunnel increase proportionally with the increase in
dislocation. the fault the
distribution on both sides of the dislocation plane increases

sharply, and the influence of the fault on the tunnel is

Near plane, internal force

concentrated and strong. The maximum and minimum
principal stress peaks appear at the arch waist and gradually
extend to the vault and invert arch. The damage pattern is the
same as that shown in Figure 6.

In the elastoplastic damage model, as shown in Figure 5, the
stress characteristics tend to become more complex as the
damage occurs. As the damage at the top of the arch is still
relatively small, the stresses at the site still increase with the
amount of dislocation. However, the damage at the arch waist is
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FIGURE 8

Damage evolution under reverse fault. (A) Tunnel cross-
section DAMAGEC at the foot of the arch (B) Tunnel cross-section
DAMAGEC at the arch waist.

more serious, and the stress decreases with the increase of
damage. This is in accordance with the laws of concrete
mechanical properties. The damage occurs mainly in the form
of tensile damage.

As can be seen from Figure 5, the maximum increase in
the maximum principal stress at the top of the arch after the
dislocation is 1.23 times, and the maximum increase in the
maximum principal stress at the arch shoulder is 1.36 times.
The maximum increase in the minimum principal stress at
the top of the arch is 1.62 times, and the maximum increase
in the minimum principal stress at the arch foot is
1.83 times. The maximum increase of the minimum
principal stress at the arch waist is 2.16 times, which
shows that the dislocation distance of the positive fault
has a greater influence on the section stress, and the
influence on the arch waist is greater than that on the
arch foot and arch shoulder.
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The DAMAGEC at the axial lift interface along the tunnel is
extracted, and the DAMAGEC at the arch waist and the invert
arch is extracted. The values are shown in Figure 6.

As shown in Figure 6 and Figure 7, in the positive fault
action under the four dislocation works trend is basically
the same, not affected by the amount of dislocation. The
damage increased with the increase of dislocation and
reached the peak at 5m from the dislocation surface; the
DAMAGEC at the arch waist was significantly larger than
that at the supine arch. The arch waist was the most
unfavorable section; the damage extended from the arch
waist to the vault and the invert arch. The influence range of
dislocation has a slight increase with the increase of
dislocation.

The damage value of the upper and lower plates reached the
peak at about 5m from the dislocation surface. However, it
rapidly dropped 10 m away from the fracture surface, and the
main impact area of the fracture surface was more concentrated.
Within 10 m of each of the upper and lower plates on the fracture
surface, the increase in dislocation tunnel damage range is not
obvious, mainly reflected in the change in the peak value of the
damage.

Analysis of inverse fault dislocation

For the four working conditions of the dislocation analysis of the
reverse fault, the DAMAGEC of the section at the arch foot and the
arch waist along the tunnel axis is extracted, as shown in Figure 8.

From Figure 8 and Figure 9, it can be seen that the change
trend under the four dislocation conditions is basically the same
and is not affected by the amount of dislocation. The damage
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Damage evolution of strike-slip faults. (A) Tunnel cross-
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DAMAGEC at the arch vault.

increases with the amount of dislocation, and the damage at the
arch waist under each working condition is the largest and the
most unfavorable section. Compared with the positive fault, the
reverse fault is mainly damaged by compression (Ghadimi
Chermahini and Tahghighi, 2019), so the peak value of
DAMAGEC at the same position under the same dislocation
is obviously smaller than that of the positive fault. The
dislocation face affects the tunnel for about 20m, and its
affected area is larger than the positive fault.

Therefore, the reverse fault is close to the positive fault in the
form of a damage extension pattern, both from the waist arch to
the vault and the invert of the arch. But the damage value is
significantly lower than the positive fault under the same amount
of dislocation.

The dislocation surface affects the front and rear of the tunnel
for about 20 m, and its affected area is larger than that of the
positive fault.
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Damage parameters of each part of the section.

The damage to the tunnel reached a peak at about 8 m
from the fracture surface and then declined rapidly. The
damage occurred mainly in the form of compression

damage.

Analysis of strike-slip fault dislocation

The dislocation analysis of the strike-slip fault is divided into
four working conditions, and the DAMAGEC of the arch waist
arch top sections along the tunnel axis is extracted, as shown in
Figure 10.

From Figure 10 and Figure 11, it can be seen that the trend is
basically the same under the four dislocation conditions, which
are not affected by the amount of misalignment. Under the action
of strike-slip fault, The damage increases with the amount of
dislocation.

The strike-slip fault damage pattern is opposite to that of the
positive fault and reverse fault. Under each working condition,
the DAMAGEC at the vault and invert arch of the tunnel is
relatively large, while the damage at the waist arch of the tunnel is
relatively small. The damage extends from the vault and invert
arch to the waist arch. The damage pattern is different from that
of positive and inverse faults. The reason is that the strike-slip
fault mainly suffers from transverse shear failure (Karamitros
et al., 2007).

