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The coupling of the joint network and groundwater in rock under bias conditions has a significant impact on the deformation and
failure of the surrounding rock due to tunnel excavation. This paper studies the deformation and failure of surrounding rock after
tunnel excavation under different joint network and groundwater conditions. A finite element-based composite joint network
modeling method is proposed in this paper, and the typical parameters of the surrounding rock, such as the plastic zone size,
vertical displacement, and lateral displacement, are analyzed and compared through numerical calculations. According to the
different stratum and hydraulic conditions considered, four numerical models under four different working conditions are
established and studied. The deformation and failure laws of the surrounding rock during tunnel excavation are obtained. The
results show that with a single joint network, when there is no influence of groundwater, the surrounding rock mainly
undergoes shear failure at the arch crown after tunnel excavation. When the influence of groundwater is considered, there are
differences in the mode of damage between the left and right sides of the tunnel. The stratum approximately 1m from the invert
breaks, and the right sidewall fails approximately 1m from the measuring point. In rock with a composite joint network, when
groundwater is not considered, two kinds of failures occur in the surrounding rock near the tunnel; however, the surrounding
rock far from the tunnel is dominated by shear failure. The stratum approximately 3.5m from the arch crown fractures and the
surrounding rock within approximately 5.5m from the measurement point on the right sidewall undergoes separation failure.
Under the dual effects of joints and groundwater, soft rock deforms considerably. The total hydraulic gradient decreases from
left to right before and after tunnel excavation. The total hydraulic gradient of the composite joint network strata is generally
smaller than that of the single joint network. In the composite joint network strata, the total hydraulic gradient near the tunnel
changes dramatically. This research can provide a reference for tunnel engineering under similar conditions.

1. Introduction

In recent years, China’s transportation infrastructure has
developed rapidly. In particular, in Southwest China, the
construction scale of mountain tunnels and railway tunnels
continues to grow [1]. Because of the many mountains and
hills in Southwest China and the corresponding geological
processes, many discontinuous structures, such as joints,
cracks, and faults, are present in the strata in this area.
Boundaries between soft and hard strata also constitute a typ-
ical weak structural plane. Therefore, it is inevitable that a

tunnel built under these conditions crosses different types
of weak structural surfaces. In addition, building tunnels in
mountainous areas are often affected by bias load [2]. Under
the combined action of the bias load and discontinuous
structure, the deformation and failure laws of the rock sur-
rounding a tunnel are very different from those of homoge-
neous layers. Another issue that cannot be ignored is the
influence of groundwater. Weak structural surfaces such as
joints, cracks, and faults act as conduits for water flow, and
hydromechanical coupling has aggravated the destruction
of tunnel-surrounding rock. The deformation law of jointed
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rock surrounding a tunnel, considering the coupling of the
mechanical behavior and hydraulic processes, needs to be
further studied.

Many scholars have studied the failure modes and stabil-
ity effects of tunnel excavation on jointed rock layers.
Through orthogonal experiments, Chen et al. [3] discussed
the failure mode of shallowly buried and large-span subway
tunnels and analyzed the influence of rock mass structure
parameters on tunnel failure. The results indicate that the
failure modes of all the tested models are shear or tension
failure of the overburden strata along weak planes corre-
sponding to randomly distributed joints, which eventually
leads to the occurrence of staggered traction slip collapses
and clear slip surfaces. Based on the concept of representative
elementary volume (REV) and synthetic rock mass (SRM)
modeling technology, Wang and Cai [4] proposed a discrete
fracture network-discrete element method (DFN-DEM)
multiscale modeling approach for determining the response
of jointed rock masses to excavation. Roy et al. [5] used the
Voronoi subdivision scheme in a framework based on dis-
crete elements to simulate massive rock masses. The predic-
tion model of the convergent strain of a tunnel is
constructed by considering the uncertainty in the joint
parameters and field stress ratio. Deng et al. [6] used the
DEM method to numerically simulate the damage of an
existing circular tunnel under the action of an explosion
shock wave. The size of disturbance areas such as the destruc-
tion area, open area, and shear area around the circular tun-
nel and the peak particle velocity (PPV) on the tunnel surface
are used to analyze tunnel destruction. The direction of the
joints in the rock mass around a tunnel has a great influence
on the tunnel damage, while the initial stress around a tunnel
has relatively little influence on the tunnel failure. Wang et al.
[7, 8] studied the excavation of shield tunnels with joints in
an upper soft unit and a lower hard unit and proposed a
Bayesian network-based dynamic risk assessment method
for deep tunnel construction. The results of previous research
suggest that under these conditions, the surface settlement
caused by tunnel excavation is mainly affected by the elastic
modulus and cohesion of the surrounding rock. The above
studies mostly focus on the stability of tunnel excavation
under the influence of a single joint. Numerical methods
are mostly used to study the influence of different angles,
spacings, thicknesses, and other joint characteristics on the
stability of surrounding rocks and tunnels. However,
research on the effect of the joint network and surrounding
rock properties on tunnel excavation is not comprehensive
enough.

