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Abstract

Rock masses are typical inhomogeneous geological materials that contain many fissures and cracks. The coupling effect of
the crack propagation and seepage evolution in rocks is very important to the safety of rock engineering. However, hydrome-
chanical coupling behavior during the failure of fissured rocks has rarely been investigated. In this research, hydromechanical
coupling tests are performed to fully explore the behaviors in strength, deformation, permeability and failure mode of sand-
stone samples with two preexisting fissures. The experimental results show that the ratio of crack initiation threshold/peak
strength, the ratio of crack damage threshold/peak strength and the value of the elastic modulus decrease by at most 31.8%,
12.2% and 18.4% due to the existence of the two fissures, while the Poisson’s ratio increases by at most 45.6%. Furthermore,
the values of permeability before the sudden increase stage range from 2.1% to 17.6% of the maximum permeability value.
The influence of bridge length and angle on permeability is more significant under lower confining pressure or higher water
pressure. Five failure modes are observed in the double-fissure samples under hydromechanical coupling conditions. Addi-
tionally, the “wing cracks + indirect coalescence” failure mode is generated only when the ligament length is shorter than
the fissure length. The corresponding strength is lower than that for other failure modes. CT images show that the expansion
of cracks inside the samples is more restricted than that at the surface of the samples, especially near the rock bridge region.
The effects of failure modes on the mechanical and permeability properties, from greatest to least, are as follows: crack
initiation threshold, peak strength, crack damage threshold, elastic modulus, Poisson’s ratio and permeability. This research
is contributed to analyze the stability of water-bearing rocks in underground caverns with many preexisting fissures.

Keywords Sandstone - Preexisting fissure - Hydromechanical coupling tests - Mechanical properties - Permeability - Failure
behavior
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AW  Anti-wing crack o, Tensile strength
INC Indirect coalescence E Elastic modulus
SC Secondary crack U Poisson’s ratio
NC  No coalescence C Cohesion
DC  Direct coalescence @ Friction angle
UCS Uniaxial compression strength K Softening factor
k Permeability
0 Water flow rate
04 Tingchun Li A Cross-sectional area of the sample
tehli_sd@163.com Us Dynamic viscosity of the fluid
! Shandong Key Laboratory of Civil Engineering Disaster AP Water pressure difference applied between both
Prevention and Mitigation, Shandong University of Science end planes of the rock sample
and Technology, Qingdao 266590, China H Height of sample
2 Radiology Department, The Affiliated Hospital of Qingdao D Diameter of sample
University, Qingdao 266590, China a Half-length of the fissure

@ Springer


http://orcid.org/0000-0002-1275-0517
http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-020-02119-x&domain=pdf

Y. Du etal.

3674

b Width of the fissure

a Fissure dip angle

L Rock bridge ligament length

/3 Rock bridge angle

P, Confining pressure

P, Water pressure

£ Axial strain

&3 Lateral strain

&, Volumetric strain

Eve Crack-induced volumetric strain

0 Axial stress

03 Confining pressure

O Primary crack closure threshold

O Crack initiation threshold

O Crack damage threshold

o, Peak strength

o, Residual strength

ko Initial permeability

ke Permeability corresponding to the crack initiation
threshold

keq Permeability corresponding to the crack damage
threshold

k. Permeability corresponding to the peak strength

kma  Maximum permeability

1 Introduction

Rock masses contain many fissures and cracks that originate
from diagenetic processes, tectonic processes and excavation
disturbance (Prudencio and Van 2007; Yin et al. 2014; Li
et al. 2015; Wang et al. 2019; Li et al. 2020). The initiation
and propagation of cracks in rocks have a significant effect
on the strength, deformability and failure behaviors of rock
masses (Yang et al. 2008; Janeiro and Einstein 2010; Lee
and Jeon 2011; Bahaaddini et al. 2013; Zhou et al. 2014).
Additionally, problems associated with groundwater con-
stitute an important obstacle in the stability of rock engi-
neering. Furthermore, the coupling effects of crack propaga-
tion and seepage will further induce the unstable failure of
the rock mass, which may pose a threat to the construction
safety of rock engineering structures. Therefore, studies on
the mechanical and permeability characteristics of fissured
rocks under hydromechanical coupling conditions are crucial
for controlling the stability of rock engineering involving
jointed rocks.

In previous studies, extensive compression tests (Lu
etal. 2014, 2015; Yang et al. 2018; Wu et al. 2019; Huang
et al. 2019; Haeri et al. 2014; Cao et al. 2015; Zhao et al.
2019; Zhou et al. 2019) and numerical simulations (Wong
and Li 2013; Wang et al. 2014b; Fu et al. 2016, 2017; Lee
et al. 2017) have been conducted to investigate the mechan-
ical behavior and failure in rock and rock-like specimens
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containing preexisting fissures. New cracks are generally
initiated at the tips of preexisting fissures when the stress
reaches the crack initiation threshold. Additionally, these
cracks can be divided into tensile cracks, shear cracks and
mixed tensile-shear cracks (Wong and Einstein 2009; Park
and Bobet 2010; Yang et al. 2017; Yang and Huang 2017;
Wang et al. 2018). To gain a better understanding of the
effects of fissure geometry (fissure angle, bridge angle,
and geometry length) on crack coalescence, researchers,
such as Morgan et al. (2013), Zhao et al. (2016), Afolag-
boye et al. (2018), conducted uniaxial compression tests
on rock and rock-like specimens containing two fissures.
The results showed that more direct coalescence between
the fissures was observed with increasing bridge angle
and fissure angle. As the ligament length increased, the
coalescence behavior changed from direct coalescence to
indirect coalescence and then to no coalescence. Similarly,
Huang et al. (2016a) carried out triaxial compression tests
on sandstone with three types of preexisting pairs of flaws.
They found that the stress—strain curves for a certain type
of flawed rock sample show similar trends. In addition, the
stress required for crack initiation and the critical stress
of dilation are close to the peak strength of the specimen,
and a smaller difference between these two stresses results
from an increase in the confining pressure. Huang et al.
(2016b) used the numerical software PFC3D to investi-
gate the cracking behavior of rock-like specimens contain-
ing two nonparallel fissures under conventional triaxial
compression. They found that the failure mode is mainly
affected by the fissure angle at a small confining pressure,
but it is mainly influenced by the confining pressure at a
high confining pressure.

