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Abstract Water inrush results from excavation
unloading and high water pressure coupling. To study
the propagation mechanisms of hydraulic fracture and
failure mode under unloading conditions, hydraulic
fracturing tests and numerical simulations were car-
ried out to study the effects of unloading rate, princi-
pal stress difference, and the angle of water-conduct-
ing cracks on crack propagation. The results showed
that the failure mode is a splitting failure with a single
crack under a low unloading rate, while the mode is a
multi-crack failure under a high unloading rate. Rock
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fracture requires higher water pressure under slow
unloading conditions, but the rupture time is shorter,
and the energy release rate in the moment of failure is
greater. During unloading with a low principal stress
difference, when the angle between the prefabri-
cated crack and the horizontal direction of the model
6<45°, the extension direction of hydraulic fracture
is mainly controlled by the maximum principal stress
direction. When 6> 45°, the growth direction is con-
trolled by the angle of the water diversion fissure.
During unloading with a principal stress difference
of 0, when 6<30°, the propagation of hydraulic frac-
ture is more easily controlled by the water conduc-
tion fracture. During unloading with a high principal
stress difference, when 6>30°, the maximum prin-
cipal stress direction controls the propagation. The
angle of the water-conducting fracture has little effect
on the propagation direction of the main crack. The
research in this paper is of great importance in study-
ing the mechanism of water inrush disasters.

Keywords Laboratory Test - Numerical

Simulation - Unloading Rate - Hydraulic Fracturing -
Fracture Propagation Model

1 Introduction

At present, China has become the country in which

the largest number of tunnels has been built (Evbuom-
wan and Yu 2011; Zhou et al. 2021; Fan et al. 2023;

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10706-023-02670-8&domain=pdf

2222

Geotech Geol Eng (2024) 42:2221-2240

Gao et al. 2018). Groundwater inrush is often encoun-
tered in the construction of tunnels (Liang et al. 2016;
Zhu and Li 2020; Abdollahi et al. 2021; Zhang et al.
2022). The essence of the water inrush disaster is
the release of surrounding rock stress and the expan-
sion of cracks in rock mass during tunnel excavation
unloading. When the tunnel face is close to water-
filled karst caves and other geological structures, the
cracks will further expand and penetrate under high
water pressure, ultimately leading to water inrush dis-
asters (Wang et al. 2020; Li et al. 2021a; Talebmo-
rad et al. 2022). Water inrush disaster is the result of
the coupling effect of excavation unloading and high
water pressure. Therefore, the research of hydraulic
fracture characteristics of rock mass under unload-
ing conditions is of great significance to studying the
mechanism of water inrush disasters.

Some research on the unloading of rock mass
shows that the unloading mode and path greatly influ-
ence the stress eigenvalue, deformation parameters,
and fracture precursor information of rock mass in
each deformation stage (Jiang et al. 2020; Cao et al.
2023; Sivakumar and Maji 2023). With the unloading
of confining pressure, rock rheological characteris-
tics are obvious (Li et al. 2010). Notably, linear strain
softening and multi-stage micro-fractures will occur
after the rock mass is broken under unloading (Huang
et al. 2015). Furthermore, the intermediate princi-
pal stress unloading disturbance causes rock failure
from tensile shear to splitting (Yin et al. 2019). In
the aspect of fluid—structure coupling, the influence
of fluid on rock rheology under unloading is studied
(Zhao and Jiang 2021). The yield and brittle failure of
rock mass are more likely to occur with the increase
of pore pressure (Zhang et al. 2021; Liu et al. 2020).
However, the rock fracture caused by the unloading
of surrounding rock under high water pressure is not
considered. In addition, the current research mainly
focuses on the unloading creep of rock mass, while
the unloading effect caused by tunnel excavation is
rarely studied.

In recent years, much research on hydraulic frac-
turing mechanisms has been carried out through
experiments and numerical simulations (Duan et al.
2023; Sivakumar and Maji 2023; Zhao et al. 2022).
Ren et al. (2021) studied the hydraulic fracture propa-
gation law. The results showed that maximum and
minimum horizontal in situ stress and the difference
in stress affect the direction of crack propagation. Liu
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et al. (2017) studied the influence of the presence of
natural fractures around the wellbore, the dimension
and volumetric density of random natural fractures,
and the horizontal differential stress on hydraulic frac-
ture propagation geometry. Yang et al. (2020) carried
out true triaxial hydraulic fracturing tests and numeri-
cal simulations to analyze the effects of perforation
angles and natural fractures on fracture propagation.
Cordero et al. (2020) investigated the impact of natu-
ral fractures, rock permeability, fluid viscosity, initial
stress state, and intercepting angle on hydraulic frac-
turing. Ma et al. (2016) conducted hydraulic fractur-
ing experiments to study the influence law of crustal
stress on fracture pressure and hydraulic fracture. The
results showed that the fracture opening decreased
with the principal stress difference increasing. Zou
et al. (2016) studied a numerical approach based on
DEM to investigate HFN propagation in a layered and
naturally fractured formation. However, the hydraulic
fracture of rock mass under unloading conditions is
not further analyzed. In terms of numerical simula-
tions, existing research mainly analyzed the macro-
scopic fracture propagation morphology and fracture
pressure of rock mass. The distribution characteristics
of the stress field and contact force between particles
after rock mass fracture are not considered.

