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ABSTRACT: To study the mechanism and evolution process of water inrush geohazards under the
complex geological environment of the karst cave-fractured zone, a large-scale physical three-
dimensional (3D) model test was first performed. Then the conceptual model for the evolution process
of water inrush geohazards and the simplified theoretical model for the critical hydraulic pressure
were both established based on the main characteristics of the water inrush geohazard in the engineer‐
ing background and that in the model test. A new method was developed for modeling the geological en‐
vironment of the karst cave-structural plane, and two formulae describing the critical water pressure
of water inrush geohazards under two failure models of tensile-shear fracture failure and compression-
shear fracture failure were also deduced based on fracture mechanics. The results showed that: (1) the
evolution process of the water inrush geohazard can be divided into four stages, which include the ini‐
tial balance, the propagation of original cracks, the formation of the dominant water inrush channel,
and the instability of the waterproof rock mass; (2) the suddenness of water inrush geohazards be‐
comes stronger with the increase of the hydraulic pressure; (3) the calculated critical hydraulic pres‐
sure of water inrush geohazards is similar to the measured critical hydraulic pressure in the model test,
which validated the accuracies of the theoretical model, and the failure model of water inrush geohaz‐
ards in this research is compression-shear fracture failure.
KEY WORDS: karst cave, fractured zone, water inrush, mechanism, critical hydraulic pressure, model

test, engineering geology.

0 INTRODUCTION
With the development of the social economy and core

technologies of deep excavation, tunnel construction has
stepped into an era of deep burial and ultralong tunnels, and
the subsequent forms of geological disasters have become
more diverse. Among them, water inrush geohazard in the
complex geological environment has become a key problem
facing tunnel construction (Xue et al., 2021; Wang et al.,
2020; Simpson and Tatsuoka, 2008; Sun and Wang, 2000). Wa‐
ter inrush is a complex process of multiscale and multifield
coupling that is characterized by concealment, complexity,
suddenness, and destructiveness (Li et al., 2016). It is difficult
to study the catastrophic evolution process in real time when a
disaster occurs. Therefore, statistical analysis of engineering

cases, theoretical analysis, and model tests have become com‐
mon methods used by scholars at home and abroad (Zhang et
al., 2017; Farhadian et al., 2016; Moon and Fernandez, 2010;
Park et al., 2008; Paul, 2008). Based on the analysis of 221
water inrush cases, Li et al. (2018) divided tunnel water inrush
into four typical models (direct exposure, gradual failure, seep‐
age instability, and intermittent failure), which laid a good the‐
oretical foundation for the analysis of the mechanism of water
inrush disasters.

Given differences in geological conditions, catastrophe
theory, limit equilibrium theory, and fracture mechanics theory
can be applied to analyze the disaster mechanism of water in‐
rush in the tunnel. The primary feature of catastrophe theory is
that it can describe characteristics such as discreteness, irregu‐
larity, and heterogeneity of water inrush disasters in rock sys‐
tems (Zhu and Li, 2020). Using catastrophe theory, Liang et al.
(2016) and Yang and Xiao (2016) developed the cusp catastro‐
phe model and deduced a formula to calculate the critical safe
thickness of water inrush in a tunnel. Zhang L W (2021) ana‐
lyzed the influence of karst shape on the stability and mini‐
mum safe thickness of a tunnel using catastrophe theory and
strength theory. When catastrophe theory is used to analyze wa‐
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ter inrush in the tunnel, the structural mechanical model of the
waterproof rock mass should be determined first, but in practi‐
cal engineering, geological conditions are complex and di‐
verse; thus, it is impossible to establish a suitable structural me‐
chanical model in many cases. Limit equilibrium theory and
fracture mechanics theory have been used to analyze the mech‐
anism of water inrush in the tunnel to solve this problem (Xu et
al., 2021; Wu et al., 2019; Hu et al., 2018; Nodintsev and Ami‐
letenko, 2015). Fu et al. (2021) used the limit equilibrium
method to analyze the mechanism of water inrush in a tunnel
whose axis is perpendicular to the fault and deduced the theo‐
retical calculation formula of the minimum safe thickness. The
theory of the slice method was introduced into the analysis of
the mechanism of water and mud inrush in filled karst tunnels
by Li et al. (2015), providing a new idea for the calculation of
water and mud inrush in karst tunnels. Based on the theory of
fracture mechanics, Zhang Q et al. (2021) established a me‐
chanical model of water inrush under blasting and excavation
conditions for deep-buried tunnels and proposed two types of
water inrush: tension-shear damage and compression-shear
damage.

