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Compressive Fracture Behavior and Acoustic Emission Character-
istics of Sandstone under Constant Crack Water Pressure
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Engineering rock containing flaws or defects under a large water source is frequently subject to the couple influence of
constant crack water pressure and geostress. To investigate the fracture behavior of precracked rock under hydromechani‐
cal coupling with constant crack water pressure, compression tests were conducted on red sandstone specimens containing
a single crack of different angles using a device to realize the constant crack water pressure during loading, and the
failure process of rock specimens was monitored by acoustic emission (AE) technique. The results show that the presence
of constant crack water pressure has a significant promotion effect on the development of shear wing cracks, and the
promotion effect is influenced by the prefabricated crack angle and water pressure. As the constant crack water pressure
increases, the failure mode of the 0° precrack specimen changes from “X”- shear failure to the single oblique shear failure
along the shear wing crack direction, the main failure crack of the inclined precracked specimens (precrack angles of 15°,
45°, and 60°) changes from a small acute angle with the prefabricated crack to a direction along the shear wing crack, and
irregular cracks occur at the chipped prefabricated crack in the 90° precracked specimen. With an increase in the constant
crack water pressure, the average energy for a single hit,  cumulative AE energy, and cumulative AE hits decrease, and the
proportion of the tensile cracks increases and that of the shear cracks decreases.

1. Introduction
In underground mining,  water  conservancy and
hydropower,  geothermal  development,  and oil  exploita‐
tion projects,  rock structure  inevitably  contains  various
flaws and can be  damaged and destroyed due to
stress  variations  [1–7].  Therefore,  the  study of  the
failure  characteristics  of  rocks  with  original  crack,  such
as  the  crack propagation mechanism [8–11],  mechan‐
ical  properties  [12–14],  and acoustic  emission (AE)
characteristics  [15–17],  has  been popular  in  recent
years.  Water,  as  a  common liquid in  the  earth crust,
is  commonly  present  in  rock flaws in  underground
engineering structures  [18].  Due to  the  low permeabil‐
ity,  rocks  are  often subjected to  the  influence of  crack
water  pressure.  In  general,  there  are  two common types

of  crack water  pressure  in  rocks,  as  demonstrated by
cases  I  and II  in  Figure  1.  In  case  I,  the  crack water
is  not  connected to  a  large  water  source,  and the
crack water  pressure  is  not  replenished in  time during
crack expansion.  Therefore,  the  crack water  pressure
decreases  as  the  crack expands.  In  case  II,  the  crack
water  is  connected to  a  large  water  source,  the  crack
water  pressure  is  immediately  replenished during the
crack propagation,  so  that  the  water  pressure  remains
almost  constant.  This  type of  crack water  pressure  is
termed the  constant  crack water  pressure.  With the
rapid development  of  various  types  of  rock engineer‐
ing,  increasing underground projects  are  being construc‐
ted under  large  water  sources  (e.g.,  tunneling under
lakes  and seabed mining).  The case  where  constant
crack water  pressure  is  encountered is  also  increasing.
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Therefore,  it  is  necessary  to  study the  effect  of  constant
crack water  pressure  on the  failure  behavior  of  cracked
rocks.

At present, there have been extensive numerical and
experimental studies on the influence of crack water
pressure on rock failure properties [19–25]. Using the
numerical simulation method, Pu et al. [26] investigated
the influence of crack water pressure on crack propaga‐
tion and rock strength and revealed the crack damage
and fracture mechanisms of rocks under water pressure.
Li et al. [27] investigated the failure evolution process
of uniaxially compressed rock under crack water pressure
using the Fast Lagrangian Analysis of Continua in the 3D
numerical model. Wang et al. [28] proposed a numerical
method to simulate the crack propagation under seepage
stress coupling using the extended finite element method. Li
et al. [29] proposed a modeling method for rock heteroge‐
neities and multiple hydraulic fractures propagation based
on the homogenization approach and level set method.
Ma et al. [30] analyzed the influence of thermophysical
parameters of fracturing fluid on the damage of hot dry
rocks through numerical and analytical methods. Haeri
et al. [31] used the Fracture Analysis Code to simulate
the effect of joint distributions in rocks on circular hole
hydraulic fracturing. Through experimental methods, Gu
et al. [32–34] investigated the effect of porosity on the
dynamic response of water-saturated sandstone and coal.
They found the weakening degree of the water-saturated
sandstone and coal was positively correlated with porosity.
They also explored the mechanism of porosity and water
content on the fracture extension and dynamic strength
of soft coal. Li et al. [35] studied the influence law of
crack angle and crack water pressure on the initiation stress
of cracks and breaking strength of the specimen under
uniaxial compression (UC) through a transparent resin-like
rock material. Fu et al. [36] described the secondary crack
pattern and fracture extension process of the specimens
under uniaxial and biaxial compression conditions and
compared the similarities and differences in specimen