Many studies have been performed on the mechanical
properties of jointed rock masses. Bahrani and Kaiser [9]
used a unique particle element modeling method to simulate
jointed rock masses with various joint interlocking degrees
and studied the influence of block shape, joint strength, and
joint surface condition on the finite peak strength. The results
from this investigation confirm that strength equations based
on the geological strength index (GSI) underestimate the
confined strength of highly interlocked and nonpersistently
jointed rock masses. Zhao et al. [10] deduced a three-point
modeling method that can consider arbitrarily arranged

joints and applied it to discrete element simulation. The
influence of joints on the mechanical behavior and failure
modes of jointed rock specimens was studied. The results
show that the joint angle (considering alpha, beta, and
gamma) and resonant column apparatus (RCA) have a sig-
nificant effect on the resulting sigma(t) and failure mode,
while n has a significant effect on E − t. Changjiang et al.
[11] established a jointed rock mass model of a tunnel in bed-
ded strata. Using the finite element strength reduction
method, the influences of the joint dip and joint spacing on
the tunnel failure mode and stability were studied by assum-
ing that the surrounding rock of the tunnel is a hard rock
layer or interbedded hard rock and soft rock. After the tunnel
in bedded strata is excavated, the surrounding rock will slide
along a joint plane in the bedding direction and the sur-
rounding rock with vertical bedding will bend and break.
When the joint inclination angle changes, the damage degree
and damage and range in these two directions will change
accordingly, which affects the safety factor of the tunnel.
The safety factor reaches its peak value when the inclination
angle is 40°. The barrier function method based on the fmin-
con optimization function in MATLAB was used to deter-
mine the function of mapping the tunnel boundary to the
unit circle in the complex plane, and the structural failure cri-
terion for mapping convergence was established according to
the underground reliability theory. Wu et al. [12] approxi-
mated a joint as a crack around the tunnel, studied the
anisotropy of the stress intensity factor caused by the inclina-
tion and position of the crack, and proposed a modified lay-
ered tunnel for the classification of rock geomechanics
(RMR) joint scoring parameters. The crack with an inclina-
tion angle of 45° is the main structural surface of the jointed
rock mass around the tunnel, and the corresponding cracks
at various points around the tunnel have inconsistent effects
on the tunnel. To study the mechanical properties of jointed
rock masses, the physical and mechanical properties of pre-
fabricated jointed specimens were measured mainly through
indoor tests or numerical simulations. The previous research
focuses on the mechanical properties of the rock itself and
has little connection with engineering applications, such as
tunnel excavation.