The model test is different from the statistical analysis of
engineering cases and theoretical derivation. The test can
avoid constructing the constitutive relation of complex rock
masses when the mechanism research is unclear and explore
many problems that cannot be solved by mathematical and
mechanical methods (Ameguid et al., 2008). The test provides
the basis for a new theory and mathematical model and is
widely used to solve the problem of water inrush in tunnels
(Su et al., 2020; Liu et al., 2019; Huang et al., 2019; Jiang et
al., 2017; Wang and Wang, 2013). Li et al. (2016) analyzed
the mechanism of water inrush under fault geological condi‐
tions using physical model tests, and results showed that the
fault was a key location to prevent and control water inrush in
tunnels. Zhao and Zhang (2018) studied the characteristics of
water and mud inrush in fractured rock masses through model
tests and found that excavation disturbance, high water pres‐
sure, and water erosion are key factors that affect water and
mud inrush. To investigate the evolution of water inrush in
karst tunnels, model tests were performed by Pan et al.
(2019), and results indicated that the evolution of water inrush
could be categorized into the emergence of water-flowing
cracks, the formation of the dominant water channel, and the
collapse of the water-proof rock mass. Wang et al. (2021) re‐
searched the seepage characteristics of a tunnel under the con‐
ditions of high ground stress and highwater pressure by model
tests and found that the expansion of the original fractures
caused by tunnel excavation eventually led to water inrush
geohazards. Previous research has promoted the analysis of
the mechanism of water inrush in tunnels and provided impor‐
tant guidance for the prevention and control of water inrush
geohazards in tunnel construction. However, these studies pri‐
marily investigated a single geological structure, and relative‐
ly few studies investigated the mechanism and evolution pro‐
cess of water inrush in tunnels in geological environments
where multiple geological structures coexist. Tunnel construc‐
tion is gradually developing toward deep burial and super-
long areas, and it is difficult to avoid water inrush geohazards

in complex geological environments. Therefore, it is of great
practical significance and engineering value to clarify the
mechanism and evolution process of water inrush in tunnels
in geological environments where multiple geological struc‐
tures coexist.

In this study, a water inrush geohazard in a deep-buried
water-conveyance tunnel under the complex geological envi‐
ronment of the karst cave-fractured zone in China was selected
as an engineering background. First, a large-scale physical
three-dimensional (3D) model test under the aforementioned
geological environment was performed. Multivariate physical
information, such as the displacement, stress, and seepage pres‐
sure of the surrounding rock, was monitored during the model
test. Via comprehensive comparative analysis, the sensitivity
priority of precursor information of the tunnel water inrush
was determined. Second, a conceptual model for the evolution
process of water inrush geohazards was proposed based on the
primary feature of the water inrush geohazard in the engineer‐
ing background and that in the model test. Finally, based on
fracture mechanics, a simplified theoretical model of water in‐
rush geohazards was established, and the formulas describing
the critical water pressure of water inrush geohazards under
two failure models of tensile-shear fracture failure and com‐
pression-shear fracture failure were deduced. The results of
this study can provide a useful reference for the construction
design and risk prediction of water inrush in deep-buried tun‐
nels under the complex geological environment of karst cave-
fractured zones.

1 ENGINEERING BACKGROUND
A deep-buried water-conveyance tunnel in China is con‐

sidered to provide background to this study. To solve the prob‐
lem of ecological water consumption in the lower reaches of
River A, the water from River E is transferred to River A. Mag‐
netotelluric method, engineering geological mapping, and field
geological survey were used to carry out special surveys of the
water-conveyance tunnel. The deep-buried water-conveyance
tunnel is 55.19 km (K0+000 – K55+050), and the simplified
geological map of it is shown in Fig. 1a. The exploration data
showed that the strata traversed by the tunnel were mainly Tri‐
assic conglomerate, limestone, and tuff, and the tunnel had to
pass through four fault zones, namely F1, F2, F3, and F4. The
conglomerate is gray-white with a fractured structure, the main
components are mudstone, limestone, calcareous cementation.
Limestone is gray-white, moderately weathered, and fine-
crystalline structure. The tuff is light gray with a tuff structure
and a massive structure. The debris is mainly quartz, feldspar,
and dark minerals. The glass debris content is about 10%–30%.
The tunnel was constructed by the mining method and divided
into two benches. The height of the upper bench and the lower
bench were 2 and 4 m, respectively. The tunnel was excavated
in order from the upper bench to the lower bench. After the up‐
per bench was excavated for 10 m, the lower bench started to
be excavated. The tunnel was supported by anchoring and shot‐
creting, and a few 500 cm long grouted hollow bolts were ap‐
plied to support the surrounding rock in the tunnel vault. The
primary support was C25 shotcrete and the thickness was 25
cm, which inside was reinforced by steel fabric.
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The middle section of the tunnel (see the red block dia‐
gram in Fig. 1a) is the key control project. The total length and
the maximum buried depth were 13.7 km and 720 m respec‐
tively. The annual precipitation is 1 583 mm. Groundwater was
primarily affected by rainwater, and the water pressure varied
from 0.1 to 2.5 MPa over one year according to the geological
investigation report. When the tunnel was excavated to the sec‐
tion of K23+616, a water inrush geohazard occurred before the
primary support due to the influence of sudden heavy rain on
the surface, as shown in Fig. 1b. The comprehensive geophysi‐
cal exploration map of the water inrush geohazard area was
shown in Fig. 2. The section of K23+580–K23+860 (see the
blue block diagram in Fig. 2) is the intersection of the karst de‐
velopment area and the F2 fault. The F2 fault intersected the
tunnel at the right angle with a dipping angle of 78°. The appar‐
ent resistivity was 150 to 600 Ω·m, and it was inferred that the
rock mass was moderately weathered. Under the influence of
the F2 fault, the rock mass was in a broken state. Karst pipe‐
lines or dissolution fissures were developed, which were con‐
nected with surface karst depressions and caves, and the rock
mass was rich in water.