To investigate the permeability characteristics of rocks,
many hydromechanical coupling tests have been conducted
on intact granite (Sun et al. 2015; Wang et al. 2016a), lime-
stone (Zhang et al. 2013; Wang et al. 2015) and sandstone
specimens (Yu et al. 2015; Chen 2016; Wang et al. 2016b;
Chen et al. 2018). The results showed that the failure of
intact rock specimens is caused mainly by the formation
of a shear fracture through the top and bottom boundaries.
Furthermore, the evolution of permeability varies with the
stages of rock fracturing during the process of compression.
Chen et al. (2017) found that the influence of confining pres-
sures on stress—strain behaviour, permeability evolution and
failure pattern of intact sandstone samples is much greater
than that of water pressure, based on their experimental and
RFPA2D simulation results. Cai et al. (2018) and Zeng et al.
(2018) investigated the permeability and failure of intact
rocks using PFC2D software. They found that changes in the
mesoscopic structure, accumulated damage and permeability
of rock samples under hydromechanical coupling conditions
produce obvious synergistic effects. Furthermore, the pore
pressure and flow rate both preferentially transmit through
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the damage zones in the specimens rather than the intact
rock matrix during steady flow.

In the past, theoretical research on the coupling effect of
crack propagation and seepage evolution of rocks has been
limited. The main contributions of most of the previous
experimental and numerical studies on the failure mecha-
nism and permeability behavior of rock are mainly limited
to uniaxial or triaxial compression tests on pre-cracked sam-
ples and permeability evolution analysis of intact samples.
Additionally, the changes in the mechanical, permeability
and failure characteristics of rocks containing preexisting
fissures under hydromechanical coupling conditions have
rarely been investigated. Consequently, the hydromechanical
behavior during the failure of rocks that contain preexisting
fissures is not fully understood. In the present study, a series
of hydromechanical coupling tests on sandstone samples
containing two preexisting fissures with various ligament
lengths and bridge angles were carried out. Based on the
experimental results, the combined influences of the con-
fining pressure, water pressure, ligament length and bridge
angle on the strength, deformability and permeability char-
acteristics are first investigated. Then, the failure of sand-
stone samples that include a rock bridge (5 rock bridge types
are considered) is studied under various confining pressures
and water pressures. Simultaneously, the post-test internal
crack patterns of the sandstone samples are revealed by
computed tomography (CT) imaging. Finally, the strength,
deformation and permeability characteristics corresponding
to various failure modes are analyzed in detail.

2 Experimental Material and Procedure

2.1 Sandstone Material and Preparation of Samples
The samples used in the present experimental study are red
sandstone collected from a quarry in Tai’an city in eastern
China. This sandstone exhibits good homogeneity. Addition-

ally, the mineral components of the tested sandstone accord-
ing to X-ray diffraction (XRD) analysis are shown in Table 1.

Table 1 Mineral components of the tested sandstone

Minerals Feldspar Quartz Montmorillonite

Percentage 74.2% 13.0% 12.8%

Furthermore, the properties of the tested sandstone based on
the laboratory testing analysis are shown in Table 2. After
cutting and polishing, cylindrical samples 100 mm in length
and 50 mm in diameter were prepared according to the method
suggested by the International Society for Rock Mechanics
(ISRM). Then, two fissures with the same length (10 mm)
and width (1.5 mm) were produced in the samples, and the
production procedure is as follows (as shown in Fig. 1): (1)
drill two holes through the sandstone sample by using a dia-
mond drill with diameter 1.5 mm at the position where the
fissures need to be produced in the samples; (2) install the
production mold on the sandstone sample with two holes, and
the holes on the sandstone sample must be located in the slits
with length 10 mm and width 1.5 mm on the mold; and (3)
pass the diamond wire saw with diameter 1.0 mm through
the small hole, and pull the saw back and forth along the slit
on the mold until the fissure is completely produced. In addi-
tion, the geometry and location of the fissures are shown in
Fig. 2a. The tested sandstone samples were saturated with tap
water under vacuum by using a vacuum pump, as shown in
Fig. 2b, before mounting in the triaxial cell. To investigate the
hydromechanical behavior of these double-fissure sandstone
samples, three confining pressures (5, 10, and 15 MPa) and
three water pressures (2, 5, and 8 MPa) were chosen. Three
sets of samples are selected for testing in each group to obtain
optimal results. A detailed description of the tested sandstone
samples is listed in Table 3.

2.2 Testing Equipment and Procedure

The hydromechanical coupling tests were carried out with the
TAW-2000 electrohydraulic servo-controlled testing equip-
ment in Shandong Key Laboratory of Civil Engineering Dis-
aster Prevention and Mitigation at Shandong University of
Science and Technology in China, as shown in Fig. 3a. The
testing equipment consists of three separate control systems for
the axial pressure, confining pressure, and water pressure. The
axial and radial deformation were measured simultaneously
by the axial and radial displacement gauges with a measuring
capacity of 0—4 mm and a reading accuracy of + 1% at room
temperature, as shown in Fig. 3c. The data were collected auto-
matically by the digitized computer configuration. The reading
of the axial displacement was also used as a feedback signal for
the external load control. Additionally, the axial displacement
rate was set to a constant value on the control system. This

Table 2 Properties of the tested
sandstone

Properties p (kg/m®) n (%) ko (m?)

6,(MPa) UCS (MPa) E(GPa) u  C(MPa) ¢(°) K

Value 2392 7.55

1071810717 4.78

73.07 2235 031 27.08 3448 0.71

p density, n initial porosity, k, initial permeability, o, tensile strength, UCS uniaxial compressive strength,
E elastic modulus, u Poisson’s ratio, C cohesion, ¢ friction angle, K softening factor
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Fig.2 Diagrams of the tested sandstone samples and vacuum pump: a tested sandstone and b vacuum pump

function can effectively control the loading in the complete The experimental procedure, which is similar to Wang
stress—strain process (including the strain-softening stage). et al. (2014a, 2016b), Chen et al. (2017), Zhao et al. (2017),
is as follows:
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Table 3 Tested sandstone samples with or without a single fissure

Sample H (mm) D (mm) 2a (mm) b (mm) a(°) L(mm) f(°) P, (MPa) P, (MPa) Comment
number

A-00-2* 99.86 49.78 - - - - - 0 Intact samples
A-52-1* 99.92 4942 - - - - - 5 2

A-102-3* 100.24 4946 - - - - - 10 2

A-152-2% 99.86 4952 - - - - - 15 2

A-155-2% 100.04 4988 - - - - - 15 5

A-158-2% 100.18 4976 - - - - - 15 8

B-00-1* 99.54 49.62 10 1.5 45 5 45 0 Samples with two
B-52-1* 99.86 49.34 10 1.5 45 5 45 5 2 parallel pre-existing
B-102-1* 99.82 4958 10 15 45 5 45 10 2 fissures
B-152-2% 99.74 49.22 10 1.5 45 5 45 15 2