fracture patterns during fracture with and without crack
water pressure. Mei et al. [37] studied the effect of crack
water pressure on the sprouting and expansion patterns of
the prefabricated three-dimensional hollow double cracks
by means of transparent resin-like rock materials. Cao et
al. [38] studied the effect of crack group inclination and
spacing on the crack initiation stress and peak strength
of the specimens with parallel double cracks group by
means of transparent resin-like rock materials. Guo et al.
[39] studied the mechanical properties and failure modes
of rock specimens containing three-dimensional cracks in
cement mortar under anhydrous and hydraulically coupled
conditions, analyzed the effects of water pressure and crack
inclination, and revealed the dominant frequency character‐
istics of AE signals with the fracture state of the rock mass.
Wei et al. [40] conducted the uniaxial and biaxial compres‐
sion tests on cement mortar material under crack water
pressure and analyzed in detail the crack propagation and
penetration laws inside the specimens. Zhao et al. [41, 42]
conducted the triaxial compression test on a single-cracked
cylindrical high-strength gypsum specimen under different
crack water pressures, analyzed the development types of
cracks and mechanical properties, and revealed the failure
laws of fractured rock masses under the combined action
of water and stress. Yang et al. [43] and Mei et al. [44,
45] presented the long-term stability and strength char‐
acteristics of precracked rock specimens under hydraulic-
mechanical coupling. Lin et al. [46] conducted the UC
test on sandstone specimens with different crack angles
under crack water pressure. They found that tensile failure
mainly occurred in specimens with a crack angle from 0°
to 30°, shear failure mainly occurred in specimens with
a crack angle varying from 30° to 60°, and mixed tensile
and shear failure mainly occurred in specimens with a
crack angle from 60° to 75°. Zhao et al. [47] conducted the
conventional triaxial test on limestone with single cracks
of different angles under various crack water pressures.
Based on the test results, they proposed a compression
shear fracture criterion for the limestone with a single

Figure 1: Potential cases of cracked engineering rock under hydromechanical coupling conditions with constant crack water pressure (case
II) and nonconstant crack water pressure (case I; modified from Wang et al. [58]).
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crack under hydraulic-mechanical coupling. These existing
studies have greatly contributed to the understanding of
rock failure properties under hydromechanical coupling.
However, most of these existing studies focused on the
failure behavior of rock under nonconstant crack water
pressure (case I in Figure 1), and the failure behavior of
precracked rock under constant crack water pressure (case
II in Figure 1) has been rarely investigated.

In this study, a device that can realize the constant crack
water pressure during compression tests was introduced.
The crack propagation characteristics in precracked red
sandstone specimens under different constant crack water
pressures were studied, and their failure characteristics were
analyzed using the AE technique. In addition, the impli‐
cations for support of related engineering structures were
also discussed. This study provides theoretical guidance for
the stability analysis of underground rock structures under
large water sources.

2. Test Material
2.1. Material Characteristics. As a typical sedimentary rock,
red sandstone is formed by weathering, denudation, and
transportation of the source rocks over long periods in the
basin [48], which is also a rock material commonly used
in rock mechanics tests [49, 50]. Therefore, red sandstone

was selected for the tests. The red sandstone is mined from
Shandong Province, China. It presents a uniform texture,
and no apparent structural surface occurs. To obtain the
basic mechanical parameters of the red sandstone in the
natural and saturated states, cylindrical specimens with
two sizes (Φ 50 × 100 and Φ 50 × 50 mm) in both natural
and saturated states were prepared for the UC test and
Brazilian splitting test, respectively. The stress-strain curves
(or load-displacement curves) and failure modes of the
natural and saturated red sandstone specimens in UC and
Brazilian splitting tests are shown in Figure 2. Under UC
conditions, large and visible macroscopic cracks occurred
on the surface of the natural red sandstone specimens
and a large number of rock fragments fell onto the test
platform. However, only visible macroscopic cracks were
observed on the surface of the saturated specimens, with
a small amount of rock fragments falling down the test
platform. In the Brazilian splitting test, only one macro‐
scopic crack was generated in the center of the natural
and saturated red sandstone specimens. The physical and
mechanical parameters of the red sandstone in natural
and saturated states are illustrated in Figure 3. Compared
with those of the natural red sandstone, the density of
the saturated red sandstone is increased by 2.66%, and
the UC strength, tensile strength, elastic modulus, and
Poisson’s ratio are decreased by 30.36%, 22.10%, 11.12%,