In general, there is much research on the frac-
ture characteristics of rock mass under unloading
conditions. Still, most of them do not consider the
influence of fluid on the rock fracture. Besides, the
existing research fields mainly focus on unloading
creep of rock mass and unloading to increase seep-
age of shale gas and coalbed gas, but few researches
on the unloading effect caused by tunnel excavation.
In this paper, taking the limestone as the research
object, the hydraulic fracture tests of rock mass
under different unloading rates and principal stress
differences are carried out using a multi-functional
rock mechanics testing machine and a hydraulic
loading system. Based on the acoustic emission
device, the propagation form of the fracture surface,
acoustic emission amplitude, and pump pressure
curve of fractured rock mass are comprehensively
analyzed. Further research is carried out based on
PFC, including the fracture mode of rock mass and
the propagation law of hydraulic fracture under dif-
ferent crack angles. The research in this paper is of
great importance to study the mechanism of water
inrush disasters.
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2 Design of Test Scheme
2.1 Hydraulic Fracturing Experimental System

The whole test system is mainly composed of the
following three parts.

2.1.1 Confining Pressure Loading System

It adopts the "tension—compression-shear" multi-
functional rock mass testing machine indepen-
dently developed by the Shandong University of
China, which can realize the loading and unloading
of different stress paths and synchronous output of
stress—strain information (Li et al. 2021b).

2.1.2 Water Pressure Loading System

HPHS-100 high-pressure and high-speed servo
pump is used in the water pressure loading system,
which can provide a maximum water pressure of
100 MPa. It can realize two different water injec-
tion modes: constant pressure and constant flow.
Besides, the real-time monitoring of water pres-
sure changes in the hole can be realized through the
computer control system.

2.1.3 Acoustic Emission Monitoring System

It adopts 8-channel AE monitoring equipment
produced by the American Physical Acoustic
Corporation (PAC), which is used to realize the
three-dimensional location of hydraulic fractures
and analyze the fracture signal. The device’s sam-
pling rate is as high as 10 MSPS, greatly improv-
ing the consistency between the collected and real
waveforms.

2.2 Standard Sample Preparation
2.2.1 Sample Preparation

The rock used in the test was taken from a certain
section of a diversion tunnel in Xinjiang, China.
The original rock was cut, polished, and processed
into a cube sample with a side length of 150 mm.
A injection wellbore with a diameter of 10 mm and

Injection wellbore

150

A
Open hole
D
\5

150

Fig. 1 Schematic diagram of standard sample for hydraulic
fracture test (unit: mm)

Water pipe

@ ' )

Fig.2 Sample sealing: a Prefabricated hole sealer; b Hole
sealing

a depth of 80 mm was drilled vertically downward
at the center of the top surface of the sample. And
schematic diagram of standard sample for hydraulic
fracture test is shown in Fig. 1.

2.2.2 Sample Sealing

The prefabricated hole sealing device and epoxy resin
glue were used to seal the hole, aiming to realize the
closed connection between the water injection hole
and hydraulic loading system and prevent leakage and
pressure relief phenomenon in the fracturing process.
The prefabricated hole sealer had an outer diameter
of 10 mm, an inner diameter of 7 mm, and a length
of 70 mm (10 mm was reserved at the bottom of the
hole as the open hole fracturing section). A slot is
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prefabricated at the sealer bottom, and a rubber ring
is installed to prevent epoxy resin from flowing into
the open hole section, as shown in Fig. 2a. Before
sealing, pour a small amount of magenta reagent into
the bottom of the hole; then extend the sealer into the
bottom; finally, evenly inject the epoxy resin glue into
the wellbore and let it stand for 24 h. After the epoxy
resin glue is fully solidified, the hole sealing is com-
pleted, as shown in Fig. 2b.

2.3 Overall Design of the Test
2.3.1 Design of Work Condition

The hydraulic coupling fracture test of rock mass
under step-by-step unloading was carried out to
explore the failure mode and crack propagation evo-
lution law, taking the hydraulic fracturing test under
constant confining pressure as a contrast. The unload-
ing rate was 0.01 MPa/s to simulate the unloading
process of TBM excavation (slow continuous unload-
ing). The unloading rate was 0.1 MPa/s to simulate
the unloading process of drilling and blasting excava-
tion (rapid graded unloading). The test adopted the
graded unloading to prevent the test phenomenon
from being obvious due to the large unloading rate.
The time that the stress remains constant was 10 s.
The unloading stress path is shown in Fig. 3.

Since the propagation mode of hydraulic crack is
mainly influenced by the horizontal in-situ stress dis-
tribution, vertical stress was not considered in this

T T T T

Initial stress
— Rapid graded unloading -

Slow continuous unloading

Stress/MPa

Final stressq

Time/s

Fig. 3 Schematic diagram of unloading stress path
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Table 1 Hydraulic coupling fracture condition design

Sample number Initial stress (MPa) Unload-
ing rate
(MPa/s)

1-1 oy =0,=5 0

1-2 0.01

1-3 0.1

2-1 oy =95,0,=8 0

2-2 0.01

2-3 0.1

test design. Only the influence of horizontal two-way
principal stresses oy and o, on the propagation mode
was considered. The specific test plan is shown in
Table 1.

2.3.2 Test Procedure

2.3.2.1 Installation of Sample Firstly, samples with
sealed holes were placed on the test machine, and then
the water injection hole was closely connected with
the hydraulic loading system; secondly, two acoustic
emission probes were installed on each side of the
front, back, and left along the diagonal; lastly, the con-
tact parts of the probe and the sample were smeared
with vaseline.

2.3.2.2 In-Situ Stress Loading To ensure that the
confining pressure is applied accurately and evenly on
the sample surface, made the pressing plate contact
with the sample by controlling the oil pressure loading
system, then inputted the setting confining pressure
in the control system, and finally made the confining
pressure load to the specified value of the test.