The affected area before and after the fault is about 15 m
before and after the dislocation surface. The damage to the tunnel
reached the peak at 8-10 m from the fracture surface and then
decreased rapidly. The structure underwent damage mainly in
the form of shear failure.
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TABLE 3 Tunnel parameters under different fault dislocation conditions.

Fault form Peak stress/(MPa) Peak damage

10.3389/fmats.2022.1037771

Distance to
the misaligned

Location Impact scope/(m)

surface/(m)

Positive fault 1.90 0.958 Arched waist 5m 20 m

Inverse fault 1.31 0.898 Arched waist 8m 40 m

Strike-slip fault 1.67 0.925 Vaulting 8-10 m 30 m

Color grading mapping
T | _[hln
0.2000 0.5000 0.8000 0.9600

Strike-slip fault
Strike-slip fault
Strike-slip fault
Strike-slip fault
Reverse fault
Reverse fault
Reverse fault
Reverse fault
Positive fault
Positive fault
Positive fault
Positive fault

150

170

FIGURE 12
Damage proportion under various working conditions.

Tunnel lining response analysis

Tunnel lining response analysis was performed by comparing
the response of three different fault dislocation form tunnels, as
shown in Table 3 and Figure 12. Due to the influence of fault damage
form, by the way the fault is affected by tensile stress is dominant, the
maximum stress and damage appeared in the positive fault. The next
is strike slip fault, the damage form is shear damage, and the
maximum value of damage and stress is between positive fault
and reverse fault. Since the reverse fault is mainly damaged by
compression, the stress and damage is minimal.

In the CDP model described earlier, the damage indicator is
generally characterized by, which takes a value between 0 and 1.
When d = 0, it is the nondestructive state of the material, and
when d = 1, it is completely damaged. In order to respond more
easily and effectively to the damaged state of the tunnel under the
action of dislocation, the IDA-based vulnerability analysis
method was introduced (Alembagheri and Ghaemian, 2013;
Amirpour and Mirzabozorg, 2014). In this study, the damage
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of the tunnel is divided into the following states: 1) basically
intact: 0-0.05; 2) slightly damaged: 0.05-0.20; 3) moderately
damaged: 0.20-0.50; and 4) severely damaged: 0.50-0.80;
collapsed: 0.80-1.00

From Figure 12, it can be obtained that the degree of damage
of different fault forms varies significantly under the same
amount of dislocation. The damage of positive fault is the
largest and most concentrated. The reverse fault has the
smallest damage value but the widest damage range. The
damage peak value and damage range of strike-slip fault are
between normal fault and reverse fault. The maximum influence
range of positive fault damage value is the smallest. The damage
peak value is inversely proportional to the damage range. The
reasons are as follows: 1) The tensile fracture energy of concrete is
far less than the compressive property. 2) The concrete material
loses its tensile property after the tensile damage reaches the
limit, while the compression will continue to bear the pressure
after the damage, thus, further expanding the damage range.
Therefore, under the same amount of dislocation, the damage
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peak value and damage growth range present the opposite

regulation.
Conclusion
In this article, the influence of different fault

dislocations on tunnel damage in Jinping II Hydropower
Station was simulated by FEM. A three-dimensional
numerical analysis model of the tunnel-rock-fault zone
was established to discuss the influence of two factors,
fault dislocation form and the amounts, on the tunnel
damage distribution. The following conclusions were
drawn as follows:

1) The influence of the fault dislocation on the tunnel is more
concentrated and intense, and the distribution of internal forces
increases sharply on both sides of the dislocation surface. The
distribution of the maximum minimum principal stress is
affected by the size of the fault dislocation. The maximum
minimum principal stress increases monotonically with the
amount of dislocation in the elastic and damage initial stage;
when the damage begins to the damage limit of the process, the
structure can withstand the maximum minimum principal stress
extreme value will be reduced.

2) In the model used in this paper, the scope of tunnel damage is
less affected by the amount of dislocation momentum and
more affected by the form of dislocation.

3) Under the action of strike-slip fault, the most unfavorable
section is at the vault and invert of the tunnel. Under the
action of the positive fault and reverse fault, the arch waist is
the most unfavorable section. The amount of damage to
positive faults is greater than that to strike-slip faults than
to reverse faults. It can be inferred that the most unfavorable
section is on both sides perpendicular to the fault dislocation
direction. This damage distribution rule can provide a
reference for the seismic design and construction of
tunnels through faults.

4) There is a large quantity of joints and discontinuous media in
the actual inter-engineering rock, and irregular changes will
occur with the dislocation distance. Thus, the physical
properties and damage distribution of real faults need to
be further considered and explored in the future.
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