The tunnel section of K23+600 – K23+640 (see the red
block diagram in Fig. 2) was selected as the prototype and the
comprehensive research flow diagram as shown in Fig. 3. The
diameter and burial depth of the tunnel in the study area are ap‐
proximately 6 and 700 m, respectively. Based on the compre‐
hensive geophysical exploration map and the structure of the
tunnel exposed after the water inrush geohazard, there was an
irregular spherical karst cave located above the tunnel, and its
width was approximately 6.1 m by manual measurement. The
bottom of the karst cave was approximately 5.9 m away from
the tunnel vault. And a large number of interlaced structural
planes derived from the F2 fault led to the development of a
fractured zone that extended long and vertically cut through a
karst cave as a result of geological transformation and ground‐
water erosion. The width of the fractured zone was approxi‐

mately 0.1–0.5 m. The karst cave and fractured zone provided
a suitable geological environment for water inrush. According
to China’s surrounding rock classification system presented in
the code for engineering geological investigation of water re‐
sources and hydropower, the rock masses are classified as
Grade IV.

2 INDOOR MODEL TEST
The evolution of water inrush in the deep-buried tunnel

under the abovementioned complex geological environment
was reproduced through model tests. The change laws of the
multivariate information, such as displacement, stress, and
seepage pressure of surrounding rock, were also analyzed.

2.1 Model Test Design
2.1.1 Model test system and material

The model test system independently designed by Shan‐
dong University (China) was used in the model test (Yang et
al., 2019), as shown in Fig. 4a. The maximum load that can be
exerted on each surface is 3 000 kN, and the loading pressure
can be held for 720 h. A tunnel portal was engineered in the
center of the back-loading plate for the excavation of the tun‐
nel, as shown in Fig. 4b. The length, width, and height of the
box mold are 1 500, 1 000, and 1 000 mm, respectively, as
shown in Fig. 4c.

The tunnel section of K23+600 –K23+640 in the tunnel
was selected as the engineering prototype of the model test,
and the surrounding rock mass was considered Grade IV. The
diameter and burial depth of the tunnel were set equal to 6 and
700 m, respectively. Considering the abovementioned factors,
the geometry ratio (CL) was set equal to 50, and the reduced
density scale (Cγ) was 1. The similarity relationship of the phys‐
ical model test was determined based on the physical equa‐
tions, equilibrium equations, geometric equations, fluid-solid
coupling theory, and boundary conditions, as shown in Table 1.
The modeled material is composed of chlorinated paraffin,

Figure 1. Simplified geological map and water inrush geohazard. (a) Simplified geological map of the tunnel; (b) water inrush geohazard.
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white cement, iron powder, calcium carbonate, silicone oil, and
standard sand. The mass ratio of the modeled material that
meets the requirements of the model test is 1 : 0.34 : 0.068 :
0.25 : 0.075 : 0.103, and water is also used. The physical and
mechanical parameters of the original rock and similar materi‐
als are shown in Table 2.

2.1.2 Model test design
The internal structural characteristics of the model test are

shown in Fig. 5a. Karst cave A was located directly above the
central axis of the tunnel and connected to an inlet pipe, and its
diameter was 120 mm. The distance between its bottom and
the tunnel vault was 120 mm. Structural plane A was rectangu‐
lar and bisected karst cave A vertically. The width and height
of structural plane A were 360 and 480 mm, respectively, and

Figure 2. Comprehensive geophysical exploration map of the study area.

Table 1 The similarity relationship of the model test

Parameters

Stress

Strain

Elasticity modulus

Poisson’s ratio

Friction coefficien

Hydraulic conductivity

Cohesion

Relations

Cσ = CL Cγ

Cε = Cμ

CE = Cσ/Cε

Cμ = Cε

Cφ = Cμ

CK = CL /Cγ

Cc = Cσ

Reduced scale

50

1

50

1

1

7.07

50

Table 2 Physical and mechanical parameters of the original rock and model

Item

Density (g·cm-3)

Compressive strength (MPa)

Elasticity modulus (GPa)

Poisson’s ratio

Cohesion (MPa)

Hydraulic conductivity (cm·s-1)

Friction angle (°)

Surrounding rock

2.40–2.72

10–40

3.0–5.0

0.35

1.5–2

9.18×10-6–3.14×10-5

31–36

Modeling

materials

2.47

0.67

0.08

0.32

0.028

3.19×10-6

33

Figure 3. The comprehensive research flow diagram.
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its upper boundary was 60 mm from the top of karst cave A.
The central axis of the tunnel was perpendicular to structural
plane A. The lower boundary of structural plane A was 60 mm
from the bottom of the tunnel, and its left and right boundaries
were 180 mm from the central axis of the tunnel. Two monitor‐
ing sections were used in the model test and were denoted as I-
1 and I-2, as shown in Fig. 5b. I-L is a vertical displacement
monitoring line in the waterproof rock mass. The monitoring
elements buried in the model test were primarily miniature soil
pressure gauges, miniature osmometers, strain bricks, and dis‐
placement gauges, as shown in Fig. 6.