B-155-1* 99.52 49.74 10 1.5 45 5 45 15 5

B-158-2% 99.98 49.38 10 1.5 45 5 45 15 8

C-00-3* 99.26 49.26 10 1.5 45 10 45 0

Cc-52-1* 99.78 49.92 10 1.5 45 10 45 5 2

C-102-2* 99.54 49.58 10 15 45 10 45 10 2

C-152-2* 99.84 49.34 10 15 45 10 45 15 2

C-155-1* 99.76 49.66 10 1.5 45 10 45 15 5

C-158-3" 99.62 49.36 10 1.5 45 10 45 15 8

D-00-1* 99.64 49.82 10 15 45 15 45 0 0

D-52-1* 99.38 49.54 10 15 45 15 45 5 2

D-102-1* 99.44 49.86 10 15 45 15 45 10 2

D-152-1* 99.92 49.46 10 15 45 15 45 15 2

D-155-1* 99.28 49.24 10 15 45 15 45 15 5

D-158-3* 99.52 49.82 10 15 45 15 45 15 8

E-00-3" 99.74 49.76 10 1.5 45 10 15 0

E-52-2* 99.68 49.88 10 15 45 10 15 5 2

E-102-3* 99.76 49.22 10 15 45 10 15 10 2

E-152-1* 99.88 49.36 10 15 45 10 15 15 2

E-155-3" 99.64 49.74 10 15 45 10 15 15 5

E-158-3" 99.78 49.48 10 15 45 10 15 15 8

F-00-1* 99.68 49.56 10 15 45 10 75 0

F-52-1* 99.72 49.24 10 15 45 10 75 5 2

F-102-1* 99.36 49.82 10 15 45 10 75 10 2

F-152-3* 99.94 49.98 10 15 45 10 75 15 2

F-155-3" 99.28 49.66 10 15 45 10 75 15 5

F-158-2* 99.42 49.52 10 15 45 10 75 15 8

H height of sample, D diameter of sample, 2a length of fissure, b width of fissure, a fissure dip angle, L rock bridge ligament length, f rock

bridge ligament angle, P, confining pressure, P,, water pressure

1. The tested sandstone samples were saturated with tap
water under vacuum by using a vacuum pump, as shown
in Fig. 2b. To ensure complete saturation of the sand-
stone samples, the masses of the tested samples were

measured regularly until staying constant.

2. The saturated tested sandstone samples were circumfer-
entially wrapped in a shrinkable plastic sleeve to sepa-
rate the confining pressure from the water pressure, as

shown in Fig. 3c, d.

The assembled sandstone samples were mounted with
both axial and circumferential deformation measurement
devices to collect deformation data, as shown in Fig. 3c,
and inserted into the triaxial cell.

The triaxial cell was lowered and filled with hydraulic
oil, as shown in Fig. 3b. Then, the confining pressure
induced by hydraulic oil was gradually increased to the
required value. When the hydrostatic stress state, which
is a stable state, is reached, the inlet water pressure at

@ Springer



3678

Y. Du etal.

Reaction frame

I |

Axial loading I

Triaxial cell

(@

[

| Vrap

Axial extensometer Water input : : Multipore water }
_ 1 . input

11 P Axial pressure ;P 1
. |
11 — 1
1! [EiSIEIEIEIE I
Rubber 11 |
12 : S |
I 3 Rock sample 3 I

1 7] 7]
Iy ¢ a
- g |1
11 £ IR £ 1
- g |
11 © O |
11 |
1! EEEERE I
. |
I ! Axial -

xial pressure
Lateral extensometer | : Rubber Water=
Water output | wrap output

i 2y iy SR N S S ———— - |

(©) (d)

Fig.3 Testing equipment and assembled sample: a TAW-2000 electrohydraulic servo-controlled testing equipment; b simplified schematic of
triaxial cell; ¢ installation of rock sample; d simplified schematic of the assembled sample

the upstream end of the sample was gradually applied
to a predetermined value, and the outlet was open to
the atmosphere. The outlet volumetric water flow rate
at the downstream end of the sample was measured in
real time by a water flow meter on the testing system.

5. When the flow rate reached a constant value, the axial
stress was increased under constant axial displacement
control at a rate of 0.02 mm/min, and the confining pres-
sure and water pressure were kept constant throughout
the experiment.

Generally, there are two main experimental methods
used to measure the permeability of rocks during triaxial
compression: steady-state flow tests and transient (or
pulse) tests (Brace et al. 1968; Oda et al. 2002; Davy
et al. 2007; Chen et al. 2017). When the permeability
k>10"" m?, the steady-state flow tests are more suitable
(Davy et al. 2007; Chen et al. 2017). In this research, the
steady-state flow tests were chosen due to that the initial
permeability of the tested sandstone is approximately
1078-107"" m?. Darcy’s law is usually assumed to be
valid for steady-state flow tests, which can calculate the
absolute permeability by the measured flow rate and the
water pressure difference applied between both end planes
of the rock sample. Here, Darcy’s law can be written as
follows (Wyckoff et al. 1933; Zhao et al. 2017; Chen et al.
2017):

@ Springer
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where k is the permeability (m?); Q is the water flow rate
(m?/s); A is the cross-sectional area of the sample (m?); Ug
is the dynamic viscosity of the fluid, where the y; value of
water at room temperature is 1.005 X 1073 Pa s; H is the
height of the sample (m); and AP is the water pressure dif-
ference applied between both end planes of the rock sample.

3 Experimental Results
3.1 Characteristics of Stress—Strain Curves

3.1.1 Stress-Strain Curves Under Different Confining
Pressures

The stress—strain curves of intact and double-fissure sand-
stone with five different bridge ligaments under different
confining pressures are shown in Fig. 4. The lateral strain
of all the tested samples in the initial loading stage is close
to zero and considerably smaller than the correspond-
ing axial strain under different confining pressures. The
slope of the pre-peak stress versus axial strain curve is
positively correlated with confining pressure. The axial
stress drops sharply to a value close to zero after the peak
strength is reached under uniaxial compression but drops
to the residual strength, with some fluctuations (especially
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Fig.4 Stress—strain curves of tested samples under different confining pressures: a intact sample; b L=5 mm and #=45° ¢ L=10 mm and
p=45°d L=15 mm and f=45° e L=10 mm and f=15° and f L=10 mm and f=75°

when L=10 mm and f=15°), under different confining
pressures. The peak and residual strengths decrease with
decreasing confining pressure, but the increase in the axial
strain in the softening stage is negatively correlated with
the confining pressure. In addition, the two fissures with
various bridge geometries have remarkable effects on the
strength and deformability characteristics of sandstone,
especially under lower confining pressures.

3.1.2 Stress-Strain Curves Under Different Water Pressures

Figure 5 describes the stress—strain curves of intact and
double-fissure sandstone samples under different water pres-
sures. When the confining pressure is constant at 15 MPa,
the shapes of the stress—strain curves of intact samples
exhibit no obvious changes, regardless of the applied water
pressure. However, the slopes of the stress versus axial strain

curves of the double-fissure samples with different bridge
ligaments decrease gradually in the plastic deformation
stages, while the lateral deformability and volume signifi-
cantly increase with increasing water pressure. Moreover,
the peak and residual strengths are negatively correlated
with water pressure. Furthermore, the influence of water
pressure on the strength and deformability of double-fissure
sandstone is mostly concentrated in the plastic and post-peak
segments.