2.3.2.3 Hydraulic Fracturing of Rock Mass Under
Unloading Condition At first, the hydraulic frac-
ture test under a fixed confining pressure should be
carried out to determine the fracture pressure of the
rock mass. At this time, the value slightly less than
the fracture pressure was regarded as the constant hole
water pressure, and the unloading test was carried
out to study the fracture modes. Then, the hydraulic
fracture test under the step-by-step unloading was car-
ried out. The water injection pressure should be less
than the fracture pressure under the constant confin-
ing pressure. The horizontal stress was unloaded at
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the specified rate through the computer control system
until the red fracturing fluid seeped out on the sam-
ple surface at a certain unloading pressure, indicating
that the hydraulic fracture had penetrated through the
whole rock sample. The fracturing was completed at
this time. The entire hydraulic coupling fracture test
device is shown in Fig. 4.

3 Analysis of Test Results

The fractured sample was observed and cut along
the hydraulic fracture to obtain the expansion shape
of the hydraulic fracture. Further, combined with

wa/er njectiof;

Zonfining pregsurg meter

Fig. 4 The whole hydraulic coupling fracture test device
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Fig. 5 Fracture morphol-
ogy and three-dimensional
fracture distribution of
rock mass under differ-
ent unloading rates:: a No
unloading; b Slow unload-
ing; ¢ Rapid unloading
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acoustic emission information, the crack propagation
law under different working conditions was analyzed.

3.1 Initial Principal Stress oy = o}, = SMPa

When the initial principal stress difference is 0, the
fracture morphology of rock mass under different
unloading rates is shown in Fig. 5. When the unload-
ing rate is 0, the hydraulic fracture is not induced by
the direction of maximum principal stress, and it is
easy to form a 45° inclined tension-shear fracture
surface. When the unloading rate is 0.01 MPa/s, the
principal stress difference is small at the initial stage
of unloading, and multiple cracks appear at the bot-
tom of the injection hole (Fig. 5a). With the decrease
of oy, the principal stress difference increases gradu-
ally. Finally, three fracture surfaces are formed, which
are in "H" shape distribution (Fig. 5b). Two parallel
fracture surfaces deflect to the direction of the maxi-
mum principal stress and 30° to the direction of the
maximum principal stress, mainly due to the induced
by the maximum principal stress. The third fracture
surface is perpendicular to the two fracture surfaces,
mainly due to the stress shadow effect between the
two hydraulic fractures. When the unloading rate is
0.1 MPa/s, induced by the maximum principal stress,
a single tension fracture is formed along the direc-
tion of the maximum principal stress (Fig. 5c red
line). Besides, a circumferential shear fracture is

I
]
1 / o { 1
7
. L L ; 5 7
1 ,',’ 1! 1 ! a1 .
g i s 1 | L— 1 L -
1 1 9| 1 -
Il I S, 1 -
1 i A -
) ] b) I k\l ’
M P N ¥ B
1 N - 7
1 i \ _—
i 1 i
! n ]
! m l
1 PR i
1y N i
0 Sy B A | T esassess s,
b4 Bt~
e e 5
= <
(b) ©

@ Springer



2226

Geotech Geol Eng (2024) 42:2221-2240

formed (Fig. 5c blue line). It is speculated that the
main reason is that the hydraulic fracture is captured
by the natural fracture after the intersection and then
propagates along the direction of the natural fracture.
Therefore, compared with no unloading, the failure
mode of rock mass under slow unloading is a multi-
ple fracture cutting failure, and the hydraulic fracture
deflects due to the slow increase of principal stress
difference. However, the failure mode of rock mass
under rapid unloading is tension shear failure of a sin-
gle fracture.

Based on the AE amplitude in the fracturing
process, the fracture process of rock mass has been
analyzed in depth. Figure 6 shows the variation of
AE amplitude and pump pressure curve of hydraulic
fracture under slow unloading and rapid unloading.
From the variation of AE amplitude, it can be seen
that the micro-fractures start to crack, expand, and
connect during the process of rock fracture. The AE
amplitude reaches its peak value at the moment of
fracturing, but there are differences in the ampli-
tude variation under different unloading conditions.
Under slow unloading, there is a single peak value
with an amplitude of about 3500 dB, and the ampli-
tude is low at other times (Fig. 6a). However, there
are multiple amplitude peaks around 40 s and 200 s
under rapid unloading, and the maximum peak value
is about 1400 dB (Fig. 6b), which is much smaller
than the AE amplitude at low unloading speed. It

35001

—a&—  Water pressure =

30004 Confining pressure gy
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Time /s
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P i |

AE amplitude /dB

shows that the energy stored in the rock mass is
challenging to release quickly at a low unloading
speed. When the unloading reaches a certain pres-
sure, the water pressure in the hole will fracture the
rock mass instantly, the internal stress of the rock
mass is rapidly released, and there are few micro-
cracks in the rock mass. However, the internal
energy of the rock mass will be released rapidly in
the process of rapid unloading, and a large number
of micro-cracks will be generated in the rock mass.
In Fig. 6b, a large AE amplitude appears in the later
stage of rock mass fracture, mainly due to the ini-
tiation and propagation of branch fractures induced
by unloading. This is consistent with the failure
characteristics of surrounding rock under TBM and
drilling blasting construction. Therefore, the rock
failure test under unloading conditions can truly
reflect the influence of different excavation methods
on the stability of the surrounding rock.

The fracture pressure of rock mass under differ-
ent working conditions has been analyzed based
on the pump pressure curve. It can be seen from
the pump pressure curve that the variation of the
water pressure in the hole and the variation of the
AE amplitude have a good consistency during the
rock fracture process. The fracture pressure shows
that the fracture pressure of rock mass under low
unloading and high unloading speeds are 18 MPa
and 10 MPa, respectively. Therefore, compared
with high unloading, slow unloading requires
higher water pressure for rock mass rupture, but the
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Fig. 6 Acoustic emission amplitude and pump pressure curve of hydraulic coupling fracture test: a Slow unloading; b Rapid unload-

ing
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rupture time is shorter, and the energy release rate
in the moment of failure is greater.

