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Abstract: To study the evolution law of water and mud inrush disasters in the fractured zones
of water-rich faults in deep buried tunnels, a self-developed 3D physical model test system was
used to conduct experimental research about the evolution process. Additionally, MIDAS GTS NX
2022 version was used to analyze the evolution laws of displacement, stress, pore water pressure,
and seepage flow velocity during the excavation process. The findings indicate that in the model
testing, tunnel excavation caused different changes in the stress magnitude of the surrounding
rock at different positions. The pore water pressure increases correspondingly with the loading
water pressure at the same location. The function relationship between the relative water pressure
coefficient of any point in the outburst-prevention rock mass, and the vertical distance from that point
to the upper boundary of the fault, was obtained through nonlinear fitting. In numerical simulation,
excavation affects the vertical displacement of the arch vault more than the arch ring, while it has
a greater impact on the horizontal displacement of the arch ring compared to the arch vault. The
maximum and minimum principal stresses show significant changes; the pore water pressure at each
monitoring point decreases with the increase in excavation distance. The flow velocity of seepage
shows a trend of first increasing and then decreasing. The research results can provide relevant
references for the prevention of water and mud inrush disasters in fault areas.

Keywords: deep buried tunnel; model test; water-rich fault fracture zone; water and mud inrush;
MIDAS GTS NX

1. Introduction

With the rapid development of transportation infrastructure in China, a large number
of tunnel projects are constructed in mountainous and karst areas with extremely complex
geology in southwestern China. Due to the complex engineering geological and hydrogeo-
logical conditions in the southwest mountainous area, the disaster situation faced by the
tunnel in the construction process is very serious. When the tunnel construction passes
through the fault fracture zone, karst, and other unfavorable geological areas, water and
mud inrush disasters can be easily induced. They have the characteristics of suddenness,
hugeness, many casualties, and large economic losses, and also cause environmental dam-
age and other problems [1–4]. Therefore, the effective control of water and mud inrush
disasters has become a significant issue in the area of underground engineering disaster
prevention and mitigation.

The occurrence mechanism and control of water and mud inrush disasters have always
been key scientific and technological issues restricting the construction and development
of tunnels and underground engineering [5–7]. For example, the catastrophic accident of
Shanghai Metro Line 4 in 2003 was a typical subway mud and water inrush accident [8,9].
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Therefore, many scholars have carried out many studies on the disaster evolution law,
mechanism, and control of water and mud inrush disasters in tunnels by different research
methods and achieved many results. In terms of theoretical analysis, Ma et al. [10] stud-
ied the hydraulic development of tunnel water inrush in sandstone faults. The results
show that particle migration has an important influence on the increase in permeability.
Zhang et al. [11] derived a semi-analytical expression for the minimum safe thickness of
rock against water inrush, and applied the calculation method of safe thickness to actual
engineering. Based on the “triangular” geological mathematical model for water inrush,
Li et al. [12] investigated the process of water inrush in coal seam strong water causing
the collapse of columns. Tang et al. [13] studied the disaster mechanism and treatment
technology of water inrush and mud inrush of tunnels in a water-rich fault zone, and
summarized the drainage mechanism at different stages through monitoring data. In terms
of experiments, Liu et al. [14] developed a large-scale experimental system with the fault
fracture zone as the research object, and simulated the variation of some characteristic
parameters during the excavation of rock surrounding the tunnel. Huang et al. [15,16]
and Wang et al. [17] developed new fluid–solid coupling of similar materials based on
different experimental theories and principles, which can truly reflect the response laws of
various physical fields in the process of water and mud inrush disasters in fault tunnels.
Guo et al. [18] developed a 3D visualization physical simulation test system for fluid–solid
coupling of deep and long tunnels, and studied the disaster evolution mechanism of water
and mud inrush in deep and long tunnels, and achieved good results.

In terms of monitoring and early warning, Hu et al. [19] proposed an improved Krig-
ing filtering algorithm that improves the measurement accuracy of 3D laser scanning in
tunnels by optimizing the point cloud gridding method, providing reliable safety warnings
for tunnel construction. Liu et al. [20] designed a bandpass filter and RTM algorithm to
effectively remove clutter from GPR data, and accurately reconstructed the geometric shape
and position of the cavity behind the shield tunnel lining. Yin et al. [21] proposed a new
model that combines LSTM and IForest to predict abnormal changes in drilling water
levels in mining areas, successfully achieving efficient early warning of water inrush risks.
Hu et al. [22] proposed a new model that combines IPSO and a BP algorithm to predict
surface settlement caused by the construction of rectangular top tube tunnels, providing
an effective reference for engineering settlement prediction. Zhang et al. [23,24] discussed
the application of distributed fiber optic sensors (DFOSs) in deformation monitoring of
tunnel infrastructure, demonstrating the outstanding potential of DFOSs in monitoring
underground infrastructure. In terms of numerical simulation, Golian et al. [25] introduced
a MODFLOW code in GMS software that can simulate the change in water inrush inflow
rate of a tunnel during tunneling, and compared the predicted rate with the actual obser-
vation rate. The results were in good agreement. Moon and Fernandez [26] used UDEC
3.0 to establish a tunnel excavation model to analyze the influence of the groundwater
table decline caused by tunnel excavation on the groundwater inflow rate and pore wa-
ter pressure around the tunnel. Bahrami et al. [27] used DEM and FEM, respectively, to
simulate and analyze the failure process of tunnel water and mud inrush. He et al. [28]
used the Burger-creep visco-plastic (CVISC) model to study the impact of pipe jacking
construction on the existing tunnel of Ningbo Metro Line 3, providing a reference for tunnel
protection in adjacent construction in soft soil areas. Cai et al. [29], Annan Jiang et al. [30]
established different coupling calculation models and conducted numerical simulation
analysis on the evolution law and occurrence process of water and mud inrush in tunnels,
respectively. Sweetenham et al. [31], Farhadian et al. [32], Zhang et al. [33], Zhao et al. [34],
Wang et al. [35], and Ma et al. [36] used different models and algorithms to study the
influencing factors of water and mud inrush in tunnels, the law and mechanism of disaster
evolution, and the prevention and control of disasters based on actual projects.