3.2 Strength Properties

In general, the failure process of rocks during compres-
sion can be divided into five stages (Bieniawski 1967; Tang
et al. 2019): (1) crack closure, (2) linear elastic deforma-
tion, (3) crack initiation and stable crack growth, (4) critical
energy release and unstable crack growth, and (5) failure and
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Fig.5 Stress—strain curves of the tested samples under different water pressures: a intact sample; b L=5 mm and #=45° ¢ L=10 mm and
p=45°d L=15 mm and f=45° e L=10 mm and f=15° and f L=10 mm and f=75°

post-peak behavior based on the stress—strain behavior of a
loaded rock sample. Martin and Chandler 1994 defined the
primary crack closure threshold o, crack initiation thresh-
old o, crack damage threshold ¢4, and peak strength o,
to divide the five stages in the stress—strain curves of rocks
under compression, especially for o; and 64, as shown in
Fig. 6. Afterwards, many researchers, such as Eberhardt
et al. 1998; Cai et al. 2004; Yu et al. 2015; Huang et al.
2016a; Tang et al. 2019, have investigated the fracture evolu-
tion of rocks under uniaxial and triaxial compression based
on a method modified from Martin and Chandler 1994.
In this research, we have also used the above method and
mainly investigated the crack initiation threshold o, crack
damage threshold o4, peak strength o, and residual strength
o, during the failure of sandstone containing two preexisting
fissures under hydromechanical coupling conditions. Here,
the crack initiation threshold o corresponds to the axial
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deviatoric stress at the inflection of the stress—strain curve
from the crack-induced volumetric strain ¢, to the axial
strain €; at this inflection point, the value of ¢, changes
from increasing to decreasing with &,. Additionally, the
crack damage threshold o4 corresponds to the axial devia-
toric stress at the inflection of the stress—strain curve from
the volumetric strain ¢, to the axial strain ¢; at this inflection
point, the value of ¢, begins to decrease with ;. The crack-
induced volumetric strain ¢, and the volumetric strain &, can
be calculated as follows (Yu et al. 2015):

1-2u

(61 + 20'3) 2)

g, =€ + 2¢;, 3)
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where y denotes Poisson’s ratio, E denotes the elastic modu-
lus, o, denotes the axial stress, and o5 denotes the confining
pressure, €, denotes the axial strain, €5 denotes the lateral
strain.

3.2.1 CrackInitiation and Crack Damage Thresholds

Figure 7 presents the crack initiation threshold o, crack
damage threshold o 4 and ratios of o,; and o4 to the peak
strength o, of the tested samples.

The values of 6; and o4 of all the samples tested under
uniaxial compressions decrease by 20.3%-57.2% and
8.2%-57.1%, respectively, compared with those under vari-
ous confining pressures (5, 10, and 15 MPa) and water pres-
sures (2, 5, and 8 MPa). When the confining pressure is
constant at 15 MPa, the values of ¢, and o4 of all tested
samples decrease by 6.1%—14.7% and 6.0%—17.7%, respec-
tively, due to the increase in water pressure from 2 to 8 MPa.

The value of ¢,/c, of the double-fissure samples fluc-
tuates from 0.320 to 0.394 under uniaxial compression,
but it is clearly lower than that of the intact samples under
the confining pressure and water pressure coupled condi-
tions. Furthermore, the values of o /0, and o,4/0, increase
by 4.1%-15.8% and 10.7%-23.3% after the confining pres-
sure increases by two times, but decrease by 1.0%-11.5%
and 7.2%-10.6% after the water pressure increases by three
times. Therefore, the influence of confining pressure is
greater than that of water pressure on the strength param-
eters. Additionally, the influence of the confining pressure,
water pressure, ligament length and bridge angle on the
crack damage threshold is more remarkable than that on the
crack initiation threshold.

3.2.2 Peak Strength

Figure 8 shows the peak strengths of the double-fissure
samples under uniaxial compression and hydromechanical
coupling conditions. The peak strengths of double-fissure
samples under uniaxial compression are 19.0%-56.6% less
than those under coupled hydromechanical conditions;
the greatest drop occurs in the sample with L=35 mm and
p=45°. Additionally, the influence of the ligament length
and bridge angle on the peak strength under higher confining
pressures is lower than that under uniaxial compression. Fur-
thermore, the peak strength increases by 34.8%—47.4% after
the confining pressure increases by two times. However, the
peak strength decreases by 2.1%-8.0% after the water pres-
sure increases by three times, indicating that the influence
of confining pressure is greater than that of water pressure
on the peak strength.
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3.2.3 Residual Strength

Figure 9 shows the residual strength of the double-fissure
samples under hydromechanical coupling conditions.

In Fig. 9a, it can be seen that the residual strengths of
the double-fissure samples decrease by 40.9%-58.5% at
P.=5 MPa and P, =2 MPa, decrease by 33.1%—-52.5% at
P,=10 MPa and P, =2 MPa and decrease by 13.9%-24.5%
at P.=15 MPa and P, =2 MPa. In addition, when P, is
constant at 2 MPa, the decrease in the effects of the two fis-
sures on the residual strength of sandstone samples is more
remarkable when L=5 mm, f=45° and P,,=8 MPa than
under other conditions.

In Fig. 9b, it can be seen that the residual strengths of
the double-fissure samples decrease by 24.4%-28.1% at
P.=15 MPa and P, =5 MPa and decrease by 20.4%—-40.1%
at P,=15 MPa and P, =8 MPa compared with the residual
strength of the intact samples. Moreover, when P, is constant
at 15 MPa, the decrease in the effects of the two fissures on
the residual strength of sandstone samples is more remark-
able when L=5 mm, #=45° and P, =8 MPa than under other
conditions.

3.3 Deformation Properties

3.3.1 Elastic Modulus and Possion’s Ratio Under Different
Confining Pressures

The elastic modulus E and Possion’s ratio y of the tested sam-
ples under various confining pressures (5, 10, and 15 MPa)
and a constant water pressure of 2 MPa are shown in Fig. 10.
The elastic modulus is positively correlated with the confining
pressure for all the tested samples. Furthermore, compared
with the intact samples, the double-fissure sample E drops by
2.0%—-15.3%, 10.6%—12.5% and 1.1%-8.8% under confining
pressures of 5, 10 and 15 MPa, respectively. As the confin-
ing pressure increases, Possion’s ratio of the double-fissure
samples with bridge ligaments of L=5 mm and f=45°,
L=10 mm and f=75° and L=15 mm and f=45° exhibits
a nonlinear increase, but it first decreases and then increases
when L=10 mm and f=45°, while it exhibits a nonlinear
decrease when L=10 mm and f=15°.