2.2 Model Construction and Procedures
2.2.1 Model construction

It is difficult to prefabricate karst caves filled with con‐
fined water in model tests. A new method for making karst
caves was proposed by taking advantage of ice-melt properties
in this paper. The primary production process is shown in Fig.
7. In this study, a new device was also designed to make the
karst cave-structural plane, and the primary components of the
device are shown in Fig. 8.

According to the internal structure of the model detailed
in Section 2.1, the experimental sample was divided into four

Figure 4. The true triaxial physical model test system. (a) The model test apparatus; (b) back-loading plate; (c) the box mold.

Figure 5. Schematic diagram of the model. (a) Overall diagram of the model; (b) model monitoring scheme.
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parts from bottom to top in the construction. The heights of the
four parts were 370, 240, 240, and 150 mm. The construction
of the karst cave-structural plane was considered to be an ex‐
ample to introduce the model body filling, and the processes
are shown as follows:

(1) The position of the structural plane was marked on the
top of part II, and the wooden box and plank were put into the
box mold, as shown in Fig. 9a.

(2) Silicone oil was sprayed evenly on the top of part Ⅱ ,

as shown in Fig. 9b. Then, the ready-mixed similar materials
were added to the box mold and initially rammed into place, as
shown in Fig. 9c. The same method was used to fill the rest of
the mold after the wooden boxes were removed.

(3) The locations of the karst cave and structural plane are
marked and slotted, as shown in Fig. 9d.

(4) The iceball prefabricated in the previous section was
embedded into the composite steel plate with a circular hole.

Figure 7. The production of the ice ball. (a) Pouring the gypsum slurry; (b)

repairing of the cavity; (c) placing the balloon; (d) balloon filled with water.

Figure 6. Model monitoring scheme. (a) Monitoring section I-1; (b) M = monitoring section I-2; (c) vertical displacement monitoring line I-L.

Figure 8. Device for making the karst cave-structural plane. (a) Common

composite steel plate; (b) composite steel plate with a circular hole; (c)

wooden box; (d) plank.
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Then, the steel plate and the iceball were placed into the gap af‐
ter the plank was pulled out, as shown in Fig. 9e.

(5) Silicone oil was evenly sprayed into the gap, as shown
in Fig. 9f. Similar materials were quickly backfilled and com‐
pacted at the end of this step.

(6) The steel plate was dismantled, and its components
were removed in sequence, as shown in Fig. 9g. A certain
amount of mica powder filled the gap, as shown in Fig. 9h.

(7) Similar materials in the position where the intake pipe
would be installed were excavated, and then an intake pipe was
put into position, as shown in Fig. 9i. Finally, similar materials
were backfilled and compacted.

(9) The embedding of monitoring elements is shown in
Fig. 10. The spatial locations and corresponding monitoring el‐
ements of the monitoring points were determined based on the
monitoring scheme detailed in Section 2.1.2.

2.2.2 Model procedures
The real buried depth of the tunnel was 700 m, which was

equivalent to a simulated buried depth of 14 m. According to
the real buried depth and the similarity ratio, the vertical stress
provided by the vertical stress loading system was 320 kPa.
The ratio of horizontal stress to vertical stress was set equal to
0.4. According to the design of the model test, the excavation
length was 750 mm. The testing process included tunnel exca‐
vation and karst cave hydraulic pressure loading.

The entire testing process is summarized as follows. (1)
The horizontal and vertical pressures of the model were loaded
to 136 and 320 kPa in 8 steps, and the interval of each step was
2 h. (2) The intake valve of karst cave A was opened, and its
initial water pressure was loaded into 5 kPa. (3) The tunnel
was excavated in 15 steps, and the length of each excavation
was 50 mm, which was equivalent to 2.5 m at the project site.
(4) After the excavation of the tunnel reached 750 mm, the wa‐
ter pressure of karst cave A was increased step by step with a
gradient of 5 kPa every 0.25 h. When water inrush occurred, in‐
creasing the hydraulic pressure was stopped.

Figure 9. The fabrication of karst cave-structural plane. (a) Positioning of the structural plane; (b) spraying of silicone oil; (c) material compaction; (d) position

of the karst cave slotted; (e) device embedding; (f) spraying of silicone oil; (g) removal of device; (h) mica powder filling; (i) inlet pipe laying.
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2.2.3 Phenomenon of water inrush
Water inrush geohazards primarily occurred in the stage

of hydraulic pressure loading. Thus, this section only describes
the phenomenon that appears in that stage.

In the initial stage of karst cave hydraulic pressure load‐
ing, water droplets gradually appeared on the vault of the tun‐
nel with the loading of the hydraulic pressure, as shown in Fig.
11a. With the continuous increase in hydraulic pressure, the
seepage velocity at the vault of the tunnel was accelerated, and
the flow pattern changed from a point-like drip to a line-like
drip, as shown in Fig. 11b. This result indicated that the sur‐
rounding rock cracks were expanding continuously. When the
hydraulic pressure of the karst cave increased to 40 kPa, a few
rocks started to detach from the vault of the tunnel and gradual‐
ly spread to the arch shoulder of the tunnel, and eventually, wa‐
ter inrush occurred in the arch shoulder of the tunnel, as shown
in Figs. 11c, 11d.