Although there are many studies on water and mud inrush at present, the research
on the evolution law of water and mud inrush disasters caused by fault fracture zone is
not deep enough. The research on water and mud inrush mainly focuses on the disaster
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response, and research is lacking on the laws and mechanisms of disaster evolution through
the combination of multiple methods. The paper investigates the mechanisms of water and
mud inrush in fault fracture zones, using the Dazhu Mountain Tunnel of the Darui Railway
in Yunnan as a case study. Through model testing and numerical simulation, the evolution
mechanism of a water and mud inrush disaster in different fault structures is studied in
detail. It is expected to provide a reference for the prediction and prevention of water and
mud inrush disasters in the tunnel fault fracture zone.

2. Tunnel Engineering Geology

The Dazhushan Tunnel is situated in Baoshan City, Yunnan Province, China, which
is the highest-risk tunnel along the entire Darui Railway. The tunnel passes through the
famous southern Hengduan Mountains, in which the length of the single main tunnel is
13,803 m and the total length is 14,484 m. The maximum buried depth of the tunnel is
995 m and the length of the large-span region is 680 m. The geological environment in the
tunnel area is complex, and the strata it passes through are a typical representative of the
complex geology in the western Yunnan region. Among them, the tunnel passes through
six faults, such as Wulishao, Yanziwo, and Shuizhai, five karst development areas, and
three fold structures, and has a designed maximum daily water inflow of 120,000 m3. There
are geological risks, such as water inrush, rock burst, karst, radioactivity, geothermal, gas,
and high ground heat risks, in local areas. The geometric dimensions of the excavation
section of the Dazhu Mountain Tunnel are 6.16 m wide and 9.41 m high. Figure 1 illustrates
the geographical position and surface topography of the Dazhu Mountain Tunnel.
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3. Study of Physical Model Test on Water and Mud Inrush in Parallel Fault
3.1. The Development of Fluid–Solid Coupling of Similar Materials

In a physical model test, choosing suitable similar materials is key to the test’s success.
By using a mathematical model for fluid–solid coupling that includes the equilibrium
equation, seepage equation, and effective stress equation of a homogeneous continuous
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medium, the theory of fluid–solid coupling similarity can be derived, and the expressions
of the main similarity relationships can be obtained [37–39].
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Because the similar materials used in the experiment are homogeneous and continuous
media, letting Kx = Ky = Kz = K, the similarity relationships are substituted into Equation (1)
to obtain:
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Based on Equations (1) and (2), the following expressions for similarity relationships
can be derived:

CG = Cλ (3)

Cu = CeCl (4)

Cσ = CE = CγCl (5)

Ct =
√

Cl (6)

CK =
√

Cl/Cγ (7)

where CG is the shear modulus of elasticity scale; Cu is the displacement scale; Cλ is the
Lame constant scale; Cl is the model scale; Ce is the volume strain scale; CE is the elastic
modulus scale; Cσ is the stress scale; Cγ is the bulk weight scale; Ct is the time scale; CK is
the permeability coefficient.

According to the corresponding relationships in similarity theory, during the model
test process, the geometric similarity ratio of Cl = 80 and the unit weight similarity ratio of
Cγ = 1.2 were selected. Furthermore, the similarity ratios for stress, elastic modulus, and
cohesion are Cσ = CE = Cc = 96, and the permeability coefficient similarity ratio is CK = 7.45.

In the process of configuring similar materials, it is comprehensive to consider selecting
mountain sand, water, cement, and red clay as the raw materials for surrounding rock, as
shown in Figure 2. Among them, mountain sand serves as the aggregate, cement as the
binding material, red clay as the modifier, and water as the auxiliary material to simulate
the actual surrounding rock in the tunnel. Meanwhile, red clay, mountain sand, and
crushed stones serve as the raw materials for filling fractured zones.
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When making similar materials, it is necessary to control the proportions of different
raw materials to satisfy the criteria of the ultimate experimental similar materials. Due
to the significant impart of red clay on the experimental similar materials, the ratio of
red clay is increased on the basis of controlling the ratios of cement, mountain sand,
and water to seek the optimal ratio that meets the experimental requirements. Before
conducting physical model testing, it is necessary to test the fundamental mechanical
and hydraulic characteristics of various ratios of similar materials, including unit weight,
uniaxial compressive strength, and permeability coefficient.