Some scholars have also conducted research on jointed
rock tunnels by coupling the hydraulic processes and
mechanical behavior. Maleki [13] introduced a new method
for estimating the inflow of groundwater in a tunnel exca-
vated in a rocky environment. The main advantage of this
model is that it takes into account the joint conditions in
the tunnel and the direct influence of the tunnel radius, to
separate the study of the joint set and the role of the crack
system in the diversion of groundwater to the excavation
hole. The analysis and empirical methods used to estimate
the flow into the tunnel in current engineering practice can-
not fully consider the impact of groundwater level drop.
Moon and Fernandez [14] proposed an analysis method for
estimating the inflow of groundwater considering the drop
in groundwater level in a jointed rock mass. The solution of
the proposed analysis is similar to the results of field observa-
tions and numerical analysis using the unique element
method. This method can fully simulate the coupling of the
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hydraulic processes and joint behavior in the rock mass.
Aiming at the problems that the inflow of water in fractured
rock is greatly affected by the anisotropy of the rock and soil
structure and that the assumed isotropic hydraulic coefficient
is not efficient in calculating the amount of water that infil-
trates into a tunnel in a jointed rock mass, Farhadian et al.
[15] proposed a fractured rock empirical formula for describ-
ing the hydraulic conductivity in fractured rock masses. The
empirical equation can be used to accurately predict the
inflow of groundwater into a tunnel and thus the amount
of water entering the tunnel.

Discrete element numerical simulations [16–20],
mechanical tests [21–24], and model tests [25–28] have been
used to study the surrounding rock deformation laws of
jointed rock in underground engineering. As an emerging
technology, 3D printing is also used in the research of jointed
rock masses. Xia et al. [29] proposed and verified a new
method to accurately reconstruct an irregular CJRM struc-
ture using 3D printing. This method can be used in the
design of irregular CJRM in rock engineering. To overcome
the deficiency of natural joint specimens with the same sur-
face morphology for experimental studies, Jiang et al. [30]
present a technical method for replicating natural joint spec-
imens that incorporates two advanced techniques—three-
dimensional (3D) scanning and 3D printing—using a
computer-aided design (CAD) as the bridge. This method
reduces the experimental error derived from the differences
between replicate specimens containing natural joint mor-
phology. Peridynamics, as a novel numerical method, is
increasingly used in the study of rock fractures and joint
crack propagation. Wang et al. and Zhou et al. [31–33] inves-
tigated crack propagation and coalescence behaviors in rock
specimens containing preexisting open flaws under uniaxial
compression using peridynamics. Most studies are limited
to a single factor, such as the characteristic parameters of
the joints, the size of the tunnel, or the volume of the water
flow. The influence of multiple factors is commonly encoun-
tered in actual engineering. Therefore, it is necessary to study
the deformation and failure laws of tunnel excavation in dif-
ferent rocks under the influence of both the joint network
and hydromechanical processes. Compared with DEM,
FLAC, PFC, and other numerical calculation methods, the
FEM method has higher efficiency in linear solving. The
DEM method is mostly used in the calculation of rock frac-
tures. FLAC is widely used in the calculation of large defor-
mation of soft rock. PFC is widely used in fluid
calculations. The RS2 finite element software selected in this
paper has a rich built-in joint network model and can per-
form hydraulic coupling calculations. Based on an engineer-
ing example of a railway tunnel in Southwestern China, the
finite element method is used to establish a numerical model
to study the deformation and failure laws of surrounding
rock with different joint networks during tunnel excavation
under a bias load. By comparing and analyzing the tunnel
surrounding rock deformation parameters of tunnels located
in rock with a single joint network and rock with a composite
joint network, with and without hydraulic coupling, typical
parameters such as the horizontal and vertical displacements
and plastic zone size of the surrounding rock are analyzed

under different conditions. The stability of the surrounding
rock of a tunnel under the combined action of groundwater
flow and joint networks is discussed in this paper, which
can provide a reference for similar tunnel projects.

2. The Joint Network Equivalent Model

According to the equivalent model of a joint network in
strata summarized by Yabin [34] and Weihuan [35], the
one-group joint model, two-group joint model and N-group
joint model are analyzed.

2.1. The One-Group Joint Model. Suppose there is a group of
joints in a two-dimensional coordinate system; the average
distance between two joint surfaces is d, and the angle
between the normal direction of the joint surface and the
horizontal direction is φ, as shown in Figure 1.

The stress-strain relationship of the joint in the local
coordinate system is as follows:
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E is the elastic modulus of the intact rock mass, and μ is
the Poisson’s ratio of the intact rock. Kn and Ks are the stiff-
ness coefficients corresponding to the normal and tangential
directions on the joint plane in the rock, respectively.