3.3.2 Elastic Modulus and Possion’s Ratio Under Different
Water Pressures

Figure 11 shows the influence of water pressure on the elastic
modulus E and Possion’s ratio y of the tested samples. The
elastic modulus of the double-fissure samples is negatively
correlated with the water pressure. Furthermore, it drops by
5.6%—16.0% and 11.0%—18.4% compared with that of the
intact samples underwater pressures of 5 and 8 MPa, respec-
tively. However, Possion’s ratio of the double-fissure samples
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Fig. 8 Peak strength of samples with double fissures

remains approximately 8.3%—38.7% and 25.2%—45.6% higher
than that of the intact samples underwater pressures of 5 and
8 MPa, respectively. In addition, u first decreases and then
increases with increasing water pressure from 2 to 8 MPa.
Finally, these results show that the influence of the presence of
fissures with various bridge ligaments is positively correlated
to the water pressure.

3.4 Permeability Evolution Laws

3.4.1 Effect of Confining Pressure on Permeability
Evolution Laws

The axial strain-volumetric strain and axial strain-permeabil-
ity curves of the double-fissure samples with various bridge
ligament lengths under a constant water pressure of 2 MPa
and different confining pressures of 5, 10, and 15 MPa are
shown in Fig. 12. In this figure, each plot can be divided into
five segments by the values of k, k;, k.4, k. and k., where
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Fig.9 Residual strength of the tested samples: a under different confining pressures and b under different water pressures

ko denotes the initial permeability, k, k.4 and k_ denote the
permeability corresponding to the crack initiation threshold,
macroscale failure threshold and peak strength, respectively,
and k,,,, denotes the maximum permeability.

The shape of the axial strain-permeability curves can be
described as an approximately “S”’-shaped curve. The values
of e, and ¢, increase, but the permeability decreases stead-
ily, caused by the closure of the primary pores and micro-
cracks, in the segment from k;, to k. Then, & decreases
and the permeability increases with a decreasing rate in
the segment from k; to k4 because of the initiation of new
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cracks. Furthermore, a decrease in ¢, and a steady increase
in the permeability occurs in the segment from k4 to k;
meanwhile, macroscale cracks are generated. With a further
increase in axial strain, the macroscale cracks reach the top
and bottom boundary of the samples, creating a main seep-
age channel and leading to a sharp increase in permeability
to its maximum value k.. Finally, the shearing mechanism
of macroscale cracks is enhanced with further axial loading
under confining pressure, and the seepage channel is gradu-
ally destroyed, which leads to a decrease in permeability
after peaking at k..
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Fig. 11 a Elastic modulus and b Poisson’s ratio of the double-fissure sandstone samples under various water pressures

No remarkable changes in the variation patterns of the
permeability curves are identifiable before the maximum
value is reached, under confining pressures of 5, 10 and
15 MPa. After reaching its maximum value, the permeabil-
ity decreases with some fluctuation (especially when L=35,
10 mm and #=45°) under a confining pressure of 5 MPa
due to the propagation of secondary cracks. However, the
permeability decreases smoothly to a relatively stable value
under higher confining pressures of 10 and 15 MPa.

The influence of the confining pressure, ligament length
and bridge angle on k-k. is considerably less than that on
koax- Furthermore, the &, of the double-fissure samples
with different ligament lengths and bridge angles varies from
87.09x 1078-112.54 x 10~"® m? under a confining pressure
of 5 MPa and varies from 46.97 x 107 '%-68.47 x 10™'8 m?
under a confining pressure of 10 MPa. Finally, k,, var-
ies from 27.17 x 107'8-35.63 x 107'® m? under a confining

pressure of 15 MPa. It can be concluded that the influence
of the ligament length and bridge angle on the permeability
under lower confining pressure is greater than that under
higher confining pressure.

3.4.2 Effect of Water Pressure on Permeability Evolution
Laws

Figure 13 shows the axial strain-volumetric strain and
axial strain-permeability curves of the double-fissure
samples with various bridge ligaments under a constant
confining pressure of 15 MPa and different water pressures
of 2, 5 and 8 MPa. There is no considerable deviation in
the variation patterns of these permeability curves before
the maximum permeabilities are reached under different
water pressures.
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The permeabilities in the range of k,—k, of the dou-
ble-fissure samples with different ligament lengths
and bridge angles underwater pressures of 5 MPa
and 8 MPa vary from 2.95x 1071%-7.68 x 10718 m?
and 4.83 x 107'%-13.63 x 107'® m?2, respec-
tively. Additionally, the values of k,,, are in the
ranges of 33.71x107'%-45.28 x 107!'% m? and
64.04 x 10718-77.67 x 10~'® m* underwater pressures of
5 and 8 MPa, respectively. Therefore, the influence of the
ligament length and bridge angle on permeability is posi-
tively correlated with the water pressure.

3.5 Failure Behavior

3.5.1 Description of Failure Modes

The crack types mainly include “wing crack (W)”, “anti-
wing crack (AW)” and “secondary crack (SC)” (Park and
Bobet 2009; Yang and Jing 2011). The crack coalescence

patterns mainly include “no coalescence (NC)”, “direct

@ Springer

coalescence (DC)” and “indirect coalescence (INC)”
(Wong and Einstein 2009; Janeiro and Einstein 2010;
Morgan et al. 2013). In this study, the failure modes of
the double-fissure samples with different bridge ligaments
under hydromechanical coupling conditions can be divided
into five categories based on the crack types and the crack
coalescence patterns, which are shown in Tables 4 and 5.

1. Mode I failure “W +INC”: wing cracks initiate at the
outer tips of both preexisting fissures and propagate to
the top and bottom boundaries of the sample. Addition-
ally, a wing crack and an anti-wing crack initiate at the
two inner tips, respectively, which indirectly coalesce at
a point outside the bridge zone.

2. Mode II failure “W + AW +INC”: a wing crack is gener-
ated at one of the outer tips of the preexisting fissures,
and an anti-wing crack is generated at the other outer
tip. Furthermore, indirect coalescence outside the bridge
zone occurs.
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3. Mode III failure “AW +INC”: anti-wing cracks are gen-
erated at the outer tips of both preexisting fissures. The
cracks that initiate at the inner tips of the preexisting
fissures indirectly coalesce at a point outside the bridge
zone.

4. Mode IV failure “AW +NC”: anti-wing cracks are gener-
ated at all outer and inner tips of the preexisting fissures,
but no coalescence occurs between the preexisting fis-
sures.

5. Mode failure V “W +DC”: two wing cracks are initi-
ated at the outer tips of the preexisting fissures and then
expand to the top and bottom of the tested samples.
Moreover, a shear crack directly coalesces with the two
preexisting fissures in the bridge zone.