Figure 2: The stress-strain curves (or load-displacement curves) and failure modes of the natural and saturated red sandstone in the two
types of tests. (a) UC test. (b) Brazilian splitting test.
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Table 1: Dimensions and test parameters of the tested specimens.

Specimen ID
Crack

angle (°)
Crack size

(mm) Specimen size (mm)

Constant
crack
water

pressure
(MPa)

R0-0 0 15 × 1.5 99.9 × 35.2 × 150.3 0
R0-15 15 15 × 1.8 100.2 × 34.5 × 150.0 0
R0-45 45 15 × 1.8 99.9 × 33.9 × 150.4 0
R0-60 60 14 × 1.5 100.4 × 35.4 × 150.4 0
R0-90 90 14.3 × 1.5 100.2 × 35.4 × 150.0 0
R0.5-0 0 15 × 1.5 99.9 × 35.5 × 150.3 0.5
R0.5-15 15 15 × 1.8 100.7 × 35.3 × 150.3 0.5
R0.5-45 45 15 × 1.7 100.0 × 35.3 × 150.4 0.5
R0.5-60 60 14.5 × 1.5 100.8 × 34.9 × 150.0 0.5
R0.5-90 90 14.7 × 1.5 100.2 × 35.3 × 150.1 0.5
R1-0 0 15 × 1.5 100.4 × 35.0 × 150.3 1
R1-15 15 15 × 1.8 100.5 × 35.5 × 150.4 1
R1-45 45 14.5 × 1.6 100.3 × 35.0 × 150.3 1
R1-60 60 14.5 × 1.5 100.0 × 35.2 × 150.0 1
R1-90 90 14.4 × 1.5 100.4 × 34.9 × 150.3 1

Note: In the specimen ID, “R” means the “red sandstone,” the first digits “0,
0.5, and 1” represent the value of the applied constant crack water pressure,
and the second digits “0, 15, 45, 60, and 90” denote the precrack angle
of the specimen. For example, specimen R0–0 means that a red sandstone
specimen with a precrack angle of 0° was tested under the constant crack
water pressure of 0 MPa.

and 15.19%, respectively. These results indicate that the
mechanical parameters of the red sandstone decrease in
varying degrees under water influence, and the UC strength
is the most significantly weakened by water.

2.2. Specimen Preparation. The red sandstone was
processed into prismatic specimens with sizes of 100 ×
150 × 35 mm (width × high × thick). In Figure 4, a 15-
mm-long and 1.5-mm-wide crack was prefabricated in each
specimen, which penetrates the front and rear faces of the
specimen. The precracked specimens were prepared with
five crack angles, namely the 0°, 15°, 45°, 60°, and 90°. The
ends of the specimens were polished to ensure that the
flatness was controlled to within ±0.05 mm. The specific
sizes of each specimen as well as the applied constant
crack water pressure are shown in Table 1. The steps
to prepare the saturated specimens were as follows: The
specimens in the natural state were placed in a container
and immersed in water. These specimens were taken out
per 24 hours and weighed. When the mass of the immersed
specimens remains unchanged for three consecutive times,
the specimens are considered to be saturated.

3. Test System and Procedures
3.1. Principle Achieving Constant Crack Water Pressure. To
achieve constant water pressure during crack propagation
in the precracked specimens under compression, a device
has been developed. The device consists of a pressure
generation system, a pressure regulating system, a pressure
stabilizing system, and a data acquisition system. It can

Figure 3: Basic physical and mechanical parameters of the red sandstone in natural and saturated states.
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apply a constant crack water pressure of up to 30 MPa. The
paperless recorder can record the pressures of the nitrogen
tank, the water tank, and the pipeline as well as the flow
rate of the pipeline in real time. The working principle is
shown in Figure 5. The compression modulus of water at
room temperature is 2.15 GPa. Therefore, under smaller
pressure (the highest water pressure in this test is 1 MPa),
water can be regarded as incompressible. According to the
Boyle’s law, the product of ideal gas volume and pressure is
a constant. The relationship between two gas states at the
same temperature can be expressed as