To convert the matrix ½D′� from the local coordinate sys-
tem x-y to the global coordinate system X-Y , the global
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coordinate system ½D� can be obtained as follows:
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2.2. The Two-Group Joint Model. The two-group joint model
is shown in Figure 2.

When there are two sets of joint planes in the surround-
ing rock, to simplify the calculation process, the interaction
among joints is not considered. Instead, the contribution of
each group of joints to the rock mass is calculated and alge-
braically superposed. In this case, the elastic matrix of the
rock mass with joints can be written as follows:

D½ � = D0½ � + D1½ � − D0½ �ð Þ + D2½ � − D0½ �ð Þ

= D1½ � + D2½ � − D0½ � = 〠
2

i=1
Di½ � − D0½ �,

ð6Þ

where ½D� is the elastic matrix when the rock is intact, ½D1� is
the elastic matrix when only the first group of rock joints is
present, ½D2� is the elastic matrix when only the second group
of rock joints is present, ½D1� − ½D0� is the influence of the first
group of joints on the rock mass, and ½D2� − ½D0� is the influ-
ence of the second group of joints on the rock mass.

2.3. The N-Group Joint Model. According to the calculation
process when one and two groups of joints exist, the elastic
matrix for the N-group joint model in the X-Y coordinate

system can be calculated as follows:

D½ � = D0½ � + D1½ � − D0½ �ð Þ + D2½ � − D0½ �ð Þ = D1½ �

+ D2½ � − D0½ �+⋯+ Dn½ � − D0½ � = 〠
N

i=1
Di½ � − n − 1ð Þ D0½ �,

ð7Þ

where ½Di� = ½Li�½Di′�½Li�T .

3. Numerical Simulation Methodology

3.1. Numerical Model Conditions. To study the deformation
and failure laws of the surrounding rock with a single joint
network and a composite joint network after tunnel excava-
tion under the influence of the hydromechanical process, a
comparative analysis numerical model was established with
the finite element method. According to the two conditions
of a single joint network and a composite joint network, the
model is divided into two types. Among them, a single joint
network corresponds to a hard rock stratum and a composite
joint network corresponds to a hard rock stratum and a soft
rock stratum. According to the two hydraulic conditions,
including and excluding groundwater, the model is further
divided into two types.

Therefore, according to the stratum conditions and
hydraulic conditions, four working conditions, namely,
working condition I, working condition II, working condi-
tion III, and working condition IV, are considered, as shown
in Table 1. The groundwater is realized by setting different
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Figure 1: The one-group joint model in local and global coordinate
systems.

xo
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Figure 2: The two-group joint at global coordinate system.

Table 1: Numerical model conditions.

Working
condition

Stratum condition Hydraulic condition

I Single joint network
Without

groundwater

II Single joint network With groundwater

III
Composite joint

network
Without

groundwater

IV
Composite joint

network
With groundwater
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total water heads at the left and right boundaries. According
to the model boundaries, the water head on the left is 75m
and the water head on the right is 32.5m. The groundwater
is set after the initial balance.

3.2. The Numerical Simulation Model. For the example of a
railway tunnel project, numerical models are established by
considering the abovementioned working conditions. When
simulating working condition I and working condition II,
the tunnel is placed in strata with a single joint network (sim-
plified as hard rock). When simulating condition III and con-
dition IV, the tunnel is placed in strata with a composite joint
network (simplified as hard rock and soft rock). By default,
the intersection of the hard and soft rocks runs diagonally
through the center of the tunnel. Different model heights

and initial stresses are used to achieve different bias loads.
The models of a single joint network and a composite joint
network are shown in Figure 3. For clarity, the tunnel is
enlarged to a certain extent. The influence of the joint net-
work on the direction of tunnel excavation has not been con-
sidered. The lining effect and excavation steps are not
considered in the paper. Therefore, the 2D method was
selected by the paper for calculation.

In the studied project, the width of the actual tunnel is
5.6m and the height is 6.8m. The tunnel in the model has a
width of 120m and a height of 75m. The x direction is the
horizontal direction, and the y direction is the vertical direc-
tion. The origin of the coordinates is at the center of the tun-
nel. The x direction displacement is fixed at the left and right
boundaries, the y direction displacement is fixed at the lower

Hard rock stratum

(a) Model with a single joint network

Hard rock stratum

Soft rock stratum

(b) Model with a composite joint network

Figure 3: Schematic models.

