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To accurately determine the stress characteristics of underground rock masses
subjected to hydraulic pressure, and to reveal the crack-initiation, crack-propagation,
and macromechanical characteristics of fractured rock masses under long-term
hydraulic pressure, a hydraulic loading system that can deliver continuous and stable
hydraulic pressure was developed. The system is composed of a device that supplies
a stable hydraulic pressure, flowmeter, pressure gauge, acoustic emission instrument,
loading device, and control system. The main innovation of the test system lies in
the stabilization of the hydraulic pressure, which distinguishes the new system from
traditional hydraulic loading devices and provides several advantages. First, in the new
system, air pressure serves as the driving force, and water and gas coexist in the
same cavity. Given the high compressibility of gas, the hydraulic pressure can still reach
relative stability during crack initiation and propagation in the specimen. Second, the
device is capable of long-term operation with low energy consumption. In contrast to
conventional hydraulic loading systems based on servo control, the hydraulic pressure of
the new device can be maintained for a long time with little energy consumption. Finally,
the device is simple to operate, is low in cost, convenient to assemble, and can be used
in single-, double-, and triple-axis tests. The accuracy and reliability of the test system
were verified through its application in the uniaxial compression test of a fractured body
under the action of stable hydraulic pressure. The test system provides the foundation
for the study of the physical mechanisms of deep underground rock masses subjected
to long-term, stable seepage pressure.

Keywords: stable hydraulic pressure, hydraulic coupling, internal crack, crack growth, acoustic emission
characteristics

INTRODUCTION

During long-term geological processes, natural rock masses develop defects such as joints, cracks,
and voids, which affect the mechanical properties of the rock mass. These defects in the rock mass
also provide transport channels and storage locations for groundwater. Under the action of ground
stresses or engineering disturbances, groundwater can enter the joints or cracks in the rock mass,
resulting in the expansion of the original joints and cracks. Infiltration by groundwater thus has a
great influence on the evolution of cracks and the macroscopic mechanical properties of rock and
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can contribute to the instability of underground structures.
Therefore, it is of great theoretical and practical significance to
study the fracture mechanics of fractured rock masses under the
action of hydraulic pressure.

To explore the fracture mechanism of rock under the action
of hydraulic pressure, mechanical models of rock fracture under
hydraulic action have been established, and the mechanisms of
fracture evolution have been analyzed based on the theories
of fracture mechanics and hydromechanics (Liu et al., 2014,
2019; Sampath et al., 2018; Zhang et al., 2018; Gao et al., 2019;
Zhao et al., 2019a,b). While the theory underlying the hydraulic
fracturing of rock masses is mature, further tests are needed
to verify the theory before it is applied in engineering. Using
hydraulic loading systems, fracture experiments can be carried
out to explore the macromechanical behavior and crack evolution
of rock masses under hydraulic pressure. For example, Zhuang
et al. (2016, 2019) developed hydraulic fracturing test equipment
for core rock samples and conducted a series of tests. Using a
high-pressure hydromechanical test system, Zhao et al. (2017a)
performed permeability tests on fractured limestone samples
and analyzed the mechanical characteristics and permeability
during the stress–strain process. Zhao et al. (2017b) the MTS815
Rock Mechanics Test System to conduct transient pulse tests
on single rock fissures under different pressure conditions,
and quantify the morphological changes of the fracture surface
after the transient pulse test or under the hydro-mechanical
coupling effect. To study the macromechanical characteristics
and crack evolution of rock under the influence of hydraulic
pressure, Hao et al. (2018) refitted a hydraulic loading device
with a DCS-200 loading control system and evaluated the
hydraulic fracturing of rock masses under uniaxial compression.
Using a coupled thermal-hydro-mechanical test system, Li
et al. (2018) tested single-fracture red sandstone specimens
under three-dimensional stress and evaluated the energy and
crack propagation rate. Using a GCTS RTX-3000 triaxial rock
testing system, Zhou et al. (2018) and Xing et al. (2019)
applied axial pressure, confining pressure, and water pressure
to prefabricated single-crack rock samples and analyzed the
stress–strain and crack evolution characteristics of the crack
bodies under hydraulic action. To study fracture and fissure
development in rock, Mei et al. (2019) prepared a three-
dimensional cylindrical test piece and applied axis pressure and
water pressure to the rock body using a servo-controlled RLW–
1000G rock rheology testing system.

The hydraulic test systems used in the above studies adopt
servo control, which is easy to realize during hydraulic tests under
triaxial confining pressure. However, servo control is complex
and costly. Furthermore, at the moment of fracture initiation, the
expansion and instability of the rock mass causes fluid loss and
a reduction in volume; this can result in delayed servo response
and hydraulic instability. In contrast, groundwater generates
stable hydraulic pressure in deep fissured rock masses. The
hydraulic pressure from groundwater remains stable even during
crack initiation, crack propagation, and rock failure. Thus, to
experimentally achieve stable hydraulic pressure, a test system
that uses air pressure to supply stable hydraulic pressure was
developed in this study. In the new system, water and gas coexist

in a cavity, and gas provides pressure to the water body in real
time. Due to the high-pressure contraction of gas, the hydraulic
pressure reaches a relatively stable state. This test system is easy
to operate, low cost, consumes little energy, and can supply
long-term stable hydraulic pressure under uniaxial, biaxial, and
triaxial loading. The developed test system was successfully used
to conduct uniaxial compression tests of fractured rock masses
under stable hydraulic pressure.