(1)PA ⋅ VA = PB ⋅ VB
where PA and VA are the pressure and volume of the gas

before a change, and PB and VB are the pressure and volume
of the gas after a change. Since water can be considered
incompressible, the volume of crack expansion during tests
can be considered to be equal to the increased volume

of nitrogen in the water tank. The volume of the crack
expansion is extremely small compared with that of the
nitrogen in the water tank (≤0.1%). Taking the nitrogen
volume increased by 0.1% as an example, its pressure
reduction is less than 0.1% according to equation (1). The
reduction in nitrogen pressure during crack expansion is
very small. That is, the reduction of crack water pressure is
very small. Therefore, it can be considered that the crack
water pressure is unchanged.

3.2.  Crack Water  Sealing  Device  and Loading Sys‐
tem.  The crack water  sealing device  is  shown in  Figure
6(a).  It  is  composed of  two “П-type”  steel  clamps,  two
polycarbonate  plates,  four  sets  of  bolts  and nuts,  and
two sealing rubber  pads.  Both polycarbonate  plates  are
provided with a  groove,  and the  sealing pad can just
fit  into  the  groove of  the  polycarbonate  plate.  One of
the  two polycarbonate  plates  contains  a  circular  hole
in  the  center,  which is  sealed and connected to  a

Figure 4: The precracked red sandstone specimens with different crack angles.

Figure 5: Working principle of the device for applying the constant crack water pressure.
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hydraulic  quick connector  as  a  high-pressure  water  inlet.
The dimensions  of  the  two rubber  pads  are  the  same
as  those  of  the  polycarbonate  plate.  A torque wrench

can be  used to  tighten the  nut,  and the  use  of  an
steel  clamp applies  the  force  evenly  to  the  polycarbonate
plate  with  a  sealing rubber  pads  through a  torque

Figure 6: Test system used in the present work. (a) The crack water sealing device. (b) The constant crack water pressure device. (c) The
loading and monitoring equipment.

Figure 7: Stress history of the precracked specimens under different constant crack water pressures. (a) 0 MPa. (b) 0.5 MPa. (c) 1 MPa.
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wrench.  This  ensures  that  the  sealing rubber  pads
fits  tightly  the  to  specimen and polycarbonate  plate,
providing a  watertight  seal.

Specimens were  loaded using the  RMT-150B rock
mechanics  testing machine (Figure  6(c)).  The displace‐
ment  control  (0.002 mm/s)  was  adopted to  compress
the  precracked specimens until  failure.  During the  tests,
the  AE technique is  used.  The system trigger  threshold
is  set  to  100 mV,  the  preamplifier  gain is  40  dB,  and
the sampling frequency is  3  MHz.  The failure  process  of
specimens was  recorded using a  high-definition camera.

3.3.  Test  Procedures.  It  was  noted early  that  the
tensile  strength of  the  saturated red sandstone is
only  1.41  MPa.  Therefore,  three  constant  crack water
pressures  (0,  0.5,  and 1  MPa)  have  been set  in  the  tests.
The testing steps  are  as  follows:  (1)  According to  Figure
6(a),  the  components  of  the  crack water  sealing device
and the  precracked specimens were  combined.  Then the
combination was  submerged in  a  water  tank.  When
the cracks  of  the  precracked specimen and the  space
between the  specimen surface  and the  polycarbonate
plate  were  filled with water  and air  was  discharged,
the  nut  was  tightened.  (2)  A specimen was  installed on
the test  platform.  The indenter  of  the  testing machine
was  adhering to  the  upper  end of  the  specimen with
an applied force  of  1  kN so that  the  specimen was
fixed.  Then,  AE probes  and a  high-definition camera
were  installed.  (3)  A quick connector  was  used to
connect  the  constant  crack water  pressure  device  to  the
specimen,  and then constant  crack water  pressure  was
applied to  the  precracked specimen.  (4)  The specimen

was compressed at  a  rate  of  0.002 mm/s until  overall
failure  occurred.