Table 2: Stratum parameters.

Stratum
Density

γ (kN/m3)
Elastic

modulus E (GPa)
Poisson’s
ratio υ

Cohesion
c (MPa)

Internal
friction angle φ (°)

Tensile
strength t (MPa)

Hard
stratum

26 20 0.3 1.6 55 0.8

Soft
stratum

22 6 0.35 0.6 45 0.35

Table 3: Joint parameters.

Joint Cohesion c (MPa) Internal friction angle φ (°) Normal stiffness N (MPa/m) Shear stiffness S (MPa/m)

Joint 1 0.08 20 30000 3000

Joint 2 0.03 15 10000 1000

(a) Numerical model with a single joint network (b) Numerical model with a composite joint network

Figure 4: Numerical models.
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boundary, and the upper boundary is free. Each joint net-
work is realized by setting different joint spacings and lengths
and a joint inclination. Two hard rock joint networks are
combined by combining two different parallel statistical
models. Among them, one is generated according to a nor-
mal distribution with an average joint spacing of 3m and a
standard deviation of 0.8m. The other is generated according
to a normal distribution with a mean distance between joints

of 2m and a standard deviation of 0.5m. The network
formed by the interweaving of the two parallel statistical
models is the joint network. The soft rock joint networks
are generated by creating a cross-jointed model with a nor-
mal distribution with a mean value of 2m and a standard
deviation of 0.8m. The cross-joint spacing is generated
according to a normal distribution with a mean value of
5m and a standard deviation of 1m. The method of setting

Finite element numerical
simulation

Stratum conditions Hydraulic conditions

Single joint network Composite joint
network With groundwater Without

groundwater

Tunnel excavation

Parameter analysis

Deformation law of
surrounding rock

Figure 5: Numerical calculation steps.

(a) Working condition I (b) Working condition II

(c) Working condition III (d) Working condition IV

Figure 6: Surrounding rock plastic zone.
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the water head is used to simulate groundwater. The model
has 22,832 triangular elements and 13,232 nodes. The forma-
tion parameters and joint parameters are shown in Tables 2
and 3. Joint 1 represents the joints in the joint network in
the hard strata, and joint 2 represents the joints in the joint
network in the soft strata. The numerical models of the single
joint network and composite joint network are shown in
Figure 4.

When performing numerical calculations, according to
the four different working conditions, the initial strata bal-
ance is performed and the initial displacement is reset. After
tunnel excavation, the changes in the surrounding rock
deformation parameters are analyzed and the surrounding
rock deformation laws under the four working conditions
are obtained. The full-face excavation method is adopted.
The numerical calculation steps are shown in Figure 5.
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4. Analysis of Numerical Simulation Results

According to the four numerical models corresponding to
the different working conditions, numerical calculations are
carried out during the tunnel excavation in strata with joints
and the surrounding rock deformation parameters are ana-
lyzed and compared.

4.1. The Surrounding Rock Plastic Zone. According to the cal-
culation results, the shape of the plastic zone in the surround-
ing rock caused by tunnel excavation is obtained under the
four working conditions, as shown in Figure 6.

The shape of the plastic zone in the surrounding rock
shows that with a single joint network in hard rock and
without the influence of groundwater, the surrounding
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rock mainly undergoes shear failure at the vault after tun-
nel excavation. Because of the existence of a set of cross-
joints at the arch crown, the strength of the surrounding
rock at the arch crown is weak, so shear failure occurs
there. For the single joint network in hard rock under
the influence of groundwater, the surrounding rock near
the tunnel yielded but the yield range was not large. The
surrounding rock on the left of the tunnel is dominated
by shear failure, while the surrounding rock on the right
undergoes both shear and tensile failure. For the compos-
ite joint network, without the influence of groundwater,
tunnel excavation mainly produces a small amount of
damage in the surrounding rock at the junction of the soft
and hard strata. Under the influence of the composite
joint network and groundwater, the surrounding rock near
the tunnel suffers large-scale damage, mainly concentrated
in the soft rock. The surrounding rock above the arch
crown and below the invert yields in a large area. Two
kinds of failures occur near the tunnel at the same time,
whereas shear failure is the main failure at the rock far
from the tunnel.