3.5.2 Effect of Confining Pressure on Failure Behavior

Table 4 shows that, at a confining pressure of 5 MPa, the
failure of double-fissure samples with a lower ligament
length and a moderate bridge angle (L=5 mm and f=45°)
is mode I, which changes to mode II as the ligament length

increases to 10 mm and 15 mm. Additionally, the failure of
the tested samples changed to mode III and mode V for a
lower bridge angle of 15° and a higher bridge angle of 75°.
As the confining pressure increases from 5 to 10 MPa, the
failure of the tested samples with L=15 mm and f=45°
and L=10 mm and #=15° change to mode III and mode
1V, respectively, but no clear changes were observed for the
tested samples with L=5 mm and f=45°, L=10 mm and
p=45° and L=10 mm and f=75°. As the confining pres-
sure increases from 10 to 15 MPa, the failures of the tested
samples with L=5 mm and f=45° and L=10 mm and
p=45° change to mode II and III, respectively; moreover,
the failure mode remains unchanged in the samples with the
other tested bridge ligaments.

The above analysis shows that the confining pressures
have a great influence on the failure modes of the double-
fissure samples with a bridge angle that is not higher than
the fissure angle. The propagation of wing cracks and the
coalescence of cracks between the two preexisting fissures
are inhibited by an increase in the confining pressure and

@ Springer



3688 Y.Du et al.

Table 4 Failure modes of double-fissure samples under different confining pressures and the same water pressures

P.=10 MPa P,=2 MPa P.=15 MPa P,=2 MPa

P.=5MPa P,=2 MPa

L=5 mm
[=45°

Mode I

L=10 mm
p=45°

x
£
]
.
Y
)
X
3

L=15mm

p=45°

Mode II Mode II

~
)]
s

L=10 mm
p=15°

O

-

Mode IV Mode IV

L=10 mm
p=75°

Mode V Mode V Mode V
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Table 4 (continued)

P, confining pressure, P,, water pressure, W wing crack, AW anti-wing crack, INC indirect coalescence, SC secondary crack, NC no coales-

cence, DC direct coalescence

ligament length as well as a decrease in the bridge angle due
to a more predominant shear failure mode.

3.5.3 Effect of Water Pressure on Failure Behavior

In Table 5, as the water pressure increases from 2 to 5 MPa,
the failure modes of the double-fissure samples with
L=5mm and f=45°, L=10 mm and $f=45° and L=10 mm
and f=15° change from mode II, mode II and mode IV to
type I, mode III and mode II, respectively. Furthermore, as
the water pressure increases from 5 to 8 MPa, no remark-
able changes in the failure modes of the tested samples are
observed, except that the number and length of wing cracks
slightly increase.

Therefore, it can be concluded that the water pressure has
a great influence on the failure modes of the double-fissure
samples with a ligament that is not longer than the fissure
length and with a low bridge angle. Additionally, the expan-
sion of wing cracks and the coalescence of cracks between
the two preexisting fissures are promoted by the increase in
water pressure and bridge angle.

Moreover, the results indicate that the relative effects
of the four factors on the failure modes of double-fissure
samples, from the greatest effect to the least effect, are as
follows: bridge angle, ligament length, confining pressure
and water pressure.

3.5.4 Internal Crack Behavior

Figures 14, 15, 16, 17 and 18 show the post-test vertical
cross sections, horizontal slices and three-dimensional
images of the double-fissure sandstone samples under a
confining pressure of 10 MPa coupled with a water pres-
sure of 2 MPa. All five typical crack coalescence types are
represented in these samples.

When L=5 mm and f=45°, the failure is mode I, as
shown in Fig. 14. Additionally, the internal crack coales-
cence pattern in the rock bridge zone between the “H;-H,”
and “H,—H,” sections approximately matches the surface
pattern, transforming from indirect coalescence to direct
coalescence between the “H;—H;” and “H,—H,” sections.

When L=10 mm and f=45°, the failure is mode II, as
shown in Fig. 15. Furthermore, the orientation of the internal
cracks that converge near the rock bridge region is aligned
with the load direction.

When L=15 mm and f=45°, the failure is mode III,
as shown in Fig. 16. Moreover, the convergence point of

internal cracks near the rock bridge region in the “H,—H,”
and “H,—H,” sections appears later than that in the “H,—H,”
and “H;—H;” sections, which indicates that the cracks on the
surface of the samples more easily expand than those deeper
within the samples.

When L=10 mm and f=15°, the failure is mode IV, as
shown in Fig. 17. Furthermore, there are no remarkable dif-
ferences between the main cracks inside and on the surface
of the tested sample. The lengths of the secondary cracks
inside the sample are shorter than those observed on the
surface of the sample.

When L=10 mm and f=75°, the failure is mode V, as
shown in Fig. 18. Additionally, only slight changes in the
crack expanding paths and coalescence types are observed
inside the samples.

In addition, the wing cracks and anti-wing cracks that
initiate at the outer tips of preexisting fissures are observed
as a curved surface inside the samples, especially for failure
modes II, IIT and IV. Furthermore, the width of cracks near
the boundaries of the samples is generally greater than that
in other regions.

4 Discussion

Previous experimental studies have mainly focused on the
mechanical and failure behaviors of fissured samples under
uniaxial and triaxial compression or the hydromechanical
behavior of intact samples. Compared with these previous
studies, there are some novel findings in this paper. The
results of hydromechanical coupling tests on sandstone with
two fissures are summarized in Figs. 19, 20, and 21 as well
as Table 6.

1. The failure of a double-fissure sample changes from
mode I to mode II with the increase of P_ and the
decrease of P, when L=5 mm and f#=45°. Additionally,
it changes from mode II to mode III with the increase of
P, and the decrease of P, when L=10 mm and f=45°.
The failure of the tested sample with L=15 mm and
p=15°is always mode III despite changes in P, and it
changes from mode II to mode III with the increase of
P.. Furthermore, the failure of the tested sample changes
from mode III to mode IV with the increase of P, when
L=10 mm and #=15°, and it changes from mode IV to
mode II. Moreover, it is always mode V despite changes
in P, and P, when L=10 mm and #="75°. In addition,
the effects of the ligament length and bridge angle on the
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Table 5 Failure modes of double-fissure samples under the same confining pressure and different water pressures

P.=15 MPa P,=2 MPa

P.=15 MPa P,=5 MPa

L=5 mm

p=45°

L=10 mm
p=45°

L=15mm
[=45°

L=10 mm
p=15°

L=10 mm
p=75°

Mode I

Mode II

Mode I

Mode I

P.=15 MPa P,=8 MPa
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Table 5 (continued)

P, confining pressure, P,, water pressure, W wing crack, AW anti-wing crack, INC indirect coalescence, SC secondary crack, NC no coales-
cence, DC direct coalescence