4. Results and Analysis
4.1. Stress History. Figure 7 shows the stress–time curves
of the specimens with various crack angles under differ‐
ent constant crack water pressures. As shown, there is
an instantaneous drop on the crack water pressure curve
after the specimens reach their peak stress, exhibiting the
brittle fracture characteristics of red sandstone specimens
under hydromechanical coupling. During the entire loading
process, the specimens experience four stress history
segments: the nonlinear segment, the elastic linear segment,
the rapid cracking segment, and the postpeak segment. It
can also be observed that the crack water pressure remains
constant during the whole prepeak loading of specimens,
which further confirms the reliability of the constant crack
water pressure device.

4.2. Fracture Process and Failure Modes. In previous studies,
the classification of crack types has been detailed [51–54].
In this study, the crack types were identified by referring to
Lin et al. [55], as shown in Figure 8.

During the loading of specimens, a high-stress con‐
centration zone first occurs at the prefabricated crack
location where the crack initiates. With further increase
in the applied stress, far cracks appear. Taking the 45°
precracked specimen as an example, the cracking sequence
was analyzed. As shown in Figure 9, the fracture process
is similar for the precracked specimens in the absence and
presence of constant crack water pressure. As the applied
stress increases, wing cracks are generated at the end of the

Figure 8: Crack types and nomenclature (modified from Lin et al. [55]).
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prefabricated cracks. When the stress increases to a certain
extent, far cracks begin to occur, and wing cracks develop
further. The final wing cracks or far cracks further develop
into the main failure crack (Fm). It is noteworthy that the
direction of Fm varies as the constant crack water pressure
increases (Figure 9).

To further observe the failure modes of the specimens,
the surface rock fragments that are about to peel off were
removed, and the main internal failure cracks were marked
with red lines, as shown in Figure 10. Under the constant
crack water pressure of 0 MPa, both the shear wing crack
and tensile wing crack of the 0° precracked specimens
were fully developed. The shear wing crack and far shear
crack developed together as the Fm. Finally, the specimen
showed an “X”-shaped shear failure (Figure 10(a)). From
Figures 10(d), (g), and (j), compared with those in the 0°
precracked specimens, shear wing crack, and tensile wing
crack developed to a lesser extent in the 15°, 45°, and 60°
precracked specimens. Both shear wing crack and tensile

wing crack had developed only a small distance when far
shear crack appeared. Finally, far shear crack developed
as the Fm and intersected with the shear wing crack, and
the single oblique shear failure of the specimen occur‐
red. From Figure 10(m), no wing cracks were developed
in the 90° precracked specimen. As the applied stress
increased, spalling first occurred on the prefabricated crack.
Then, with continuously increasing stress, far shear crack
occurred. Finally, the far shear crack developed into the
Fm, and the specimen shows a single oblique shear failure.
It is worth noting that the Fm direction of the inclined
precracked specimens (i.e., 15°, 15°, and 60° precracked
specimens) is at a smaller acute angle to the direction of
the prefabricated cracks. The Fm direction of the specimens
with a large prefabricated crack angle is basically the same
as the prefabricated crack direction (see Figures (g) and (j)).

The failure modes of specimens change dramatically
when a constant crack water pressure is applied to the
prefabricated cracks. When the constant crack water

Figure 9: Representative cracking process of the specimens with 45° precrack angle under different constant crack water pressures. (a) 0
MPa. (b) 0.5 MPa. (c) 1.0 MPa.
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pressure is 0.5 MPa, the Fm direction of 0°, 15°, and 60°
precracked specimens actually transforms to be basically
the same as the direction of shear wing cracks, as shown
in Figure 10(b), (e), and (k) . A single oblique shear
failure of the specimen occurred. This indicates that the
presence of constant crack water pressure promotes the
development of shear wing cracks, causing the specimen
to fail along the direction of shear wing cracks. The Fm
direction of the 45° precracked specimen does not coincide
with that of the shear wing cracks (Figure 10(h) ). How‐
ever, due to the promotion effect of constant crack water
pressure, shear wing cracks were developed to a larger
extent, and finally, the specimen showed an “X”-shaped
shear failure. This is attributed to the insufficient promo‐

tion effect of low constant crack water pressure (0.5 MPa)
on shear wing cracks. However, under the constant crack
water pressure of 1 MPa, the Fm direction transformation
of 45° precracked specimens is basically the same as that
of the shear wing cracks (see Figure 10(i)). This indicates
that the constant crack water pressure weakly promotes
the shear wing cracks in the 45° precracked specimens.
When the constant crack water pressure is 1 MPa, the
failure mode of the 0° precracked specimen is basically the
same as that under the constant crack water pressure of
0.5 MPa (see Figures 10(b) and (c) ). With the constant
crack water pressure of 1 MPa, the tensile wing crack
and antitensile wing crack of the 15° precracked specimen
were developed to a larger extent (Figure 10(f)). The final