4.2. Vertical Displacement. To study the law of the vertical
deformation of the surrounding rock caused by tunnel exca-
vation under the four working conditions, two monitoring
points are set at the midpoints of the tunnel arch crown
and invert and the vertical displacements at 10m above and
below the two monitoring points are selected for analysis.
The vertical displacements of working condition I and work-
ing condition II are shown in Figure 7. When only a single
joint network is present, the vertical displacement affected
by groundwater is greater than that without the influence of
groundwater. The stratum displacement approximately 1m
from the invert decreases rapidly, indicating that the stratum
fractures are there. The vertical displacement tends to be sta-
ble after the rock breaks.

The vertical displacements of working condition III and
working condition IV are shown in Figure 8. In the rock with
a composite joint network, the vertical displacement affected
by groundwater is also greater than that without the influ-
ence of groundwater. The displacement of the surrounding
rock at approximately 3.5m from the arch crown decreases
rapidly, indicating that the formation breaks.

Total
hydraulic gradient
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1.65e–001

(a) Before tunnel excavation

Total
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(b) After tunnel excavation

Figure 11: Total hydraulic gradient with a single joint network.
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Comprehensive analysis suggests that the yield fractures of
the strata may be affected by the joints, which are weak struc-
tural planes, resulting in a decrease in the strength of the strata.
After the tunnel is excavated, under the influence of a coupled
hydromechanical process, separation failure occurs.

4.3. Horizontal Displacement. To study the law of horizontal
deformation of the surrounding rock caused by tunnel exca-
vation under the four working conditions, two measuring
points were set at the midpoints of the left and right sidewalls
of the tunnel and the horizontal displacements within 10m
from the two measuring points were selected for analysis.

The horizontal displacements of working condition I and
working condition II are shown in Figure 9. In the rock with a
single joint network, the displacement at the right side of the
tunnel sidewall approximately 2m from the measuring point
is relatively close. When there is groundwater, the right lat-
eral displacement of working condition II suddenly decreases
at approximately 1m, indicating that the right sidewall is
damaged at this time. Except for the large displacement of
the surrounding rock within 2m from the measuring point,
there is little difference in the horizontal displacement on

the right with and without considering groundwater. The
displacement of the sidewall on the left side of the tunnel
changes more consistently under the influence of groundwa-
ter, and the displacement of the surrounding rock is larger
under this condition. The difference in the displacement of
the surrounding rock on both sides of the tunnel is clearly
affected by not only the influence of groundwater but also
the bias load.

The horizontal displacements of working condition III
and working condition IV are shown in Figure 10. When
the tunnel is located in rock with a composite joint network,
due to the action of groundwater, the horizontal displace-
ment of the surrounding rock on the right side of the sidewall
has exceeded the limit, that is, the displacement is larger than
the width of the tunnel. Therefore, after removing the limit
value, the horizontal displacement curve of the surrounding
rock on the right side of the sidewall is obtained with and
without considering groundwater. The surrounding rock
within approximately 5.5m from the measuring point
undergoes separation failure, indicating that the deformation
of the jointed soft rock is significantly affected by the ground-
water. When there is no groundwater effect, the horizontal
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Figure 12: Total hydraulic gradient with a composite joint network.
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deformation of the surrounding rock on the left sidewall is
relatively consistent but there is also an overlimit value at
the monitoring point on the left sidewall, indicating that
the left sidewall is also damaged. The displacement of the
jointed soft rock under the influence of groundwater
increases significantly toward the monitoring point and is
approximately 10 times that of the jointed hard rock. Under
the dual effects of joints and groundwater, soft rock deforms
considerably.

4.4. Total Hydraulic Gradient. Under the two conditions
involving joint networks in strata, the hydraulic gradient
cloud maps with groundwater after excavation are shown in
Figures 11 and 12.