Z+-Z, Section Z,-Z, Section H,-H, Section H,-H, Section H;-H; Section H,-H, Section

Fig. 14 CT images of the double-fissure sample with L=5 mm and f=45°

Z,-Z, Section Z,-Z, Section

H,-H, Section H,-H, Section = H;-H; Section H,-H, Section

Z4-Z; Section Z,-Z, Section

Fig. 15 CT images of the double-fissure sample with L=10 mm and f=45°

Z,-Z, Section Z,-Z, Section

L1l MIk)

Z5-Z Section Z,-Z, Section

Fig. 16 CT images of the double-fissure sample with L=15 mm and f=45°
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Fig. 17 CT images of the double-fissure sample with L=10 mm and f=15°

Z4-Z4 Section 7,-Z, Section H,-H, Section H,-H, Section = H;-H; Section H,-H, Section

Fig. 18 CT images of the double-fissure sample with L=10 mm and f=75°

Fig. 19 Schematic diagrams of
the five failure types

Failure mode I Failure mode II ~ Failure mode III  Failure mode IV  Failure mode V

failure modes of double-fissures sandstone are greater o, and o, are minimum when L=5 mm and =45°, and
than those of the confining pressure and water pressure. the 6,4 is minimum when L=10 mm and #=15°, while
2. The values of 6, 6.4 and o, of tested sandstone sam- the o, is minimum when L=35 mm and f=45°. These
ples all increase with increasing P, and decrease with results indicate that the values of o; and o, are more
decreasing P, as shown in Fig. 20, which are similar to sensitive to ligament length, but the effect of the bridge
the previous studies (Huang et al. 2016a, 2019; Wang angle is greater than that of ligament length on the value
et al. 2014a, 2016b). The minimum values of them are of 64
all under P,=5 MPa and P, =2 MPa in this paper. Fur- 3. The permeabilities of tested sandstone samples all
thermore, the novel finding is that the minimum values increase with decreasing P, and increasing P,, val-
of 6, 0.4 and o are not found in the same sample. The ues, as shown in Fig. 21, which are similar to the

@ Springer



Experimental Study of Mechanical and Permeability Behaviors During the Failure of Sandstone... 3693
Failure Mode Failure Mode Failure Mode Failure Mode Failure Mode
I 1T I 1 1 oI I mi I I I Ir Ir mivivio 1 VVV VYV
120 T T T T T T T T T T T T T T T T T T T T T T T T T
-0 0,
100 F——0u
= —-o— 0,
S8 t
o | A/A/a—g\A
&
340
© _o—0—0—0 O/O/O—O~o O/O/O\O‘O o/o/°~o—o O/O/O“O\o
20
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
35 r o oo 4 0.50
< O« <& PRa N oo
0 ° o %70 PPN .o Tl o7 %70 040
=25 b .7 & > = £ '
e ¢ x X X x ~X
92 | b X 2 Sy X Al W N Ne % -x % 1030
7 N/ A4 4 K- x - ~ B
15 +F X X X X x X
x 4 0.20
10
_—<>—E 4 0.10
-X-H
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 — 000
P.5 10 15 15 15 5 10 15 15 15 5 10 1515 15 5 10 15 15 15 510 15 15 158
P2 2 2 5 8 2 2 2 5 8 2 2 2 5 8 2 2 2 5 8 2 2 25 8%
|
I L=5mm p=45° L=10mm p=45° L=15mm p=45° L=10mm p=15° L=10mm p=75°
Fig. 20 Strength and deformation parameters of double-fissure samples with different failure modes
Failure Mode Failure Mode Failure Mode
do LT L g g MMM mmwmowm gy,
X () ~ (b) ~ ©
o E X E
F30 19~ %30} 19~ 230 | {90 ~
3 g = = - =]
— = X ® X )
:;20 - E 60)( «—20 - § X 1 60 X «‘20 - » E 60><
. - 3 X - B ~
3 X i o~ g o= 3
“pw0} 9 X 130« <10} X 130« <0} © X o {30«
3 A < 8 " O 8 " X
$ g < & R < | B{ A 8 &
O 1 1 1 1 O 0 1 1 1 1 1 0 0 1 1 1 1 0
b5 10 15 15 15 P, 5 10 15 15 15 up P, 5 10 15 15 15 pp,
Py 2 a2 5 g WP Py 2 2 5 g (MPO Po2 2 2 5 g MR
Failure Mode Failure Mode
40 Ii VIV I 1 40—~ YV Y 12
= 0) T @
S30 190% 30 | X 1 90 ‘& Ok A .
s - - c1
X NG S
< X X = =
<20 | 1 60 220 | X460 x
3 0 \>§:< 2 X é a kcd O kc
& o X I X X 5
210 | X {30~ S0t © 1 30
g Q < A R
0 1 1 1 1 0 O 1 1 1 1 0
P, 5 10 15 15 15 P, 5 10 15 15 15 p,
Py2 2 2 5 8 (MPa) Py2 2 2 5 (MPa)

Fig.21 Permeability of double-fissure samples with different failure modes: a L=5 mm and f=45° b L=10 mm and f=45° ¢ L=15 mm and
p=45°d L=10 mm and f=15° and e L=10 mm and f="75°