TEST SYSTEM AND FUNCTIONS

The test system is composed of a stable hydraulic pressure supply
device, flowmeter, pressure gauge, acoustic emission instrument,
loading device, and control system (Figure 1).

Stable Hydraulic Pressure Supply Device
The device used to provide a stable hydraulic pressure is shown
in Figure 2. The internal diameter of the chamber in the supply
device is 30 mm, and the height is 80 mm. The water injection
volume is 1/5 of the total chamber volume, and the ratio of
water to gas is 1:4.

The compressibility of water β is defined as

β = −
dVw/Vw

dp
(1)

where Vw is the volume of water, and p is pressure. According
to Eq. (1), it can be calculated that a force of 21 MPa is needed to
compress the volume of water by 1%. The water body is difficult to
compress; thus, the water body is assumed to be incompressible.

The Boyle–Mariotte law is defined as

P1V1 = P2V2 (2)

where P1 and V1 are the initial pressure and volume, respectively,
and P2 and V2 are the pressure and volume after the gas volume
change, respectively. Assuming an incompressible water body,
only the flow of water causes the volume of the water body
to decrease. During crack initiation and propagation, the water
flows into the test piece and enters the new crack, resulting in
a small reduction in the volume of the water body. The volume
reduction of the water body resulting from crack formation is
assumed to be 1%, resulting in a 0.25% increase in gas volume.
Thus, according to Eq. (2), the air pressure decreases by only
0.25% after the small reduction in water body volume.

In conventional servo-controlled hydraulic loading systems,
crack initiation and propagation during the loading of the test
piece results in an instant expansion in volume. This steep
and instantaneous decrease in hydraulic pressure causes crack
propagation to accelerate during the middle and late stages
of loading. The expansion in volume also accelerates, making
it difficult for the servo response to keep pace. Furthermore,
the high demand on the servo drive leads to crack initiation
and propagation in the test piece, and the water pressure
cannot be kept stable.

In the new system, although the hydraulic pressure decreases
slightly due to the loss of water during loading, this decrease
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FIGURE 1 | Schematic of the developed test system.

FIGURE 2 | Photograph (A) and schematic (B) of the stable hydraulic
pressure supply device.

is negligible. It can ensure that the water pressure is stable
during the loading process of the test piece. In addition, the
developed test system has the advantages of low cost and low
energy consumption.

Other Components
The flowmeter is a model AST10 flow recorder (Figure 3) that
automatically reads the pressure difference and flow at the inlet
and outlet. The accuracy of this flowmeter is 10 ml/s. The
flowmeter is connected via a data line so that the flow value can
be read on the computer.

The pressure gauge is a mik-p310 high-precision pressure
sensor with a range of 0–2.5 MPa (Figure 4A). The pressure
sensor is attached to an Asmik recorder that can record
and export information such as hydraulic pressure and water
temperature (Figure 4B).

Acoustic emission signals are acquired using a DS5 system
(Figure 5A) with eight channels. The sampling frequency is
2.5 MHz, and the preamplifier gain is 40 dB (Figure 5B). The
probe (model RS-2A; Figure 5C) has a frequency range of
50–400 kHz and a center frequency of 150 kHz. The acoustic
emission data of the specimen are collected by more than three
non-coplanar probes, allowing crack initiation and propagation
in the specimen to be tracked and located.

FIGURE 3 | Flowmeter.

As shown in Figure 6A, the loading device is a rock mechanics
testing machine (model XTR-2000) with a maximum test force
of 2000 kN. The loading mode can be selected as either force
control or displacement control. As shown in Figure 6B, a
console contains two computers that control the rock loading
instrument and automatically collect and record the stress and
displacement of the test piece during the loading process (right
monitor) and control the acoustic emission radiometer, micro-
flowmeter, and pressure gauge, which automatically read and
record test data (left monitor).

HYDRAULIC TEST

Preparation of a Specimen With Internal
Crack
Cement mortar was used as rock-like specimen in the hydraulic
test. The mortar was composed of 325-grade white cement: fine
sand: water in a 5:5:2 mass ratio. The fine sand was screened with
a 1.25-mm sieve. The mold prepared for the test piece was made
of stainless steel and acrylic board. The internal dimensions of the
test piece were 150 mm (length) × 100 mm (width) × 200 mm
(height), as shown in Figure 7A.

As shown in Figure 7B, the support for internal crack
preparation was composed of two mica pieces, two permeable
cotton pieces, and four transparent tapes. The dimensions of the
mica sheets were 45 mm (length) × 28 mm (width) × 0.07 mm
(thickness). One of the mica pieces had a hole in the center,
while the second did not. The two mica pieces were bonded with
double-sided adhesive to avoid mortar inflow during pouring.
The two mica pieces middle was padded with 1-mm-thick
permeable cotton to ensure internal opening and water injection
during the test. The crack surface was acted on by a prefabricated
stainless-steel rod constructed via three-dimensional printing.
One end, which was bonded with glue and the mica piece, to
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FIGURE 4 | Images of the pressure sensor (A) and recording device (B).