3.2 Initial Principal Stress
oy = SMPaando,, = 8MPa

When the unloading rate is 0, the principal stress dif-
ference is relatively small, and the fracture pattern
is inclined on a three-dimensional surface, which is
45° with the maximum principal stress direction, as
shown in Fig. 7a. Under the condition of slow unload-
ing, the main fracture surface and maximum principal
stress direction are basically 45°, as shown in Fig. 7b.
It shows that the slow increase of the principal stress
difference has little effect on the propagation direc-
tion of the main fracture surface at a low unloading
speed. However, compared with no unloading, the
fracture surface is larger and the fracture roughness is
higher under the condition of slow unloading. Under
the condition of rapid unloading, there are two mutu-
ally perpendicular fracture surfaces in the rock in
Fig. 7c. The principal fracture surface I (red line) is
straight and smooth, which directly passes through
the injection hole to form a splitting fracture, show-
ing two-dimensional plane expansion. The formation
of branch fracture surface II (blue line) is mainly due
to the hydraulic fracture connecting with the natural
joint surface and extending along with it. Therefore,

Fig. 7 Fracture morphol-
ogy and three-dimensional
fracture distribution of
rock mass under differ-
ent unloading rates:: a No
unloading; b Slow unload-
ing; ¢ Rapid unloading

X
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under the condition of initial principal stress oy < oy,
the propagation surface of hydraulic fracture is rela-
tively single and basically expands along the direction
of the maximum principal stress. However, compared
with the condition without unloading, the main frac-
ture surface becomes a three-dimensional curved sur-
face at a low unloading speed, and the fracture area
of the rock mass is larger. The principal fracture sur-
face is flat and smooth at a high unloading speed and
expands in a two-dimensional plane.

The changes in acoustic emission amplitude and
pump pressure curve of rock mass hydraulic coupling
fracture under different unloading speeds are shown
in Fig. 8. It can be seen from Fig. 8a that there are
several peak amplitude values after 150 s under slow
unloading, and the peak strength is about 5000 dB. It
is mainly due to the weak induction effect of princi-
pal stress difference on hydraulic fracture under slow
unloading. Micro-fractures are easy to occur in the
fracturing process, and the hydraulic fracture surface is
rough and tortuous. On the contrary, the AE amplitude
has two high peaks when unloading rapidly, which
are around 120 s and 300 s respectively (Fig. 8b). The
peak value of AE amplitude at 120 s is mainly due to
the initiation and propagation of micro-cracks in rock
mass under the initial high principal stress difference.
The peak value of AE amplitude reaches 8800 dB near
300 s, mainly due to the principal stress oy decreasing
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Fig. 8 Acoustic emission amplitude and pump pressure curve of hydraulic coupling fracture test: a Slow unloading; b Rapid unload-

ing

rapidly and tending to 0 under high unloading speed.
At this time, the induction effect of the maximum
principal stress is significantly enhanced, and the new
cracks in the rock mass rapidly initiate and expand and
join with the old hydraulic fractures, forming a com-
plex fracture network in the rock mass. The failure
mode of the rock mass is transformed into multi-frac-
ture cutting failure.

According to the pump pressure curve, the frac-
ture pressure of rock mass under low and high load-
ing speeds is 18 MPa and 13 MPa, respectively, in
Fig. 8. It shows that the fracture pressure of rock mass
decreases gradually with the increase in the unloading
rate. The main reason is that the principal stress differ-
ence increases gradually with the acceleration of oy
the reduction rate, and the induction effect of the maxi-
mum principal stress becomes more and more intense,
thus accelerating the fracture of the rock mass.

Table 2 Basic mechanical parameters of raw rock

4 Hydraulic Coupling Simulation of Rock
Fracture Under Unloading Condition

4.1 Calibration of Macro and Micro Parameters

The correct selection of micro parameters is the key
to numerical analysis. To ensure the accuracy of the
numerical model, firstly, the conventional mechani-
cal parameters of the limestone were obtained through
a series of tests, including the Brazilian splitting test,
uniaxial compression test, and triaxial compression test.
The parameters values are shown in Table 2.

Then, cylinder models corresponding to the tests
were established in the PFC?P program. The cylinder
dimensions are 50 mmx 100 mm and 50 mmX25 mm
(diameter X height). The minimum radius of particles
R,,in 1s 0.8 mm, and the maximum radius R, is 1.2 m,
with a uniform distribution. The density of the model is
2445 kg/m®, and the porosity is set to 0.15. The contact
model between particles adopts the flat-jointed model
(FIM) that can describe the finite size, linear elasticity,
and local damage of rock mass. In FJM, there are five
main parameters to be calibrated. The parameters are

Mechanical Density (kg/  Compressive  Elasticity Poisson’s ratio Tensile Cohesion Friction angle
parameter m3) strength (MPa) modulus (GPa) strength (MPa) (MPa) ©)
Value 2445 120 20 0.19 7.36 14.7 62

@ Springer
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tangential bond strength, normal bond strength, stiff-
ness ratio, deformation modulus, and Internal friction
angle. Brazilian splitting simulation is used to calibrate
the normal bond strength. Uniaxial compression simu-
lation is used to calibrate the tangential bond strength,
stiffness ratio, and deformation modulus. Based on the
conventional mechanical parameters of the limestone in
Table 2, the numerical simulation of the basic mechani-
cal test is carried out. The values of five micro param-
eters are obtained by trial and error method. Through
constant parameter debugging, the final model fail-
ure mode and stress —strain curve are shown in Fig. 9
and Fig. 10. It can be seen that the numerical simula-
tion results are in good agreement with the test results.
Finally, the micro parameters are shown in Table 3.