2.3 Result and Analysis
According to the characteristics of the water inrush in the

engineering background, three monitoring points (I-2-D1, I-2-
W10, and I-2-S10) in the waterproof rock mass were emphatical‐
ly analyzed and were all in monitoring Section Ⅰ-2.

2.3.1 Comprehensive comparison during the tunnel exca‐
vation

Figure 12 shows the variation curves of vertical displace‐

ment, vertical stress, and seepage pressure corresponding to I-
2-D1, I-2-W10, and I-2-S10 during tunnel excavation. With the
tunnel excavated, the vertical displacement gradually in‐
creased, while the vertical stress and seepage pressure gradual‐
ly decreased. The entire process of vertical displacement can
be divided into the initial steady stage, the slow increasing
stage, the markedly increasing stage, and the final steady stage
four stages. Also, that of the vertical stress and seepage pres‐
sure can be divided into the initial steady stage, the slow de‐
creasing stage, the markedly decreasing stage, and the final
steady stage.

The vertical displacement of I-2-D1 and the vertical stress
of I-2-W10 began to change in step 3 of tunnel excavation when
the tunnel face was approximately 300 mm from monitoring
Section I-2. Also, the seepage pressure of I-2-S10 began to
change in step 4 when the tunnel face was approximately 250
mm from monitoring Section I-2. When step 9 was completed,
the tunnel passed through structural plane A and monitoring
Section I-2, the vertical displacement increased markedly from
AID (displacement was 1.01 mm) to BID (displacement was 2.08
mm), and the sharp increase in vertical displacement was 1.08
mm. Concurrently, the vertical stress decreased markedly from
AIW (stress value was 339.13 kPa) to BIW (stress value was
254.57 kPa), indicating a drop of 84.56 kPa. When step 10 was
completed, the seepage pressure increased markedly from AIS

(seepage stress value was 2.99 kPa) to BIS (stress value was
1.98 kPa), indicating an increase of 1.01 kPa. The vertical dis‐
placement and stress gradually stabilized after the completion
of step 12 when the tunnel face was approximately 200 mm
from monitoring Section I-2, while the seepage pressure re‐
mained stable after the completion of step 13 when the tunnel
face was approximately 250 mm from monitoring Section I-2.
The final stable values of vertical displacement, vertical stress,
and seepage pressure were 3.236 mm, 239.11 kPa, and 1.71
kPa, respectively.

According to these analyses, the following conclusion can
be obtained. (1) The change in seepage pressure showed a hys‐
teresis phenomenon, and the vertical displacement and stress

Figure 11. The process of water inrush in the model test. (a) Water droplets;

(b) line-like drip water; (c) rock mass falling; (d) water inrush.

Figure 10. Embedding of monitoring elements. (a) Positioning of monitor‐

ing elements; (b) excavation of the positioning point; (c) miniature soil pres‐

sure gauge; (d) miniature osmometer; (e) strain brick; (f) displacement

gauge.
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were more sensitive to the disturbance of tunnel excavation.
The vertical displacement and stress can be used as the key
monitoring items for predicting water inrush geohazards in real
projects under the geological environment of karst cave-
fractured zones with low water pressure. The primary reason
for the hysteresis of seepage pressure was that the hydraulic
pressure of the underground water system was small and stable
in the tunnel excavation stage, and the change in seepage pres‐
sure was primarily due to the expansion of the original cracks
and the generation of new cracks caused by the tunnel excava‐
tion. Only when the change in displacement and stress accumu‐
late to a certain extent can the expansion of original cracks and
the generation of new cracks occur. (2) Jump points AID and AIW

occurred after the tunnel face crossed structural plane A and be‐
fore monitoring Section Ⅰ -2, which indicated that the excava‐
tion disturbance range of the karst cave-structural plane zone
was larger than that of the ordinary surrounding rock mass.
Therefore, the support strength of the karst cave-structural
plane zone should be strengthened during tunnel construction.

2.3.2 Comprehensive comparison during karst cave hy‐
draulic pressure loading

Variations in the vertical displacement, vertical stress, and
seepage pressure of the aforementioned three points during
karst cave hydraulic pressure loading are shown in Fig. 12. The
variations in the vertical displacement and vertical stress were
highly consistent with those described in Section 2.3.1. In the
initial stage of karst cave hydraulic pressure loading, the seep‐
age pressure increased with increasing hydraulic pressure in
the karst cave, and when the seepage pressure reached its peak,
it suddenly decreased, as shown in Fig. 13.

Figure 13 also shows that when the hydraulic pressure
was loaded for 2 h when the hydraulic pressure of the karst
cave was 40 kPa, the vertical displacement, vertical stress, and
seepage pressure changed markedly and concurrently, which in‐
dicated that water inrush geohazards occurred in the tunnel.

The vertical displacement of I-2-D1 jumped from the ZD1 point
(displacement was 4.98 mm) to the ZD2 point (displacement
was 6.49 mm), indicating a sharp increase in vertical displace‐
ment equal to 1.51 mm. The vertical stress of I-2-W10 dropped
markedly from ZW1 (stress value was 150.07 kPa) to ZW2 (stress
was114.61 kPa), indicating a sharp release of stress equal to
35.46 kPa. The seepage pressure curve of I-2-S10 decreased
markedly from ZS1 (seepage pressure was 25.03 kPa) to ZS2

(seepage pressure was 10.30 kPa), indicating an instantaneous
release of seepage pressure equal to 14.73 kPa.