Based on the property testing of similar materials, the relevant mechanical parameters
were obtained to determine the optimal mass percentages for the surrounding rock similar
materials needed for the physical model test, which are as follows: mountain sand:red
clay:cement:water = 80.27%:6.35%:4.68%:8.70%. For filling fractured zones, the optimal
percentages of similar materials are red clay:mountain sand:crushed stones = 42%:42%:16%.
Simultaneously, based on the abundant presence of weak Class IV surrounding rock in
the actual tunnel construction process and referencing the “Railway Tunnel Design Code”,
the main parameters of Class IV surrounding rock are determined. By further integrating
the theory of fluid–solid coupling similarity and the results of testing experiments, the
parameters of surrounding rock similar materials under ideal conditions and for the final
test are obtained, as indicated in Table 1.

Table 1. Parameters of surrounding rock and similar materials.

Materials Bulk Density
(kN/m3)

Compressive
Strength

(MPa)

Permeability
Coefficient

(cm/s)

Surrounding rock 20~23 38 4.23 × 10−4

Ideal similar materials 16.67~19.17 0.39 5.62 × 10−5

Tested similar materials 17.86 0.40 5.58 × 10−5

3.2. The Process of Physical Model Testing

This paper takes the Dazhushan Tunnel as the background and conducts a 3D physical
model test on a parallel fault’s water and mud inrush using a self-made testing system.
Figure 3 illustrates the testing system. The internal design dimensions of the testing frame
are 1.0 m in length, 0.5 m in width, and 1.0 m in height, with a geometric similarity ratio
of 80.
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Figure 3. Three-dimensional physical model test system.

The depth of the tunnel simulated in this experiment is 500 m. The similar material
filling the test device reaches a height of about 90 cm, with a distance of 40 cm from the
top of the tunnel arch. The tunnel excavation section is 7.7 cm wide and 11.76 cm high.
The designed filling-type fault intersects with the tunnel at a distance of 2 times the tunnel
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diameter, with a fault thickness of 12.5 cm and a length of 18.75 cm. The corresponding
actual fault length and thickness are 15 m and 10 m, respectively. The designed fault makes
a 60◦ angle with the horizontal direction. Meanwhile, watering devices are buried in the
upper fault to provide stable water pressure, simulating a high-pressure water-rich fault
encountered during tunnel construction. Soil pressure cells and a pore water pressure
gauge are used to monitor changes in stress, pore water pressure, and other variables in the
surrounding rock and fault during the model testing. The monitoring section measuring
points are depicted in Figure 4.
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Figure 4. Layout plan of measurement points.

With the self-developed 3D physical model test system, a simulation test was con-
ducted on the section of the Dazhushan Tunnel crossing the Yanziwo Fault. Information
monitoring was carried out at the surrounding rock and fractured zone of the tunnel
excavation, collecting data on stress and pore water pressure, respectively. The final test
installation diagram before excavation is shown in Figure 5.
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3.3. The Analysis of Experimental Results
3.3.1. The Stress Variation of Surrounding Rock

At the same time as tunnel excavation, the data collection of surrounding rock stress
variation began to be collected. The stress variation patterns at different monitoring points
are depicted in Figure 6.
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As shown in Figure 6a, during the excavation process, the radial stress at various
positions along the tunnel vault gradually decreased. Initially, the stress variation at the
vault locations remained relatively stable. However, at monitoring points 2-1 and 2-2,
the stress began to decrease sharply around 1250 s into the excavation, while monitoring
point 2-3 experienced minimal stress variation throughout the excavation process. This
could be attributed to the initial distance between the tunnel excavation position and the
monitoring section, resulting in less influence from excavation unloading on the monitoring
points. Furthermore, as the face advanced beyond the monitoring section, there was a
sudden release of radial stress in the surrounding rock, leading to a sharp decrease in
stress at the vault monitoring points. As the face continued to advance, the stress values at
the monitoring points gradually stabilized, indicating that points closer to the excavation
profile were more affected by the excavation.
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As indicated in Figure 6b–d, the vertical stresses on the tunnel’s left and right sidewalls
generally exhibited minor variations during the early stages of excavation, followed by a
significant increase in the mid-stage, and finally stabilization. Analysis shows that tunnel
excavation leads to an increase in vertical stress at the sidewalls and vault positions of the
surrounding rock, with the magnitude of the increase influenced by the distance from the
excavation profile.

3.3.2. The Impact of Water Pressure Loading on the Evolutionary Law of Water and
Mud Inrush

After tunnel excavation was completed, the hydraulic pressure system was utilized to
apply water pressure. Water pressure was loaded incrementally, starting from a primary
pressure of 10 kPa and increasing by 5 kPa for each increment. To ensure sufficient
permeation coupling between water and surrounding rock materials and fault-filling
materials, the water pressure loading to the next level was carried out only after the data
acquisition software reached stability. When the pressure reached 15 kPa, seepage was
initially observed in the right sidewall of the tunnel. As the water pressure continued to
increase, the seepage area gradually expanded to the left sidewall, and the overall seepage
flow continuously surged. When the pressure reached 45 kPa, cracks appeared in the right
sidewall, and water began to flow out in streams. Continuing to increase the water pressure
to 55 kPa, the right sidewall experienced permeation instability, and a sudden outburst of
a mud–water mixture occurred in the fractured zone, resulting in water and mud inrush.
After a period of time, the water and mud inrush tended to stabilize. The evolution of the
tunnel water and mud inrush disaster is illustrated in Figure 7.
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Figure 7. Evolution of water and mud inrush.