Fig. 9 Comparison of
Brazilian splitting simula-
tion results and laboratory
test results: Comparison of
Brazilian splitting simula-
tion results and laboratory
test results a Failure mode;
b Stress — strain curve

10

4.2 Correctness Verification of Numerical Models

It is necessary to calibrate the fluid flow character-
istic parameters and verify the correctness of the
numerical model in addition to the rock mechan-
ics parameters. The dimensions of the model are
150 mm X 150 mm. The minimum radius of parti-
cles R, is 0.8 mm, and the maximum radius R
is 1.2 m, with a uniform distribution. The diameter
of the water injection hole is 10 mm, and 18,164
particles are generated in the end. The fluid—solid
two-way coupling is realized by using the pipeline-
domain model. The numerical calculation model is
shown in Fig. 11.

stress ¢ /MPa
[}

T
—o— Sample T1
—o— Sample T2
—«— Sample T3
8 F—o— Sample T4
—+— Numerical simulation results
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Fig. 10 Comparison of Uniaxial compression simula-
tion results and laboratory test results: a Failure mode; b
Stress —strain curve

Table 3 The micro parameters

After the numerical model was established, the
fluid parameters needed to be calibrated to realize the
two-way coupling between particles and fluid. In the
design of simulated working conditions, the initial
principal stress was considered as oy=0,=5 MPa,
og=5 MPa and 0,=8 MPa. The unloading rates
were 0 and 0.01 MPa/s, respectively. After dozens
of groups of simulation debugging, the fracture mor-
phology of the four models under a set of parameters
was obtained. The comparison of fracture morphol-
ogy between the simulation and the test is shown in
Fig. 12. The propagation model of hydraulic frac-
ture shows that when the initial principal stress
oy =0, =5 MPa, the main controlling vertical fracture
was formed at the slow unloading (0.01 MPa/s). It is
consistent with the surface of the main vertical frac-
ture obtained from the test. When the initial princi-
pal stress oy=5 MPa and ¢,,=8 MPa, a broken line
through the main fracture was formed without unload-
ing. At the same time, a hydraulic fracture along the
vertical direction was formed at the slow unloading,
and a branch fracture was formed at the orifice, which
was in good agreement with the hydraulic fracture
propagation obtained from the test. Therefore, the
numerical model established by this set of parameters
can simulate the rock’s hydraulic coupling fracture
process. Finally, the fluid parameters of the model are
shown in Table 4.

4.3 The Scheme of Numerical Simulation

Under the unloading conditions, to consider the frac-
ture mechanism of rock mass with prefabricated water
conducting crack, this study aimed to reveal the influ-
ence of water-conducting fissures on the propagation
form of hydraulic fracture, and then provided some
theoretical guidance for the prevention and control of
water inrush during tunnel construction. Therefore,

Particle properties Parameter values

Parameter values

Contact properties

Elastic modulus E_/(Pa) 10e9
Stiffness ratio &, /k; 2.0
Porosity n 0.15
Density p/(kg - m™3) 2445
Damping C/(N/(m - s71)) 0.7
Friction coefficient 0.5

Deformation modulus E;/(GPa) 12
Stiffness ratio k, /k; 2.13
Normal bond strength n_bond/(MPa) 1.6e7
Tangential bond strength s_bond/(MPa) 4.9¢7
Internal friction angle ¢(°) 62°
Friction coefficient 1.6
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Fig. 11 Numerical calculation model of hydraulic coupling
fracture

the angle of the water-conducting crack and the
principal stress difference were used as the research
object to explore the fracture mode of rock mass
under their influence. A crack with a length of 20 mm
and a width of 1.5 mm was prefabricated at the water

Ball displacement,
s (14820)
10507E-4
1.0000€-04

90000645
8.0000€.45
70000645
6000060
I SL00KELS
40000845
3000045
20000645
1.0000€.0
2125506

(a)

Folded main fissure

(b)

injection hole. The angle between the prefabricated
crack and the horizontal direction of the model is
denoted as 6. The values of 9 are 0°, 15°, 30°, 45°,
60°, and 90°. A total of 18 working conditions were
set, and the specific conditions are shown in Table 5.
The numerical simulation model of hydraulic cou-
pling fracture of rock mass with prefabricated crack is
shown in Fig. 13.

5 Analysis of Numerical Simulation Results
5.1 Analysis of Hydraulic Fracture Propagation

The fracture propagation mode of hydraulic cou-
pling simulation under the different initial princi-
pal stress and the angle of the water-conducting
crack are shown in Fig. 14. As shown in Fig. 14(a),
when the initial principal stress oy=5 MPa and
o, =2 MPa, the maximum principal stress direction
is along the horizontal direction. When 6 <45°, the
hydraulic fracture is induced by the maximum prin-
cipal stress after cracking from the tip of the water-
conducting fracture. During the expansion pro-
cess, it does not expand along the direction of the

Ball displacemen
Balls (14820)

:
b4

g
&
133

(c)

Fig. 12 Comparison between numerical calculation and laboratory test of rock fracture morphology: a oy = 6, = SMPa Unloading;
b oy = 5MPa, 6, = 8MPa No unloading; ¢ oy = SMPa, ¢, = 8MPa Unloading
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Table 4 Micro parameters for fluid flow coupling model

Parameters Values

Initial opening of pipeline a/mm 5%107°
When the aperture is reduced to half, Pressure F,/Pa 5% 10°