@ Springer



Y. Du etal.

3694

A 7079 8LL 9L'S 16°6 09°'8 80£°0 L1'6T 868 96'6S 0L'6T SL 01 8 SI
II 8%°89 €9°¢l 0SS 9L’S SI'8 9670 76'8T T5°S6 €519 ee Sl 01 8 SI
I LYLL S6'6 9¢'g 9I'§ 16'9 €620 16°0¢ €6 68'19 L8'1€ S SI 8 SI
II 1ceL L6'9 se's ¥T'9 vo'L €820 8L6T 66'88 A 90°'1¢ 97 01 8 SI
I 0£'99 vS'L €8t TS 65°L 62€°0 erie 06'88 60'19 80°6C S S 8 S1
A 0T'6¢ veYy 70y 6£'¢ LT9 TwWTo $8'6¢C 6£°06 80°'19 £9°¢¢ SL 01 S S1
II 6¥'9¢ 89°L 90°¢ LTE €59 6£T°0 10°1€ LT'L6 $0'99 9I°¢e SI 01 S S1
I ILge STL (7 wr 16t 850 SIIE 91'S6 L1°89 TLEE 97 SI S S1
II 8T St €T'S S6'C €TE 1$°6 €520 6t L1'T6 0S'19 L8TE 97 01 S SI
I YLV S0t 69°¢ v LT'9 1220 01°¢ce 1606 60°$9 676 97 S S SI
A €9°6¢ LOE LTT 171 ¥8'¢ ¥LTO 6€'1¢€ 91'66 ¥8°TL 08'%¢ SL 01 4 SI
Al 80°8C 06¢ 1€l €5°1 S0°S L¥T0 0T'I¢g §S°L6 78°69 78°6¢ SI 01 4 SI
I LT'LT 780 €01 Tl 144 11€°0 90°6¢ LL'S6 €769 8¢'LE S SI 4 SI
I 56T 99'C LSO L80 Iy 60£°0 0L°0¢ T€°€6 8789 90°¢€ Sy 01 4 SI
Il 86'€E 061 ISl 98l 97 €620 99°CE 8876 69'1L SeIe Sy S 4 SI
A 66'7S SI'8 65°€ 0L STL €LT0 €6°LT €8°GL Se'1s 69'9C SL 01 4 01
Al L¥'89 08'¥ vTe S0t 68'L €10 86'LT 8978 vL'€9 656C S1 01 4 01
I L6'9Y 00°S L8T €€ €L 6870 8LT 80°88 $69$ €0°ce Sy S1 4 01
Il ¥'SS 9T'L 16°¢ STs W 120 0t'LT TIes 12°0$ LO'8T 97 01 4 01
I 0t'$9 0g's 08¢ L6E L8 §TTO €LLT L6'08 16°SS 98'8C Sy S 4 01
A SS'16 €501 LT'L 1L Sall 6£T°0 S¥'LT 76'69 86'¢t 6L'€T SL 01 4 S
I ¥STIl ¥8'6 799 19°L LTEL 1€€°0 L8¥T ¥6'0L LY ¥ 9F'€T SI 01 4 S
II 60'L8 YO'L 'S 9 0S'11 1€€°0 16°LT 8SIL 6L'St €I've Sy SI 4 S
Il L8001 LI 67’8 86°CI L¥'ST 1L20 8€'ST ¥T'69 8¢ 86°CC Sy 01 4 S
I LE601 STl SI'L 9L'8 8¢'CI L81°0 9L'€T 6079 vLEY Se0t Sy S 4 S
apour y El "y oy %y "o "o o “d °d
amyreq (-0 ¥ h (edD)d (edIn) © g () 7 (edIN) 4

sopowr a1n[rej snoLrea 0) Surpuodsariod sajdwes paysa) Jo sentadoid Afiqeswtad pue uonewIoyop ‘Yisuans 9 sjqel

pringer

Qs



Experimental Study of Mechanical and Permeability Behaviors During the Failure of Sandstone... 3695

results found in previous studies (Wang et al. 2014a,
2016b; Zhao et al. 2017). Additionally, the novel find-
ing is that the failure modes have a remarkable influ-
ence on the permeability evolution laws. The order of
kog<ke<k,<ky<kgy, 1s observed in all failure modes.
However, the orders of k.4 <k <ky<k, <k, and
kg <kqq<k.<ky<k,, are also observed in the samples
with mode II, III and V failure. Furthermore, the effects
of the ligament length and bridge angle on the perme-
ability under lower P_ and higher P, are greater than that
those under higher P_ and lower P,

4. The mechanical and permeability characteristics of
double-fissure samples under hydromechanical cou-
pling conditions are associated with the failure mode.
Furthermore, the strength parameters of samples that
exhibit failure mode I are generally lower than those
that exhibit other failure modes. In addition, the order
of the mechanical and permeability properties affected
by failure modes, from greatest to least, is as follows:
crack initiation threshold, peak strength, crack damage
threshold, elastic modulus, Poisson’s ratio and perme-
ability.

5 Conclusions

Unlike previous studies, this paper conducts a series of cou-
pled hydromechanical tests on sandstone samples contain-
ing two parallel fissures to fully explore the influence of
confining pressure, water pressure and different ligament
lengths and bridge angles on the hydromechanical behavior
of double-fissure sandstone. The main findings that are dif-
ferent from those of previous studies can be summarized as
follows:

(1) Compared with the intact samples, the stress—strain
curves of double-fissure samples under hydromechanical
coupling conditions fluctuate more after the peak strength,
especially when the ligament length and bridge angle are
less than those of the fissures.

(2) The ratios of 6 /0, and o,4/0, decrease remarkably
with the increase in water pressure, which indicates that the
initiation and propagation of cracks are promoted by greater
water pressure. Additionally, the peak strength increases by
34.8%—47.4% as the confining pressure increases by two
times. However, the peak strength decreases by 2.1%-8.0%
as the water pressure increases by three times. Therefore, the
influence of confining pressure is greater than that of water
pressure on the peak strength. Compared with 6/0,, and E of
the intact samples, o /0, and E of the double-fissure samples
decrease by 13.3%-31.8% and 2.4%—12.2%, respectively.
However, u increases by 8.3%—45.6% underwater pressures
of 5 MPa and 8 MPa, indicating that the interaction of crack

propagation and water pressure greatly reduces the strength
parameters and accelerates the failure of rocks.

(3) Unlike in the intact samples, in the double-fissure
samples under hydromechanical coupling conditions, five
failure modes are observed. Additionally, mode I and mode
II failure are generally more common in samples with a
small ligament length and a small bridge angle. As the liga-
ment length and confining pressure increase and the bridge
angle and water pressure decrease, the propagation of wing
cracks and crack coalescence are restricted, causing the fail-
ure to evolve into mode II and mode III. However, when the
bridge angle is higher than the fissure angle, only mode V
failure is generated. This indicates that the influence of the
bridge angle is greater than that of confining pressure, water
presume and ligament length. Furthermore, the expansion
of cracks inside the samples is more restricted than that on
the surface of the samples, especially near the rock bridge
region.

(4) The failure modes have a great influence on the perme-
ability evolution laws. The order of k4 <k <k <ky<kg,.
is observed in the samples with all types of failure.
However, the orders of k 4<k <ky<k <k, and
ki <kgg<k,<ky<kg,, are also observed in the samples
with modes II, IIT and V failure. Additionally, the influence
of the ligament length and bridge angle on the permeability
is negatively correlated with the confining pressure but is
positively correlated with the water pressure.

(5) The mechanical and permeability properties affected
by failure modes, from greatest to least, are as follows: crack
initiation threshold, peak strength, crack damage threshold,
elastic modulus, Poisson’s ratio and permeability.

(6) A greater water pressure promotes the initiation and
expansion of cracks. Furthermore, the coupling of crack
propagation and water pressure accelerates the fracture of
rocks. In addition, the coupling of confining pressure, water
pressure and preexisting fissures greatly affects the failure
behavior of a rock mass. In particular, when the fissures
are coplanar and the ligament length is less than half of the
fissure length, the strength parameters of the fractured rock
are lower and the corresponding permeability is higher. The
reduction in confining pressure and the increase in water
pressure further weaken the strength parameters and enhance
the permeability. This research can provide useful informa-
tion for the analysis of the stability of rock engineering
involving jointed rocks.
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