The variation trend of pore water pressure at different water pressure loading stages
of the outburst-prevention rock mass and internal measurement points of the fault is
illustrated in Figure 8.

From Figure 8, it is evident that during various stages of water pressure loading, the
pore pressure at identical monitoring points escalates with increasing loading pressure. For
instance, as the loading pressure escalates from 10 to 45 kPa, the values at monitoring points
4-1 and 4-2 surge from 0.55 kPa to 5.86 kPa and from 1.47 kPa to 9.83 kPa, respectively.
Similarly, the values at monitoring points 4-3 and 4-4 increase from 4.35 kPa to 40.68 kPa
and from 9.75 kPa to 44.78 kPa, respectively. Under the same loading water pressure
conditions, as the vertical distance from each point to the fault’s upper boundary increases,
the pore water pressure values gradually decrease. For example, at loading pressures of
25 kPa and 45 kPa, the values at monitoring points 4-1, 4-2, 4-3, and 4-4 measure 3.31 kPa,
5.42 kPa, 19.63 kPa, and 24.56 kPa, respectively. Upon reaching a loading pressure of 45 kPa,
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the pore water pressure at each monitoring point rises to 5.93 kPa, 9.78 kPa, 40.83 kPa, and
44.83 kPa, respectively. In addition, during various stages of water pressure loading, the
pore water pressure at monitoring point 4-4 consistently approaches the water pressure
values. This suggests that placing a gravel layer between the watering device and the fault
can significantly diminish the degree of water pressure attenuation across the layer and
effectively distribute the water pressure uniformly.
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Figure 8. The variation laws of pore water pressure at different monitoring points.

In the actual experimental process, due to the limitations of objective conditions, it is
not feasible to obtain the values at arbitrary points within the rock mass at the monitoring
section. Instead, the variations in water pressure at corresponding positions can only be
monitored by installing pore water pressure sensors at key locations. Therefore, this paper
normalizes the pore water pressure values at internal monitoring points of the rock mass at
each hydraulic pressure loading stage and fits curves to obtain the variations in pore water
pressure at arbitrary points within the rock mass. The pore water pressure values at each
monitoring point are normalized by dividing by the value at monitoring point 4-3. Let P3
denote the pore water pressure value at monitoring point 4-3, and Pi denote the pore water
pressure value at arbitrary points within the rock mass. The pressure coefficient of pore
water pressure at arbitrary points relative to monitoring point 4-3 is calculated as Pi/P3
(normalized value). Table 2 displays the normalized pore water pressure values at various
monitoring points within the rock mass under distinct loading pressures, while the fitted
curves are illustrated in Figure 9.

Table 2. Relative water pressure coefficients of each measuring point under distinct loading water
pressure.

Measuring Points
Loading Water Pressure/kPa

10 15 20 25 30 35 40 45

4-1 0.135 0.147 0.123 0.169 0.161 0.143 0.151 0.145
4-2 0.348 0.258 0.252 0.276 0.252 0.243 0.242 0.240
4-3 1 1 1 1 1 1 1 1



Buildings 2024, 14, 2220 10 of 22

Buildings 2024, 14, x FOR PEER REVIEW 10 of 24 
 

In the actual experimental process, due to the limitations of objective conditions, it is 
not feasible to obtain the values at arbitrary points within the rock mass at the monitoring 
section. Instead, the variations in water pressure at corresponding positions can only be 
monitored by installing pore water pressure sensors at key locations. Therefore, this paper 
normalizes the pore water pressure values at internal monitoring points of the rock mass 
at each hydraulic pressure loading stage and fits curves to obtain the variations in pore 
water pressure at arbitrary points within the rock mass. The pore water pressure values 
at each monitoring point are normalized by dividing by the value at monitoring point 4-
3. Let P3 denote the pore water pressure value at monitoring point 4-3, and Pi denote the 
pore water pressure value at arbitrary points within the rock mass. The pressure coeffi-
cient of pore water pressure at arbitrary points relative to monitoring point 4-3 is calcu-
lated as Pi/P3 (normalized value). Table 2 displays the normalized pore water pressure 
values at various monitoring points within the rock mass under distinct loading pressures, 
while the fitted curves are illustrated in Figure 9. 

Table 2. Relative water pressure coefficients of each measuring point under distinct loading water 
pressure. 

Measuring Points 
Loading Water Pressure/kPa 

10 15 20 25 30 35 40 45 
4-1 0.135 0.147 0.123 0.169 0.161 0.143 0.151 0.145 
4-2 0.348 0.258 0.252 0.276 0.252 0.243 0.242 0.240 
4-3 1 1 1 1 1 1 1 1 

 

  
(a) (b) 

  
(c) (d) 

Buildings 2024, 14, x FOR PEER REVIEW 11 of 24 
 

  
(e) (f) 

  
(g) (h) 

Figure 9. Variation of relative water pressure coefficient with distance S of outburst-proof rock mass 
under distinct loading water pressure: (a) loading pressure 10 kPa; (b) loading pressure 15 kPa; (c) 
loading pressure 20 kPa; (d) loading pressure 25 kPa; (e) loading pressure 30 kPa; (f) loading pres-
sure 35 kPa; (g) loading pressure 40 kPa; (h) loading pressure 45 kPa. 