Thus, with increasing hydraulic pressure in the karst cave,
the hydraulic pressure began to play a leading role in the de‐
struction of the tunnel. The vertical displacement, vertical
stress, and seepage pressure showed abrupt changes concurrent‐
ly when water inrush geohazards occurred in the tunnel, and
the hysteresis phenomenon of the seepage pressure was weak‐
ened. The suddenness of water inrush geohazards in the tunnel
was also more marked. In addition, comparing the stage of tun‐
nel excavation and karst cave hydraulic pressure loading in the
model test, the changes in vertical displacement, vertical stress,
and seepage pressure in the former were found to be bigger
than the latter; thus, the total energy released in the stage of
karst cave hydraulic pressure loading was more than the stage
of the tunnel excavation, resulting in the expansion of original
cracks and the generation of new cracks that were fully devel‐
oped and connected in the stage of hydraulic pressure loading.

3 MECHANISM OF WATER INRUSH GEOHAZARD
3.1 Conceptual Model for the Evolution of Water Inrush

The disturbance caused by tunnel excavation will destroy
the equilibrium state of the groundwater system in surrounding
rock and induce the expansion and penetration of original
cracks, and the generation of new cracks, leading to water in‐
rush geohazards in the tunnel (Wang et al., 2021; Zhang et al.,
2017; Moon and Fernandez, 2010; Carranza-Torres and
Fairhurst, 2000). Groundwater is an important factor that af‐

Figure 12. Variation laws of vertical displacement, vertical stress, and seepage pressure during the tunnel excavation.
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fects the evolution process of water inrush geohazards in tun‐
nels. When the groundwater system has poor connectivity with
the surface, the water pressure in the surrounding rock is rela‐
tively constant, and the water inrush geohazard is controlled by
the fracture instability of the rock mass (Nodintsev and Ami‐
letenko, 2015). When the groundwater system is well linked to
the ground surface, rainwater can flow into it, increasing the
groundwater pressure and reducing the strength of the rock
body. Water inrush geohazards occur in the tunnel under the
combined action of rainwater and excavation disturbance (Lan
et al., 2021; Xu et al., 2021; Su et al., 2020; Wu et al., 2020;
Zhou et al., 2020; Lin et al., 2019).

According to the description in Section 1 (engineering
background), the primary feature of the water inrush geohazard
was that the water inrush geohazard didn’ t occur in the tunnel
section of K23+616 until there was heavy rain on the surface.
Based on the aforementioned characteristics and the phenome‐
non of water inrush in the model test, a conceptual model for
the evolution process of water inrush geohazards was proposed
and divided into the following four stages.

(1) The stage of the initial balance: because the tunnel
face was far away from the karst cave-fractured zone, the exca‐
vation disturbance had little influence on the karst cave-frac‐
tured zone, and the groundwater system and ground stress were
both in equilibrium, as shown in Fig. 14a.

(2) The propagation of original cracks: with the advance‐
ment of the tunnel face, the karst cave-fractured zone was grad‐
ually affected by tunnel excavation, and the surrounding rocks
located on both sides of it began to show large uneven settle‐
ments. These uneven settlements caused the original cracks to
expand and eventually form a structural plane, as shown in Fig.
14b. The entire process was accompanied by the creation of a
few new cracks.

(3) The formation of the dominant water inrush channel:
during the rainy season, rainfall increases and flows into the
groundwater system through the karst cave, fractured zone, and

structural plane, which leads to the structural plane extending
in the direction of the tunnel. Concurrently, new cracks keep in‐
creasing, and dominant water inrush channels begin to appear
in the waterproof rock mass, as water leakage gradually occurs
on the vault of the tunnel, as shown in Fig. 14c, which agreed
with the phenomenon of Fig. 11a. However, due to the low con‐
nectivity rate of newly formed cracks, the waterproof rock
mass can still block water.

(4) The instability of the waterproof rock mass: with in‐
creasing rainfall, the water pressure in the groundwater system
gradually increases. When the water pressure in the structural
plane is greater than its normal stress, the structural plane be‐
gins to open and gradually extends to the tunnel. Then, new
cracks become fully developed and connected. Under the joint
action of the structural plane and new cracks, the waterproof
rock mass becomes cut into a large number of weakly connect‐
ed or isolated rock masses. When the connection between the
rock mass and the surrounding rock is not sufficient to support
the vertical stress and water pressure, the rock mass fails and
becomes unstable. Then, the failure rock mass and water flow
into the tunnel, and the tunnel exhibits water inrush, as shown
in Fig. 14d. This stage primarily corresponds to the third and
fourth stages of the model test proposed in Section 2.2.3.