Permeability coefficient k I1x1074
Opening reduction coefficient 1 0.2
Domain apparent volume V,/mm?> 1

Fluid compression modulus K/Pa 3x10°

Table 5 The conditions of hydraulic coupling simulation
under the quasi-static unloading

Conditions Initial stress/ MPa The angle of water
conducting crack
or

1-6 oy =350,=2 0, 15, 30, 45, 60, 90

7-12 oy =0,=5 0, 15, 30, 45, 60, 90

13-18 oy =50,=38 0, 15, 30, 45, 60, 90

oy, : Constant confining pressure

RTTTHT.
E % \ \9 g 2
T

Fig. 13 Numerical simulation model of hydraulic coupling
fracture of rock mass with prefabricated crack

water-conducting fracture. Still, it turns and extends
along the horizontal direction (the direction of the
maximum principal stress). Finally, a straight sin-
gle tensile crack is formed. When 6=45°, affected
by the singularity of water-conducting cracks tip,
the hydraulic fracture is no longer a single through

@ Springer

fracture but branches in the expansion process and
finally forms a "Y" type fracture morphology. The
master fracture deflects to the horizontal direc-
tion under the induction of the maximum principal
stress. However, the branch fracture is weakened
by the induction of the maximum principal stress
direction under the unloading condition and extends
along the crack initiation direction to the model
boundary. When 8=60°, the propagation direction
of the main fracture is consistent with the angle of
the water-conducting fracture, indicating that the
induction effect of the principal stress at this angle
can be neglected, and the angle of the water-con-
ducting fracture plays a leading role. When 8=90°,
the direction of the water-conducting fracture is
perpendicular to the direction of the maximum prin-
cipal stress. The main crack forms inclined cracks
along the vertical direction, indicating that the
induction of water-conducting cracks is greater than
that of the principal stress difference. Therefore,
when the angle ¢ between the water-conducting
fracture and the direction of the maximum princi-
pal stress is less than 60°, the propagation direc-
tion of the hydraulic fracture is mainly controlled
by the law of the maximum principal stress. When
@ is greater than 60°, the propagation direction of
the hydraulic fracture is controlled primarily by the
angle of the water-conducting fracture.

In Fig. 14b, the initial principal stress oy is 5 MPa
and o}, is 5 MPa. When 0°<0<30°, the direction of
the maximum principal stress gradually deviates from
the direction of the water-conducting crack during the
slow unloading process. However, the main fracture
propagation direction is mainly along the horizontal
direction (the direction of the water-conducting frac-
ture). It indicates that the angle of the water-conduct-
ing crack more easily controls the hydraulic fracture
propagation. When 6>45°, the principal stress dif-
ference is small at the initial stage of the main crack
propagation, and the whole expands along the direc-
tion of water-conducting fracture. With the decrease
of oy, the maximum principal stress direction is along
the vertical direction. At this time, the hydraulic frac-
ture is induced by the maximum principal stress and
moves along the vertical direction, forming a concave
crack. With the increase of 6, the radian of fracture
decreases. When #=90°, a single vertical fracture is
formed under the joint control of the maximum prin-
cipal stress and the water-conducting crack.
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As shown in Fig. 14c, the principal stress differ-
ence increases gradually during unloading when the
initial principal stress oy=5 MPa and ¢, =8 MPa.
When 6 <30°, the hydraulic fracture expands mainly
along the horizontal direction, indicating that the
water-conducting fracture’s angle chiefly controls
the main fracture propagation. In addition, a micro-
fracture zone is formed above and below the water
injection hole, affected primarily by the maximum
principal stress. The water-conducting crack induces
the formation of dominant expansion channels in the
horizontal direction, so only some microfracture is
formed in the vertical direction. When 0>30°, the
hydraulic fracture propagation is mainly controlled
by the direction of the maximum principal stress. An
inclined single fracture is formed vertically, and the
angle of the water-conducting crack has little effect
on the propagation direction of the main crack.

For rock materials, the macroscopic strength and
deformation characteristics during failure are closely
related to the evolution of micro-structure. Therefore,
the anisotropic evolution law of internal contact force
after rock fracturing is further studied. The model is
divided into an interval every 10° along the circum-
ference of the hole, and the percentage of normal and
tangential contact force in the average normal contact
force in each interval is taken as the statistical object.
This statistical data is used to draw a wind direction
rose map, as shown by the solid blue line in Fig. 15.
Rothenburg and Bathurst proposed that the Fou-
rier function can be used to fit approximatively the
evolving law of normal and tangential contact force
between particles. The mathematical expressions are
shown in Egs. (1) and (2), and the curve obtained
after fitting is shown the red line in Fig. 15.

£0) =fo[1 +a, cos2(0 - 6,)| (1)

J(0) = —fpa, sin2(0 — 6,) )

In the above equations: f; is the average normal
contact force relative to all contacts. 6, and 6, are the
principal directions of normal and tangential contact
force anisotropy, respectively. a, and a, are Fourier
coefficients, and their values reflect the degree of ani-
sotropy of the corresponding microfabric parameters.

As shown in Fig. 15a, when the initial princi-
pal stress oy=5 MPa and 6,=2 MPa, the normal

contact force is distributed in a slender stick shape.
When 6=0°, the degree of anisotropy is the highest,
and the average normal contact force is the smallest.
It indicates that the water pressure required for frac-
ture is the smallest, the fracture surface is straight and
smooth, and there are no other micro cracks. The tan-
gential contact force is distributed in a centrosymmet-
ric petal shape. The dominant direction of tangential
contact force is close to that of normal contact force.
When 6=30°, the average normal contact force is the
largest, and the degree of anisotropy is the lowest. It
indicates that rock fracturing is more difficult at this
angle, the degree of internal damage is higher, and
the degree of force balance between particles is lower.