From Table 2 and Figure 9, it can be observed that under different loading pressures, 
the pressure coefficients of pore water pressure at arbitrary points within the rock mass 
relative to monitoring point 4-3 decrease with increasing vertical distance from the upper 
boundary of the fault. In other words, the pore water pressure at arbitrary points gradu-
ally decreases with increasing vertical distance S. Taking the loading water pressure of 20 
kPa as an example, points with vertical distances of 14 cm, 16 cm, 18 cm, and 20 cm from 
the upper boundary of the fault are selected for analysis. When the loading pressure is 20 
kPa, the relative pressure coefficients at the selected points are 0.719, 0.466, 0.301, and 
0.195, respectively. The corresponding pore water pressures are 10.43 kPa, 6.76 kPa, 4.37 
kPa, and 2.83 kPa, with a decrease in pressure coefficient compared to the previous point 
of 35.19%, 35.41%, and 35.21%, respectively. Based on the variations in water pressure 
coefficients and pore water pressures at the selected points under distinct water pressures, 
it can be concluded that both the water pressure coefficients and pore water pressure at 
arbitrary points within the rock mass decrease with increasing vertical distance from the 
fault’s upper boundary. 

By using the least squares method to perform nonlinear fitting on the experimental 
values of relative pressure coefficients at monitoring points under distinct water pressure 
loading stages, it can be observed that the fitting curve follows an exponential function 
relationship. The functional expression is as follows: P୧Pଷ = a𝑒ି௕௦ (8) 

Figure 9. Variation of relative water pressure coefficient with distance S of outburst-proof rock mass
under distinct loading water pressure: (a) loading pressure 10 kPa; (b) loading pressure 15 kPa;
(c) loading pressure 20 kPa; (d) loading pressure 25 kPa; (e) loading pressure 30 kPa; (f) loading
pressure 35 kPa; (g) loading pressure 40 kPa; (h) loading pressure 45 kPa.
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From Table 2 and Figure 9, it can be observed that under different loading pressures,
the pressure coefficients of pore water pressure at arbitrary points within the rock mass
relative to monitoring point 4-3 decrease with increasing vertical distance from the upper
boundary of the fault. In other words, the pore water pressure at arbitrary points gradually
decreases with increasing vertical distance S. Taking the loading water pressure of 20 kPa
as an example, points with vertical distances of 14 cm, 16 cm, 18 cm, and 20 cm from the
upper boundary of the fault are selected for analysis. When the loading pressure is 20 kPa,
the relative pressure coefficients at the selected points are 0.719, 0.466, 0.301, and 0.195,
respectively. The corresponding pore water pressures are 10.43 kPa, 6.76 kPa, 4.37 kPa, and
2.83 kPa, with a decrease in pressure coefficient compared to the previous point of 35.19%,
35.41%, and 35.21%, respectively. Based on the variations in water pressure coefficients
and pore water pressures at the selected points under distinct water pressures, it can be
concluded that both the water pressure coefficients and pore water pressure at arbitrary
points within the rock mass decrease with increasing vertical distance from the fault’s
upper boundary.

By using the least squares method to perform nonlinear fitting on the experimental
values of relative pressure coefficients at monitoring points under distinct water pressure
loading stages, it can be observed that the fitting curve follows an exponential function
relationship. The functional expression is as follows:

Pi

P3
= ae−bs (8)

where Pi/P3 is the water pressure coefficient of the pore water pressure at any point in the
monitoring section of the anti-breakthrough rock body relative to the reference point, a and
b are fitting parameters, and S is the vertical distance between any point and the fault’s
upper boundary.

Table 3 presents the parameters of the fitting curve for different loading pressures.

Table 3. Relevant parameters of fitting curve under distinct loading water pressures.

Parameters
Loading Water Pressure/kPa

10 15 20 25 30 35 40 45

a 9.0340 13.3224 15.1030 11.1279 13.0956 14.8286 14.4717 15.0029
b 0.1762 0.2076 0.2175 0.1933 0.2063 0.2161 0.2142 0.2171

R-Square 0.9994 0.9771 0.9877 0.9691 0.9657 0.9749 0.9693 0.9727

The range of the error parameter R-Square of the fitting curve, as shown in the table,
is from 0.9657 to 0.9994. This value is close to 1, indicating that the nonlinear fitting of the
seepage law within the rock mass under different loading pressures using an exponential
function is quite effective.

4. Simulation Scheme and Calculation Model Establishment
4.1. Numerical Simulation Scheme Design

In order to further compare with physical model experiments, according to the actual
working conditions and the spatial position of the tunnel and fault, a numerical simulation
scheme for parallel fault excavation was designed, as shown in Figure 10. Point P is one of
the key monitoring points, which is the intersection of the Y = 26 m cross-section staggered
distance line and the left boundary of the fault.
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Figure 10. Simulation scheme of parallel fault excavation.

4.2. Establishment of Computational Model

When establishing a three-dimensional numerical calculation model, the influence
of the tunnel excavation radius and seepage field should be considered. The length and
height of the model of the tunnel excavation at the footwall of fault are 120 m and 120 m
respectively, and the width along the tunnel axis is 50 m. The model grid is a uniform
grid which radiates outward from the tunnel in a certain proportion. The minimum size
of the grid is 0.8 m, and the mesh is mainly hexagonal. The tunnel is excavated by the
full-section method and the excavation footage is 2 m. In the model, the height and width
of the tunnel excavation are 9.408 m and 6.16 m, respectively. The model established by
numerical calculation is shown in Figure 11.
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Figure 11. Numerical calculation model of fluid–solid coupling in tunnel excavation.