3.2 Water Inrush Criteria Based on Fracture Mechanics
3.2.1 Theoretical model

The mechanism of water inrush geohazards in the deep-
buried tunnel under the complex geological environment of the
karst cave-fractured zone was analyzed based on fracture me‐
chanics. Based on the comprehensive geophysical exploration
map (Fig. 2) and the structure of the tunnel exposed after the
water inrush geohazard, the shape of the karst cave was irregu‐
lar spherical and the width of the fractured zone was approxi‐
mately 0.1–0.5 m, so the shape of the karst cave was simplified
as spherical and the fractured zone was simplified as a structur‐
al plane in the theoretical model. Because the results of the

Figure 13. Variation laws of vertical displacement, vertical stress, and seepage pressure in the hydraulic pressure loading process.
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model test indicated that the excavation disturbance range of
the karst cave-structural plane zone was larger than that of the
ordinary surrounding rock mass, this paper assumed the most
unfavorable situation in which some original cracks in the
karst cave-fractured zone expanded to form a structural plane
under the influence of tunnel excavation, and the structural
plane penetrated both the karst cave and the tunnel.

The structural plane intersected the karst cave and tunnel at
points A and B, respectively, and the distance between points
was L, as shown in Fig. 15b. The vertical and horizontal stresses
in the far-field of the structural plane were σHand σV, respective‐
ly. The angle between the structural plane and σH is α. The water
pressure acting on the structural plane was considered to be the
karst cave water pressure P, and it is assumed that the water pres‐
sure acted equally in all directions of the structural plane. The
stress state of the structural plane can be expressed as (1)

ì

í

î

ï
ïï
ï

ï
ïï
ï
ï
ï

σα = -( )σH + σV

2
–
σH – σV

2
cos 2α – P

τα = -
|

|
|
||
||

|
|
||
| σH – σV

2
sin 2α

(1)

When the stress generated by σH and σV in the normal di‐
rection of the structural plane is less than the cave hydraulic
pressure P, σα is the tensile stress, and when it is greater than
the karst water pressure P, σα is the compressive stress. There‐
fore, the failure mode of the tunnel was divided into compres‐
sion-shear fracture failure and tensile-shear fracture failure
based on the fracture mechanics.

Considering the ratio of σV and σH to be equal to λ, the ex‐
pression of λ is easily described by

λ =
σV

σH

(2)

3.2.2 Tensile-shear fracture failure
When σα is a tensile stress, the failure model of the tunnel

is tensile-shear fracture failure and is described by the problem
of I-II tensile-shear composite cracks. Approximate fracture
judgment criteria in engineering were selected to facilitate engi‐
neering applications, and the crack propagation criterion can
be expressed as

Figure 14. The conceptual model for the evolution process of water inrush. (a) The stage of the initial balance; (b) the propagation of original cracks; (c) the

formation of the dominant water inrush channel; (d) the instability of the waterproof rock mass.
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KⅠ + KⅡ = KⅠC (3)

where KIC is the mode I fracture toughness value, and KI and
KⅡare the mode-I and -Ⅱ stress intensity factors, respectively.

Based on fracture mechanics, KI and KⅡ can be expressed
as

KⅠ = σα πa (4)

KⅡ = τα πa (5)

where a is the length of the semicrack, which is considered to
be L.

According to Eqs. (1)– (5), the critical water pressure Pt

under the failure model of tensile-shear fracture failure is de‐
scribed by

Pt =
λ + 1

2
σH +

λ – 1
2

σH cos 2α +
|
|
|||| λ – 1

2
σH sin 2α

|
|
|||| +

KⅠC

πL

(6)

To analyze the variation of Pt with λ, Ptλ is defined as

Ptλ =
Pt –

KⅠC

πL
σH

(7)

Substituting Eq. (6) into Eq. (7), Ptλ can be described by

Ptλ =
1 + λ

2
+
λ – 1

2
cos 2α +

|
|
|||| λ – 1

2
sin 2α

|
|
|||| (8)

Based on Eq. (8), the relationship between Ptλ and α can be
obtained, as shown in Fig. 16. The following conclusions can
be drawn from Fig. 16. (1) When λ remains constant, Ptλ is sym‐
metric about the plane α = 90°, and in the range of α = 0°–90°,
as α increases, Ptλ first increases and then decreases. (2) When λ <
1, the minimum value of Ptλ appears at α = 0°, which shows that
the tunnel is most prone to water inrush geohazards when the
structural plane is in the vertical direction. (3) When λ= 1, Ptλ

does not change with α. (4) When λ > 1, the minimum value of
Ptλ appears at α = 90°, which means that the tunnel is most vul‐
nerable to water inrush geohazards when the structural plane is

in the horizontal direction.

3.2.3 Compression-shear fracture failure
When σα is a compressive stress, the failure model of the

tunnel is compression-shear fracture failure, which is described
by the problem of II compression-shear cracks. The crack prop‐
agation criterion can be described by

KⅡ = KⅡ C (9)

where KⅡC is the mode-Ⅱ fracture toughness.
The closed crack can transfer normal stress and shear

stress after contact, and the effective shear stress on the crack
surface is

τe = τα – (σα tan φ + c) (10)

where φ is the friction angle of the structural plane, φ is 30° in
this study, and c is the cohesion of the structural plane, which
is 0 in this study.

The mode-Ⅱ stress intensity factor is calculated by the ef‐
fective shear stress on the crack surface

Figure 15. Mechanical model of surrounding rock with a structural plane. (a) Before tunnel excavation; (b) after tunnel excavation.