As shown in Fig. 15b, when the initial principal
stress oy=0,=5 MPa, the principal stress differ-
ence gradually increases under the unloading action.
However, at the initial stage of crack propagation, the
induction effect in the direction of the maximum prin-
cipal stress is much less than that of the water-con-
ducting crack. The hydraulic fracture expands along
the direction of the water-conducting crack. There-
fore, the normal and tangential contact force also
has obvious directionality, and the dominant prin-
cipal direction of the contact force is approximately
perpendicular to the angle of the water-conducting
fracture. The average normal contact force increases
gradually with the increase of water-conducting frac-
ture angle 6. This is mainly due to the gradual con-
vergence between the water conduction fracture
angle and the direction of the maximum principal
stress, and the normal contact force increases under
the combined action of the two. The anisotropy coef-
ficient of rock mass at 0°<6#<30° is about twice
that at €>60°. It shows that when the angle of the
water-conducting crack deviates from the direction of
the maximum principal stress, the degree of anisot-
ropy after fracturing is higher, and the internal stress
changes more violently.

It can be seen from Fig. 15¢ that when the initial
principal stress o;=5 MPa and ¢, =8 MPa, under the
high principal stress difference, the dominant direc-
tion of normal and tangential contact force is roughly
along the vertical direction. When 6>30°, the domi-
nant direction deviates slightly, and the normal con-
tact force changes little under the different angles of
the water-conducting crack, indicating that the water-
conducting crack had little effect on the contact force.
When 6> 60°, the normal and tangential anisotropy
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«Fig. 14 Fracture propagation morphology under different
water-conducting fracture angles: a Initial principal stress
oy = SMPa, 6, = 2MPa; b Initial principal stress oy = SMPa,
oy, = 5SMPa; ¢ Initial principal stress oy = SMPa, ¢}, = 8MPa

coefficients are small, which is about half of that
when 8<30°. It shows that the degree of anisotropy
is greatly affected by the angle of the water-conduct-
ing crack. When 6 is consistent with the maximum
principal stress direction, the degree of anisotropy is
lower.

5.2 Influence of Water-Conducting Cracks’ Angle on
the Internal Stress

By setting several measuring circles of the same size
in the model to monitor the internal stress changes of
rock mass fracture under different 0, it can be used to
reveal the stress field evolution law of rock mass frac-
ture under the influence of 6.

It can be seen from Fig. 16 that the horizontal and
vertical stresses inside the model exhibit a signifi-
cant single peak distribution after rock mass fracture,
and the stress around the hole is the largest. As the
distance from the water injection hole increases, the
internal stress of the model decreases rapidly and
finally tends to be stable. When the initial principal
stress oy =5 MPa and o, =2 MPa, the variation pat-
tern of horizontal and vertical stress in the model
under different € is shown in Fig. 16a. When 6<45°,
the horizontal stress increases gradually with the
increase of . It shows that with the increase of the
deviation between the angle of the water-conducting
fracture and the direction of the maximum principal
stress, the water pressure required for the fracture of
the model is greater. The vertical stress changes little
because the hydraulic fracture mainly spreads along
the horizontal direction. When 6>45°, the angle of
the water-conducting crack deviates more from the
direction of the maximum principal stress, showing
that the water pressure required by the model fractur-
ing is higher. But with the increase of 6 in this inter-
val, the horizontal stress changed little. In contrast,
the vertical stress shows a noticeable gradient change,
mainly because the hydraulic fracture spread along
the vertical direction. When 8=45°, the horizontal
and vertical stresses of the model are at the maxi-
mum. Therefore, when 6#=45°, the water pressure

required for rock fracture is greater, making it more
difficult to achieve fracturing.

When the initial principal stress oy =0,=5 MPa,
the variation pattern of horizontal and vertical stress
in the model under different 8 is shown in Fig. 16b.
The following results can be obtained with the
hydraulic fracture propagation pattern in Fig. 14b.
When 0°<6<30° the hydraulic fracture spread
along the horizontal direction, and the horizon-
tal stress increased gradually with the increase of
6. When 6=30°, the stress is the largest, controlled
by the angle of the water-conducting fracture and
the principal stress. The direction of the maximum
principal stress deviates from the angle of the water-
conducting fracture, which has a certain inhibitory
effect on crack propagation. When 45°<0<90°, the
hydraulic fracture spreads along the vertical direction.
With the increase of 8, the vertical stress decreased
gradually. In this case, the direction of the maximum
principal stress is consistent with the angle of the
water-conducting crack. Under the joint induction of
both, the water pressure required for the hydraulic
fracture expansion was smaller, and the fracture was
more likely to occur.

When the initial principal stress oy=5 MPa
and 0,=8 MPa, the variation pattern of horizontal
and vertical stress in the model under different 6 is
shown in Fig. 16c. The analysis results are as follows
by combining Fig. 16¢c, 14c. When 0°<0<15°, the
hydraulic fracture spreads along the horizontal direc-
tion. As 6 increases, the horizontal stress increases
slightly without significant overall disparity. When
30°<6<90°, the hydraulic fracture spreads in the
vertical direction. The law of vertical stress is similar
to Fig. 16b. With the increase of 6, the vertical stress
of the model decreases gradually. But in Fig. 16b, the
maximum stress occurs when §=30°, and the hydrau-
lic fracture migrates vertically during propagation. It
shows that under a high principal stress difference,
the induction effect of the maximum principal stress
on hydraulic fracture is much more significant than
that of the water-conducting crack.