The Mohr–Coulomb constitutive model is adopted in numerical simulation calcu-
lation [40]. The surrounding rock and fault parameters in the model were obtained by
referring to relevant specifications and experiments. Table 4 shows the parameters of sur-
rounding rock and fault materials. The model’s boundary conditions are a fixed constraint
at the bottom and a normal constraint around. In order to simulate groundwater, nodal
water heads are applied on the left and right boundaries of the model, and the seepage
boundary is set at the excavation surface formed in each cycle of tunnel excavation.
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Table 4. Relevant parameters of tunnel excavation simulation.

Material Type Bulk Density
(kN/m3)

Saturated
Bulk Density

(kN/m3)

Elastic
Modulus

(GPa)

Cohesion
(MPa)

Internal
Friction Angle

(◦)

Poisson’s
Ratio

Permeability
Coefficient

(cm/s)

Class IV
surrounding rock 21.7 22.5 4.11 0.6 32.54 0.32 4.13 × 10−4

Fault 17 18 0.9 0.05 22 0.30 4.02 × 10−3

5. Analysis of Evolution Law of Water and Mud Inrush in Fault Fracture Zone
5.1. Analysis of Displacement Field Evolution Law

During the numerical model analysis, it is necessary to reset the displacement field and
velocity field generated by the initial stress field calculation, and then proceed with the fluid–
solid coupling calculation and analysis of tunnel excavation [41,42]. The displacement field
distribution of surrounding rock at different stages of tunnel excavation is also different.
When analyzing the law of displacement field through a cloud diagram, the longitudinal
profile at the excavation length of 48 m is selected to analyze the vertical displacement of
the surrounding rock. Simultaneously, the Y = 25 m profile at this stage is chosen to analyze
the horizontal displacement of the surrounding rock.

Figure 12 shows the vertical and horizontal displacement nephograms of surrounding
rock after 48 m of tunnel excavation, respectively. According to Figure 5, after excavating
48 m into the tunnel, the vertical displacement of the surrounding rock is mainly concen-
trated at the vault and invert, with a maximum value of 2.63 cm. Meanwhile, the horizontal
displacement of the surrounding rock exhibits a symmetrical distribution pattern, primarily
concentrated at the left and right sidewalls, with a maximum value of 3.31 cm.
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Figure 12. Displacement nephogram of surrounding rock when the tunnel is excavated to 48 m:
(a) vertical displacement; (b) horizontal displacement.

In the tunnel excavation process, the influence of excavation on the stability of the
tunnel surrounding rock can be analyzed by monitoring the surrounding rock displacement
at the key points around the tunnel. Therefore, multiple points are selected for vertical
and horizontal displacement monitoring in this paper. When analyzing the displacement
influence of excavation on key points, the selected points are located at the vault and right
arch ring of the Y = 26 m section. The intersection point of the staggered distance line on
the Y = 26 m section and the left boundary of the fault is the monitoring point P, which has
been marked in Figure 10. The selected key positions are shown in Figure 13.
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Figure 14 illustrates the displacement variations of the vault and right arch ring for
the Y = 26 m section. According to Figure 14a, as excavation steps increase, the settlement
value of the vault gradually increases. Specifically, from excavation step 13 to step 15, there
is a steep increase in vault settlement. After excavation step 16, the rate of vault settlement
growth slows down, with a final settlement value of 23.236 mm. Analysis reveals that when
the excavation face is further away from the monitoring section, the variation in tunnel vault
settlement is smaller, but it significantly increases as the excavation face approaches the
monitoring section. In contrast, the horizontal displacement of the vault remains relatively
stable, with the maximum horizontal displacement of the vault throughout the excavation
process being 0.622 mm. According to Figure 14b, the horizontal displacement of the
right arch ring sharply changes after the monitoring section is exposed, while the vertical
displacement experiences a sharp change before the monitoring section is exposed during
excavation steps. After tunnel excavation is completed, the vertical displacement of the
right arch ring is 19.144 mm, representing a 17.61% decrease compared to the vault’s vertical
displacement. The horizontal displacement is 9.685 mm, indicating a 9.063 mm increase
compared to the vault’s horizontal displacement. The comparative analysis demonstrates
that tunnel excavation has a greater impact on the vertical displacement of the vault than
the arch ring, while its influence on the horizontal displacement of the vault is less than
that of the arch ring.
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5.2. Analysis of Stress Field Evolution Law

Excavating tunnels will disrupt the initial stress conditions of surrounding rock,
prompting a redistribution of stress within the rock mass., especially in the excavation
disturbance area [43]. In order to study the stress distribution law of the surrounding rock
during tunnel excavation, the maximum and minimum principal stress cloud maps of the
surrounding rock at the cross-section Y = 25 m of the model are selected with an excavation
length of 30 m for analysis (as shown in Figure 15).