Figure 16. Relationship between Ptλ andαunder tension-shear mixed cracking.
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KⅡ = τe πa (11)

From Eqs. (1), (2), (9), (10), and (11), the critical water
pressure Pc under the failure model of compression-shear frac‐
ture failure can be described by

Pc =
λ + 1

2
σH +

λ – 1
2

σH cos 2α –
1

tan φ

é

ë

ê
êê
ê|
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2
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ù

û

ú
úú
ú (12)

To analyze the variation of Pc with λ, Pcλ is defined as

Pcλ =
Pc +

1
tan φ

KⅡC

πL
σH

(13)

Substituting Eq. (12) into Eq. (13), Pcλ can be described by

Pcλ =
1 + λ

2
+
λ – 1

2
cos 2α –

1
tan φ

|
|
|||| λ – 1

2
sin 2α

|
|
|||| (14)

From Formula (14), Pcλ as a function of α was obtained, as
shown in Fig. 17, which leads to the following conclusions. (1)
When λ remains constant, Pcλ is symmetric about plane α = 90°,
and in the scope of α = 0°–90°, Pt first decreases and then in‐
creases with the increase of α. (2) When λ<1, the minimum val‐
ue of Pcλ occurs at α = 30° , indicating that the tunnel is most
vulnerable to water inrush at this time. (3) When λ = 1, Pcλ does
not change with α. (4) When λ > 1, the minimum value of Pcλ

occurs at α = 90°, which means that the tunnel is most prone to
water inrush disasters.

4 VERIFICATION OF WATER INRUSH CRITE‐
RION

According to the description in Section 2.2.2, in the engi‐
neering prototype of the model test, the vertical and horizontal
ground stresses were 17 and 6.8 MPa, respectively; the length
of the semicrack L was 6 m; And the friction angle of the crack
surface φ was 30°. Based on the results reported by Huang et
al. (2020) KIC = 15.2 MN/m3/2 and KⅡC = 11.2 MN/m3/2 (Guo and
Qiao, 2012; Gan, et al., 2007; Huang, et al., 2000). Substituting
these parameters into Formulas (6) and (12), the critical hy‐
draulic pressures of the water inrush geohazard under the two
failure models of tensile-shear fracture failure and compres‐
sion-shear fracture failure were determined to be 10.30 and
2.33 MPa, respectively.

Section 2.3.2 shows that when the hydraulic pressure of
the karst cave was loaded to approximately 40 kPa in the mod‐
el test, water inrush geohazards occurred in the tunnel, which
indicated that the critical water pressure of the water inrush
geohazard in the engineering prototype of the model test was
approximately 2 MPa based on the similarity relationship in Ta‐
ble 1.

By comparing the results of theoretical calculations and
model tests, the calculated critical hydraulic pressure (2.33
MPa) was found to be similar to the measured critical hydraulic
inrush pressure (approximately 2 MPa), which validated the cor‐
rectness of the theoretical model and calculation formulae. In
the model test, the failure model of the tunnel was compression-
shear fracture failure.

5 CONCLUSIONS
The mechanism and evolution of the water inrush geohaz‐

ard in the complex geological environment within a karst cave-
fractured zone were investigated by model testing and theoreti‐
cal analysis. The primary conclusions of this study are summa‐
rized below.

(1) A new method and devices for making the geological
environment, where the karst cave and the structural plane co‐
exist, were proposed, which informs a new way for the con‐
struction of the co-existence of multiple geological structures
in the model test.

(2) The expansion of original cracks and the generation of
new cracks were primarily caused by tunnel excavation during
the stage of tunnel excavation in the model test. The change in
seepage pressure exhibited hysteresis, and the vertical displace‐
ment and stress were more sensitive to the disturbance of tun‐
nel excavation. Therefore, the vertical displacement and stress
can be used as the key monitoring items to predict water inrush
geohazards in actual projects under the geological environment
of karst cave-fractured zones with low hydraulic pressure.

(3) With increasing hydraulic pressure in the karst cave,
hydraulic pressure began playing a leading role in the destruc‐
tion of the tunnel, resulting in the hysteresis phenomenon of
the seepage pressure being weakened, and the suddenness of
water inrush geohazards in the tunnel was more marked.

(4) A conceptual model for the evolution process of water
inrush geohazards in the deep-buried tunnel under the afore‐
mentioned geological environment was built based on the char‐
acteristics of the water inrush geohazard in the engineering
background and that in the model test. The evolution of water
inrush geohazards can be divided into four stages: the stage of
the initial balance, the propagation of original cracks, the for‐
mation of the dominant water inrush channel, and the instabili‐
ty of the waterproof rock mass.

(5) A simplified theoretical model of water inrush geohaz‐
ards was developed. Based on the theoretical model, the calcu‐
lation formulas for the critical hydraulic pressure of the water
inrush geohazard under two failure models of tensile-shear
fracture failure and compression-shear fracture failure were de‐

Figure 17. Relationship between Pcλ and α under compression-shear mixed

cracking.
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duced. The calculated critical hydraulic pressure was similar to
the measured critical hydraulic pressure in the model test,
which validated the accuracies of the theoretical model and as‐
sociated formulae. And the failure model of water inrush geo‐
hazards is compression-shear fracture failure.
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