Figure 10: Failure modes of the specimens with different precrack angles under various constant water pressures. (a) R0–0. (b) R0.5–0.
(c) R1–0. (d) R0–15. (e) R0.5–15. (f) R1–15. (g) R0–45. (h) R0.5–45. (i) R1–45. (j) R0–60. (k) R0.5–60. (l) R1–60. (m) R0–90. (n) R0.5–90.
(o) R1–90.
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specimen showed a more complex mixed tensile-shear
failure. This indicates that the presence of constant crack
water pressure can also significantly promote the propaga‐
tion of tensile wing crack and antitensile wing crack. When
the constant crack water pressure is 1 MPa, a coplanar

crack occurred along the prefabricated crack in the 60°
precracked specimen under axial loading (see Figure 10(l)).
The coplanar crack generally appeared during hydraulic
splitting. It indicates that when the constant crack water
pressure reaches a certain degree, the existence of axial

Figure 11: Stress and AE characteristics of 0° precracked specimens under different constant crack water pressures. (a) R0–0. (b) R0.5–0.
(c) R1–0.

Figure 12: Typical cumulative AE hits, cumulative AE energy, and average energy during a single hit.

10 Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2024/lithosphere_2023_314/6260288/lithosphere_2023_314.pdf
by guest
on 30 May 2024



stress causes a hydraulic splitting effect on the specimen and
also suggests that the fracture behavior of 60° precracked
specimen is more sensitive to the constant crack water
pressure. For the 90° precracked specimens, the presence of
constant crack water pressure promotes the development of
irregular cracks at the prefabricated crack after spalling (see
Figures 10(n) and 10(o)). When the applied stress increases
to a certain level, far shear crack appears, and the specimen
finally fails in a more complex shear mode. The complex
failure mode may be related to the irregular shape of the
prefabricated cracks after spalling. The spalling effect of the
prefabricated crack wall resulted in more complex irregular
cracks, which ultimately led to the complexity of the failure
mode of the specimen.

When the constant crack water pressure is 0 MPa,
the longest wing crack is observed for the 0° precracked
specimen, followed by that of the 15° precracked speci‐
men, and the wing cracks are shorter in the 45° and 60°
precracked specimens. A spalling occurs in prefabricated
crack walls of 90° precracked specimens, but no wing
crack develops. The Fm direction of the inclined precracked
specimen (the precrack angles are 15°, 45°, and 60°) is
at a small acute angle to the direction of the prefabrica‐
ted crack. The constant crack water pressure has a signifi‐
cant promotion effect on the propagation of wing cracks
(especially for the shear wing crack). The promotion effect
is influenced by the precrack angle and water pressure.
When the constant crack water pressure is 0.5 MPa, the

Fm direction of the 0°, 15°, and 60° precracked specimens
is the same as that of the shear wing crack, the shear wing
crack of the 45° precracked specimen is greatly developed,
and irregular cracks are produced near the prefabricated
crack when the precrack angle is 90°. When the constant
crack water pressure is 1 MPa, the Fm of the 0°, 15°, and
45° precracked specimens is all controlled by wing cracks,
coplanar cracks appear in the 60° precracked specimens,
and irregular cracks are produced in the 90° precracked
specimens.

4.3.  AE Characteristics.  It  has  been reported that  there
is  a  connection between AE signals  and rock deforma‐
tion and failure.  Therefore,  in  this  paper,  taking the
0°  precracked specimens as  examples,  the  AE character‐
istics  of  the  rock specimens under  different  constant
crack water  pressures  were  analyzed.  Figure  11 shows
the AE hits,  cumulative  AE hits,  cumulative  AE energy,
and amplitude of  the  0°  precracked specimens during
compression under  the  constant  crack water  pressures  of
0,  0.5,  and 1.0  MPa.  As  shown in  Figure  11,  in  the
early  loading of  the  specimen,  the  AE hits  were  very
low,  and the  cumulative  AE hits  and cumulative  AE
energy were  inconspicuous.  This  finding indicates  that
currently,  the  crack development  inside  the  specimens is
less.  In  the  later  stage  of  loading,  the  AE hits  increase
sharply,  and the  cumulative  AE hits  and cumulative  AE
energy increase  significantly.  High amplitudes  of  AE hits

Figure 13: Typical RA-AF relations and crack percentage of the tested specimens. (a) R0–0. (b) R0.5–0. (c) R1–0.