According to Figure 15, when the tunnel is excavated to 30 m, the maximum and
minimum principal stresses of the surrounding rock are both compressive stresses. The
maximum principal stress is mainly concentrated in the surrounding rock near the upper
left and lower right corners of the fault and at the tunnel vault, with a maximum value of
26.315 MPa. The high-value zone of the minimum principal stress is mainly located in the
surrounding rock near the upper left and lower right corners of the fault and at the tunnel
invert, with a maximum value of 7.132 MPa. Therefore, monitoring and reinforcement
measures should be implemented during tunnel construction to prevent excessive stress in
the surrounding rock, which could lead to instability and deformation of the surrounding
rock, triggering water and mud inrush disasters in the tunnel.
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Gaining a detailed understanding of the variation law of surrounding rock stress
in each stage of tunnel excavation can be realized by arranging monitoring units. The
surrounding rock stress monitoring unit is arranged near the vault and right arch ring in
the middle section of the model (Y = 25 m). The variation law of the maximum principal
stress and minimum principal stress of each monitoring unit is shown in Figure 16.

From Figure 16a, it can be observed that from excavation step 1 to step 12, both the
maximum and minimum principal stresses of the units near the tunnel vault gradually
increase. From step 12 to 13, due to the excavation face corresponding to the excavation step
passing through the monitoring section, the principal stresses of the vault units experience
a sharp decrease due to excavation unloading. With the increase in excavation steps, as the
excavation face gradually moves away from the monitoring section, the principal stresses
of the vault units first rise slightly and then remain relatively constant. Meanwhile, the
minimum principal stress values of the vault units at each excavation step are relatively
close, while the maximum principal stress values vary significantly. From Figure 16b, it can
be seen that the variations in the maximum and minimum principal stresses of the arch
ring units with excavation steps are distinctly different. As the excavation steps increase
from 1 to 11, both the maximum and minimum principal stresses slowly increase. When
the excavation steps increase from 11 to 15, the maximum principal stress sharply rises,
while the minimum principal stress undergoes a process of sharp increase, sharp decrease,
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and then slow increase. During this stage, the maximum principal stress increases sharply
from 10.609 MPa to 15.384 MPa, with an increase of 45.01%, while the minimum principal
stress increases from 4.219 MPa to 5.014 MPa, then decreases to 3.373 MPa, and finally
gradually increases to 3.966 MPa. From step 15 to 25, both the maximum and minimum
principal stresses gradually stabilize.
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5.3. Analysis of Evolution Law of Pore Water Pressure

In the process of tunnel excavation, the distribution of pore water pressure in the
surrounding rock and fault fracture zone varies with different excavation stages. When
studying the pore water pressure distribution, the cross-section (Y = 25 m) of the middle
position of the model when the tunnel is excavated to 10 m and 50 m is selected for analysis.
The pore water pressure distribution in each analysis condition is shown in Figure 17.

According to Figure 17a, the distribution of pore water pressure in the model is
affected by the burial depth. Under this working condition, the pore water pressure shows
an increasing trend from top to bottom. However, from the left and right sides of the
model to the direction of the tunnel axis, the pore water pressure inside the surrounding
rock at the same burial depth gradually decreases. The pore water pressure in the entire
profile shows a “U”-shaped distribution, and the maximum and minimum values of the
pore water pressure in the model are 2.550 MPa and 2.691 kPa, respectively. According to
Figure 17b, after tunnel excavation is completed, a low pore water pressure zone is formed
around the excavation face of the tunnel in this section. Groundwater in the surrounding
rock flows towards the void created by the tunnel excavation, resulting in a funnel-shaped
distribution of pore water pressure across the entire section.

The pore water pressure cloud map can only reflect the approximate values of the pore
water pressure in the surrounding rock and the fault fracture zone of a particular section
under certain conditions, and cannot simultaneously reflect the specific numerical change
law of the pore water pressure at each position under various conditions. Therefore, when
analyzing the variation of pore water pressure, the sections of Y = 26 m and Y = 40 m are
selected as the monitoring sections, and the points of the right arch ring and the intersection
point P (as shown in Figure 13) are selected as the monitoring points for water pressure
variation analysis.

Figure 18 shows the variation of pore water pressure at each monitoring point with
excavation steps. According to Figure 18a, it can be observed that with the increase in
excavation steps, the pore water pressure at the monitoring point of the right arch ring
of the tunnel at the Y = 26 m profile decreases significantly. After excavation step 15,
the pore water pressure at this monitoring point stabilizes and gradually approaches 0.
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Similarly, at the monitoring point of the right arch ring of the tunnel at the Y = 40 m
profile, the pore water pressure decreases significantly between excavation steps 1 and 21
and then stabilizes gradually, also approaching 0. The analysis indicates that when the
excavation length of the tunnel does not reach the monitoring section, there is a significant
variation in the pore water pressure at the monitoring section’s right arch ring. However,
when the excavation length reaches the monitoring section, the variation in pore water
pressure becomes smaller. This may be due to excavation causing high-pressure water
in the surrounding rock to gradually flow towards the excavation face, resulting in a
gradual decrease in the pore water pressure of the surrounding rock near the tunnel
excavation face. After reaching the monitoring section, the release of high-pressure water is
completed, causing the pore water pressure at the monitoring point to gradually approach 0.
Additionally, the pore water pressure at point P is initially lower than that at the right arch
ring of the Y = 40 m monitoring section but becomes higher in the later stages of excavation.
This is related to the distance between the excavation face formed during excavation and the
monitoring point.
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Figure 18b represents the pore water pressure variation curve at the monitoring
section’s vault. It can be seen that the trend of pore water pressure variation at the vault
of each monitoring section is similar to that at the arch ring of the same section. From
excavation step 1 to 9, the pore water pressure at the vault monitoring points of Y = 26 m
and Y = 40 m profiles decreases from 1725.13 kPa and 1779.75 kPa to 1122.29 kPa and
1412.87 kPa, respectively, with a decrease of 34.94% and 20.61%. By excavation step 25, the
pore water pressure decreases to 0.00 kPa and 0.70 kPa, respectively.