It can be seen from the figures that in the two joint net-
work situations, due to the difference in water height on both
sides of the model, the total hydraulic gradient decreases

from left to right before the tunnel is excavated. After the
tunnel is excavated, the total hydraulic gradient of the two
joint network situations still shows a decreasing distribution
from left to right. Comparison of the total hydraulic gradient
of the two joint network situations after tunnel excavation
reveals that the total hydraulic gradient of the composite
joint network is generally smaller than that of the single joint
network. In the composite joint network, the total hydraulic
gradient near the tunnel changes dramatically. Due to the
two different joint networks, the hydromechanical effect is
clearly observed in Figure 13.

5. Conclusions

Based on the modeling of rock with a single joint network
and rock with a composite joint network, the deformation
and failure laws of the surrounding rock after tunnel
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0.00e+000

1.04e+000
1.10e+000

5.50e–002
1.10e–001
1.65e–001
2.20e–001
2.75e–001
3.30e–001
3.85e–001
4.40e–001
4.95e–001
5.50e–001
6.05e–001
6.60e–001
7.15e–001
7.70e–001
8.25e–001
8.80e–001
9.35e–001
9.90e–001

hydraulic gradient

(a) Single joint network

Total

0.00e+000
4.50e–002
9.00e–002
1.35e–001
1.80e–001
2.25e–001
2.70e–001
3.15e–001
3.60e–001
4.05e–001
4.50e–001
4.95e–001
5.40e–001
5.85e–001
6.30e–001
6.75e–001
7.20e–001
7.65e–001
8.10e–001
8.55e–001
9.00e–001

hydraulic gradient

(b) Composite joint network

Figure 13: Total hydraulic gradient after tunnel excavation.
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excavation are studied under the influence of bias load and
groundwater. Taking a railway tunnel as the engineering
background, the finite element numerical simulation
method is used. For the tunnels located in two different
stratum conditions of a single joint network in hard rock
and a composite joint network in soft and hard rock, com-
prehensively considering the groundwater and bias condi-
tions, four numerical models were established,
corresponding to working condition I, working condition
II, working condition III, and working condition IV.
Through numerical calculation, the typical surrounding
rock deformation parameters, such as the plastic zone
shape, vertical displacement, and horizontal displacement,
under these four working conditions are analyzed and
compared, and the deformation and failure laws of the
surrounding rock after tunnel excavation are obtained
under the different working conditions. The main conclu-
sions are as follows:

(1) In the hard rock with a single joint network and with-
out the influence of groundwater, the surrounding
rock mainly undergoes shear failure at the arch
crown after tunnel excavation. When affected by
groundwater, the failure of the surrounding rock on
the left side of the tunnel is dominated by shear fail-
ure and the surrounding rock on the right side
undergoes both shear and tensile failure. In the rock
with a composite joint network and without the
influence of groundwater, the surrounding rock after
tunnel excavation mainly produces a small amount of
damage at the junction of soft and hard strata. When
the influence of groundwater in considered, large-
scale damage occurs to the surrounding rock near
the tunnel. Two types of damage occur at the same
time close to the tunnel, while shear damage is the
main damage in the surrounding rock far from the
tunnel

(2) For the rock with a composite joint network, the ver-
tical displacements affected by groundwater are all
greater than those without considering the influence
of groundwater. The surrounding rock approxi-
mately 1m from the arch crown is broken under
the conditions of a single joint network and ground-
water. The surrounding rock approximately 3.5m
from the arch crown is fractured and destroyed under
the conditions of a composite joint network and
groundwater

(3) For the rock with a single joint network, when
groundwater is considered, the right sidewall is
destroyed approximately 1m from the monitoring
point. In addition to the influence of groundwater,
the difference in the displacement of the surrounding
rock on either side of the tunnel is obviously affected
by the bias load. When the tunnel is located in a rock
with a composite joint network, the deformation of
the jointed soft rock is significantly affected by
groundwater. The surrounding rock within approxi-
mately 5.5m from the measuring point undergoes

separation failure. When there is no groundwater,
the left sidewall is also damaged. Under the dual
effects of joints and groundwater, the soft rock
deforms considerably
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