Lithosphere 11

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2024/lithosphere_2023_314/6260288/lithosphere_2023_314.pdf
by guest
on 30 May 2024



mainly  occur  in  the  early  loading stage  and the  last
loading stage.

Figure  12 shows the  cumulative  AE energy,  cumu‐
lative  AE hits,  and average  energy during a  single
hit  of  the  0°  precracked specimens under  different
constant  crack water  pressures.  Under  the  constant  crack
water  pressures  of  0,  0.5,  and 1  MPa,  the  cumula‐
tive  AE energy during compression of  the  specimens
reaches  7.0565 × 106,  3.3483 × 106,  and 1.4515 ×
106 mV·ms,  respectively;  and the  cumulative  AE hits
are  162,424,  85,200,  and 56,386 times,  respectively.  Both
the cumulative  AE energy and cumulative  AE hits
decrease  with  increasing constant  crack water  pressure.
This  indicates  that  the  number  of  cracks  generated
during final  specimen damage decreases  with  increasing
constant  crack water  pressure.  The average  energy for
a  single  AE hit  under  0,  0.5,  and 1  MPa constant
crack water  pressure  is  43.45,  39.30,  and 25.74 mV·ms,
respectively.  The average  energy for  a  single  AE hit
decreases  as  the  constant  crack water  pressure  increa‐
ses.  This  finding indicates  that  the  presence  of  constant
crack water  pressure  promotes  crack expansion and
reduces  the  energy required for  crack expansion.

It has been reported that shear cracks can be charac‐
terized by high risetime amplitude (RA) and low average

frequency (AF) values, and tensile cracks can be charac‐
terized by low RA and high AF values [56]. For brittle
materials, the splitting line is taken as RA:AF = 1:200 to
obtain the crack classification results [57]. Figure 13 shows
the percentage of shear and tensile cracks in 0° precracked
specimens during compression. As the number of cracks
essentially characterizes the damage degree of the rock
specimen, the damage ratio is also given as the ratio of
shear or tensile cracks to the total cracks. In the early stage
of loading, the development of tensile and shear cracks is
not obvious under the constant crack water pressure of 0
MPa. However, the number of two crack types increases
sharply around 300 seconds (Figure 13(a)). Finally, the
tensile cracks and shear cracks account for 65.94% and
34.06% of the total cracks, respectively. Under the constant
crack water pressure of 0.5 MPa, the development of shear
cracks is not obvious during early loading. The number of
tensile cracks under the constant crack water pressure of
0.5 MPa is greater than that under the constant crack water
pressure of 0 MPa. At 350 seconds, the ratio of the two
crack types increases dramatically. Finally, the tensile cracks
and shear cracks accounted for 69.32% and 30.68% of the
total cracks, respectively (Figure 13(b)). As shown in Figure
13(c), compared with the specimens under the constant
crack water pressure of 0 and 0.5 MPa, the specimen

Figure 14: Sketch of failure modes of the precracked rock specimens under increasing constant crack water pressure.
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under the constant crack water pressure of 1 MPa exhibi‐
ted significantly higher development of shear and tensile
cracks during early loading. The tensile cracks accounted
for 20% of the total cracks at about 400 seconds. Finally,
the tensile and shear cracks accounted for 77.10% and
22.90% of the total cracks, respectively. It shows that with
increasing constant crack water pressure, the ratio of tensile
cracks increases, and the ratio of shear cracks to total cracks
decreases. The reason may be that the presence of constant
crack water pressure reduces the friction between fracture
surfaces, resulting in a decrease in the ratio of shear cracks.

5. Discussion
A prediction of potential rock failure modes is significant
to ensure effective reinforcement of underground rock
structures. As mentioned earlier, it is evident that the
presence of constant crack water pressure significantly
influences the cracking behaviors. Figure 14 illustrates the
variations in the failure mode of the rock specimens with
different precrack angles under increasing constant crack
water pressure. The Fm directions of precracked rock at
different crack dips were presented. From Figure 15, rock
bolts can be installed perpendicular to the predicted Fm
direction to reinforce the rock structure. This approach
allows a prediction of the Fm direction and an implemen‐
tation of reinforcement measures in the vertical direction
to enhance the stability and safety of engineering rock
structures under large water source such as seabed.