5.3 Influence of Water-Conducting Cracks’ Angle on
the Fracture Pressure

The rock mass is unloaded at different initial principal

stresses until it breaks at constant water pressure, at
which point the water pressure is the fracture pressure
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«Fig. 15 Normal and tangential contact force rose diagram of
model at 0°. 30°. 60°. 90° water conduction fracture Angle:
a Initial principal stress oy = SMPa, ¢, = 2MPa; b Initial
principal stress oy = SMPa, 6, = 5SMPa; ¢ Initial principal
stress oy = SMPa, ¢}, = 8MPa

of the rock mass during the unloading. Therefore, it
is significant to study the variation law of fracture
pressure of rock mass under different angles of water-
flowing fracture(d) to reveal the bearing characteris-
tics of water-resisting rock mass under unloading.

The curves in Fig. 17 are the fracture pressure of
rock mass under different angles of 6, obtained by
unloading step by step under three different initial
principal stresses. By analyzing the curve in Fig. 17,
the following rules are obtained. When the initial
principal stress oy=5 MPa and ¢,=2 MPa, with
the increase of 6, the fracture pressure of rock mass
increases as a whole. The fracture pressure is the
highest when 0=45°, which is consistent with the
previous conclusion. When 6<45°, it is controlled
by the maximum principal stress, the angle of the
water-conducting crack is consistent with the direc-
tion of the maximum principal stress, and the frac-
ture pressure is slight. When 8> 45°, the angle of the
water-conducting crack mainly controls the direction
of fracture propagation. However, the direction of
maximum principal stress restrains it, and the fracture
pressure is higher.

When the initial principal stress oy =0, =5 MPa,
there is little difference in rock mass fracture pressure
under different 8. When 0°<0<30°, the rock mass
fracture pressure first decreases and then increases.
When 30°<60<90°, with the increase of 6, the rock
fracture pressure decreases gradually. The fracture
pressure is the highest when §=30°, consistent with
the conclusion obtained in Sect. 5.2, indicating that
the maximum principal stress substantially inhibits
hydraulic fracture propagation at this angle.

When the initial principal stress oy=5 MPa and
0,=8 MPa, with §=30° and §=60° as the demar-
cation point, the variation of fracture pressure with
6 is roughly divided into three intervals. The frac-
ture pressure changes little when 0°<6<30° and
60°<0<90°, but the fracture pressure of 6 ranging
from 0° to 30° is about twice that of # ranging from
60° to 90°. It indicates that rock mass fracture is more
difficult under low water-conducting cracks’ angles,
mainly due to the deviation between the angle of the

water-conducting crack and the direction of the maxi-
mum principal stress. However, when 30°<6<60°,
with the angle of hydraulic fracture gradually mov-
ing towards the maximum principal stress, the effect
of maximum principal stress on rock mass fracture
becomes more pronounced. When 6> 60°, the maxi-
mum principal stress has the greatest inducing effect
on the propagation of hydraulic fracture and is no
longer affected by the angle of the water-conducting
crack.

6 Conclusions

Based on laboratory tests and discrete element
numerical simulation methods, this paper studies
the hydraulic fracture characteristics of rock mass
under unloading conditions. It analyzes the expansion
mechanism and failure mode of hydraulic fracture of
rock mass under different working conditions. The
following conclusions are drawn:

1. When the initial principal stress is 0, the fail-
ure mode of rock mass under slow unloading is
a multi-crack cutting failure, and the hydraulic
fracture deflects in the expansion process with the
slow increase of principal stress difference. The
failure mode of rock mass under rapid unloading
is a tension-shear failure, and the failure mode is
greatly affected by the principal stress difference.
From the point of view of fracture pressure, slow
unloading requires higher water pressure. But the
fracture time is shorter, and the energy release
rate is greater at the moment of failure.

2. When the initial principal stress oy <oy, the fail-
ure mode of rock mass is single crack splitting
failure under slow unloading, while under rapid
unloading, the failure mode of rock mass is a
multi-crack cutting failure, and the fracture sur-
face is tortuous and complex. From the point of
view of fracture pressure, with the increase of
unloading rate, the fracture pressure of rock mass
gradually decreases.

3. The influence of water-conducting fractures on
the crack propagation of rock mass is as follows.
When the principal stress difference is low and
the unloading rate is low, the propagation direc-
tion of the hydraulic crack is mainly controlled
by the direction of maximum principal stress
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«Fig. 16 The variation of horizontal and vertical stress in the
model under different water-conducting fracture angles: a Ini-
tial principal stress oy = SMPa, ¢, = 2MPa; b Initial prin-
cipal stress oy = SMPa, 6, = SMPa; ¢ Initial principal stress
oy = SMPa, 6, = 8MPa

at §<45°; it is controlled by the angle of water
diversion fissure at 6>45°. When the principal
stress difference is high and the unloading rate
is low, the propagation of hydraulic fracture is
mainly controlled by the direction of maximum
principal stress at 8> 30°, and the angle of water-
conducting fracture has little effect on the propa-
gation direction of the main fracture.

4. Based on the wind direction rose map of con-
tact force and the stress change of the model, the
induction mechanism of the maximum principal
stress and the water-conducting fracture angle is
clarified. Under the condition of low principal
stress difference, when the angle of water-con-
ducting fracture deviates from the direction of
maximum principal stress, the anisotropy of the
model after fracturing is higher. Under a high
principal stress difference, the dominant direc-
tion of contact force is mainly controlled by the
maximum principal stress direction. The angle of
the water-conducting fissure can shift slightly in
the dominant direction. The angle of the water-
conducting fracture greatly affects the degree of
anisotropy.

T T T T T

—0—0,=5MPa, 6,=2MPa ]
o, =5MPa, o =5MPa

—&—g =5MPa, o,=8MPa

24
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Fig. 17 The fracture pressure under different 0
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