5.4. Analysis of Seepage Velocity Law

When conducting the analysis of seepage flow velocity within the surrounding rock
and fault zone at each stage of tunnel excavation, the seepage flow velocity diagram at the
Y = 25 m cross-section is selected as the analysis subject. The excavation progress of 20 m
and 50 m is selected as the analysis stages. The velocity cloud maps for each analysis stage
are shown in Figures 19 and 20.
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According to Figure 19, it can be observed that when the tunnel is excavated to 20 m,
the high-velocity zone of the model is mainly located in the surrounding rock near the
excavation face, along with the fault zone at positions closer to the excavation contour line.
At this stage, the high-velocity zone of the surrounding rock is close to the high-velocity
zone of the fault, indicating a tendency for groundwater to flow towards the rock mass at
the location where the tunnel is to be excavated. From Figure 20, after tunnel excavation
is completed, the distribution range of the high-velocity zone significantly increases. The
high-velocity zone in the fault area is no longer confined within the fault but also appears
outside at the upper left and lower right corners of the fault. In this stage, the connection
between the high-velocity zones of the surrounding rock and the fault becomes more
pronounced. The maximum velocity in the entire model is 8.463 × 10−5 m/s.

To study the variation of velocity at critical points with excavation stages, the Y = 25 m
and Y = 40 m profiles are selected as monitoring sections. The vault, right arch ring, and
right sidewall units of the profile are chosen as monitoring units for internal seepage flow
velocity in the surrounding rock. The variation of seepage flow velocity at each monitoring
point with excavation steps is shown in the Figure 21.

From Figure 21a, it can be seen that the seepage flow velocity of each monitoring
section’s vault unit gradually increases before the excavation face exceeds the monitoring
section. However, after the excavation face progresses beyond the monitoring section,
the velocity of the vault unit decreases with the increase in excavation steps. Since the
excavation face first advances to the Y = 25 m monitoring section, the seepage flow velocity
of the vault unit at this section decreases earlier. From Figure 21b, during the tunnel
excavation process, the variation trends of seepage flow velocity for the vault unit, right
arch ring unit, and right sidewall unit on the monitoring section are basically the same.
At the excavation step when the monitoring section is first exposed, the seepage flow
velocity of the right arch ring unit is greater than that of the vault unit, followed by the
right sidewall unit. This indicates that the tunnel’s location most susceptible to sudden
water inflow when excavating using the full-face method is likely to be at the right arch
ring position, where the tunnel is closest to the fault vertically.
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6. Conclusions

(1) Taking the Dazhushan Tunnel as the research background, a self-developed 3D physi-
cal model test system and similar materials were used to carry out physical model
testing of water and mud inrush in a parallel fault. The evolution process of wa-
ter inrush and mud inrush disasters in weak surrounding rocks was reproduced.
Multiple pieces of information, such as the rock stress at different positions of the
tunnel during excavation and water pressure loading stages, pore water pressure
between the anti-rock mass and the fault interior, and images of the evolution process
of water and mud inrush, were obtained. Among these, the optimal ratio of similar
materials for the surrounding rock required for physical model testing is sand:red
clay:cement:water = 80.27%:6.35%:4.68%:8.70%, and the optimal ratio of similar ma-
terials for filling faults is red clay:sand:gravel = 42%:42%:16%.

(2) During the physical model test, as the tunnel is excavated, radial stress in the sur-
rounding rock at the arch gradually decreases owing to stress releasing, while the
vertical stress at the left and right walls gradually increases. Closer to the excavation
contour line, the changes are more significant. During water pressure loading, pore
water pressure at each measuring point increases with higher loading. Additionally,
at the same loading conditions, pore water pressure decreases as the vertical distance
from each point to the fault’s upper boundary increases. By non-linear fitting, the
experimental values of the relative water pressure coefficient of monitoring points
under various loading water pressures, and the exponential function relationship
between the relative water pressure coefficient of any point in the outburst-prevention
rock mass of the monitoring section and its vertical distance from the fault’s upper
boundary, were obtained.

(3) For the numerical simulation of the parallel fault excavation in the tunnel, the max-
imum vertical displacement is observed at the arch’s top and bottom, while the
maximum horizontal displacement happens at the left and right walls. Excavation
affects the vertical displacement of the arch vault more than the arch ring, while it has
a greater impact on the horizontal displacement of the arch ring compared to the arch
vault. The maximum principal stress value is mainly concentrated near the upper
left and lower right corners of the arch wall and fault. The maximum and minimum
principal stresses of the arch top unit will first increase, then decrease, and then in-
crease again. The trend of the maximum and minimum principal stresses of the right
arch ring unit is significantly different. The changes in the pore water pressure field
are significant when the tunnel is excavated to 10 m and 50 m, showing a U-shaped
distribution and a funnel-shaped distribution, respectively. The pore water pressure at
each monitoring point decreases with the increase in excavation distance; the seepage
flow velocity of each monitoring point shows a trend of first increasing and then
decreasing, and the right arch, which is closer to the vertical distance from the fault,
is most prone to water inrush. The results can provide relevant references for the
prevention of water and mud inrush disasters due to other fault types in the future.
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