When the initial crack angle is 0°, under no or small
constant crack water pressure, the Fm  develops along the
shear wing crack direction and the direction of far shear
crack with large obtuse angles to the shear wing crack,
as shown in Figure 14(a). In this scenario, reinforce‐
ment measures should be executed in both directions.
When the constant crack water pressure reaches a certain

level, the Fm  mainly propagates along the shear wing
crack direction (see Figure 14(a), right). In this case, the
reinforcement can be designed considering the direction
of the generated shear wing crack, as illustrated in Figure
15(a). For rock masses with an initial crack angle of
90°, with no or low constant crack water pressure, rock
masses often exhibit oblique shear failure under stress
(see Figure 14(b)). Under a given constant crack water
pressure, irregular cracks are created near the initial
cracks that have spalled under the action of constant
crack water pressure. However, due to the irregularity
of the cracking process, a more complex failure mode
occurs, making it challenging to predict the direction of
Fm  (see Figure 14(b)).

When the  initial  crack is  inclined (see  Figure  14(c)),
under  increasing constant  crack water  pressure,  the
evolution of  Fm  can be  categorized into  four  distinct
phases.  During the  initial  phase  (i.e.,  Phase  I),  the
direction of  Fm  in  the  rock mass  is  at  an acute
angle  to  the  initial  crack direction under  relatively  low
constant  crack water  pressure.  When the  initial  crack
angle  is  larger,  the  Fm  direction can be  considered to  be
basically  the  same as  the  initial  crack direction.  At  this
juncture,  the  failure  mode of  rock mass  is  governed by
the physical  attributes  of  the  initial  crack,  including the
length and angle.  Consequently,  reinforcement  strategies
can be  devised based on Figure  15(b).  In  the  second
phase  (Phase  II),  the  failure  mode of  the  rock mass  is
controlled by a  combination of  the  initial  crack and the
shear  wing crack,  which can be  reinforced according to
Figures  15(a)  and 15(b).  In  the  third phase  (Phase  III),
the  failure  mode of  the  rock mass  is  mainly  controlled
by the  presence  and growth of  shear  wing crack,  and
the rock structure  can be  reinforced according to  Figure
15(a).  In  the  fourth phase  (Phase  IV),  the  locations  of
the  initial  cracks  become susceptible  to  the  formation

Figure 15: Schematic for potential design of rock bolts support. (a) Fm along the direction of the shear wing crack. (b) Fm has a small acute
angle with the initial crack. (c) Fm along the direction of the initial crack.
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of  coplanar  cracks,  and the  reinforcement  measures  can
be devised based on Figure  15(c).  These distinct  phases
delineate  the  effect  of  constant  crack water  pressure  on
the evolution direction of  Fm  within rock mass,  and
the related reinforcement  measures  using rock bolts  are
presented.

6. Conclusions

(1) With no constant crack water pressure, the longest
wing crack is observed for the 0° precracked
specimen, followed by that of the 15° precracked
specimen, and the wing cracks are shorter in the 45°
and 60° precracked specimens. The collapse occurs
in prefabricated crack walls of 90° precracked
specimens, but no wing crack develops. The
direction of the main failure crack in the inclined
precracked specimens is at a small acute angle to the
direction of the prefabricated crack.

(2) The presence of constant crack water pressure has a
significant promotion effect on the development of
wing cracks, especially for the shear wing crack. The
promotion effect is influenced by the precrack angle
and water pressure. As the constant crack water
pressure increases, the failure mode of the 0°
precrack specimen changes from “X”-shear failure to
the single oblique shear failure along the shear wing
crack direction, the main failure crack of the
inclined precracked specimens (precrack angles of
15°, 45°, and 60°) changes from a small acute angle
with the prefabricated crack to a direction along the
shear wing crack, and irregular cracks occur at the
chipped prefabricated crack in the 90° precracked
specimen.

(3) The average energy for a single hit, cumulative AE
energy, and cumulative AE hits decrease with the
increasing constant crack water pressure. The
presence of constant crack water pressure promotes
crack expansion and reduces the energy required for
crack expansion. The number of cracks produced
during specimen failure decreases as the constant
crack water pressure increases. The proportion of the
tensile cracks increases and that of the shear cracks
decreases with the increasing constant crack water
pressure.
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