FIGURE 5 | Images of the acoustic emission equipment: (A) main body; (B) amplifier, and (C) probe.

form a certain angle; the other end was designed to fix the
angle with acrylic plate. The diameter of the prefabricated rod
inside the test piece was 3 mm; thus, the diameter of the water
injection hole was 3 mm.

FIGURE 6 | Images showing the XTR-2000 loading device (A) and computer
console (B).

After the mold was assembled, the release agent was applied
to the inner wall of the mold to facilitate demolding. The evenly
mixed cement mortar was then slowly poured into the mold
layer by layer while ensuring that the crack surface was free of
deformation. After the pouring was complete, the mortar was
vibrated using a vibration table, resulting in an evenly plastered
surface. After initial setting, the prefabricated rod was removed.
The mold was then removed 24 h later and placed into a curing
box for 28 days. Figure 7C shows a schematic diagram of the
internal fracture; the fracture length and width are indicated by
2a and 2b, respectively, while the angle between the fracture and
the horizontal plane is the fracture obliquity β.

Stress–Strain and Hydraulic Pressure
Characteristics
Figure 8 shows the stress–strain curve for uniaxial compression
and a plot of hydraulic pressure vs. strain for a rock
specimen with an internal fissure at a 45◦ angle and a
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FIGURE 7 | Schematic diagram showing the formation of an internal fracture specimen: (A) image of the mold; (B) image of the support; and (C) schematic diagram
of the resulting specimen (unit: mm).

stable hydraulic pressure of 1 MPa. In Figure 8, the stage
between points O and A is the stage without hydraulic
pressure. The initial hydraulic pressure was 1001.2 kPa after
stable. When the vertical uniaxial compression force on the
specimen reached 2 MPa, hydraulic pressure was applied to
the interior of the specimen. This initial stage of applying
stable hydraulic pressure is represented by the stage between
points A and B in Figure 8. When hydraulic pressure was
applied inside the test piece, the water in the hydraulic
pressure chamber entered into the internal crack through the
water injection hole, and the water volume in the hydraulic
pressure chamber decreased slightly, resulting in a slight
change in pressure.

The middle stage of applying stable hydraulic pressure is
represented by the stage between points B and C in Figure 8.
During this stage, the internal crack in the test piece expanded
and produced a large number of microcracks. The water body
penetrates into the new crack surface stably in real time and
provides water pressure. The water volume in the water pressure
chamber continues to decrease slightly, the gas volume continues
to increase slightly, and the pressure continues to fluctuate
and decrease, but the maximum fluctuation is only 0.6 kPa,
accounting for less than 0.6% of the hydraulic pressure of
1001 kPa at that time.

The stage between points C and D in Figure 8 is the later
stage of applying stable hydraulic pressure. During this stage,
a large number of microcracks in the specimen expanded to
form macrocracks, and considerable specimen deformation was
observed. However, the stress decreased rapidly in this stage, and
two slight drops in hydraulic pressure occurred. At the end of the
test (point D in Figure 8), the hydraulic pressure was relieved, the
loading system was closed, and the test data were saved.

Throughout the test, the hydraulic pressure decreased
by 1.4 kPa, corresponding to a decrease of 0.14% compared
to the initial hydraulic pressure. This change is small
enough to be ignored.

FIGURE 8 | Stress–strain and hydraulic pressure curves for an internal
fracture specimen subjected to a stable hydraulic pressure of 1 MPa.

Fracture Characteristics
Figure 9 shows the uniaxial compression failure mode of
a specimen containing an internal fracture at an angle of
45◦ under a stable hydraulic pressure of 1 MPa. Because
the crack in the test piece was located in the inner part of
the test piece, and the material was opaque, the evolution
of the internal crack could not be directly observed in real
time. Therefore, this paper focuses on the failure mode of
the test piece and the morphological characteristics of the
failure section under hydraulic pressure. The failure mode
of the internal fracture specimen in this study was tension
shear failure; the macrocrack penetrated the upper and lower
ends of the specimen, as shown in Figure 9A. The features
of the macrocrack surface are shown in Figure 9B. Under
the combined action of osmotic pressure and vertical stress,
the internal crack initiated a wing tensile crack along the
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long side of the specimen; this section was complete without
obviously scratches. The direction of crack propagation is shown
by the white dashed arrows in Figure 9B, and the range of
propagation is roughly indicated by the white dashed lines. When
the axial pressure of the specimen increased continuously, the
specimen reached peak strength, and the macrocrack penetrated
the upper and lower loading faces. The shear region of the
main macro shear crack failure section is indicated by the red
dashed lies in Figure 9B; obvious scratches and broken particles
can be observed.

Acoustic Emission Location
Acoustic emission acquisition uses 6 acoustic emission probes for
data detection, and the probe position is shown in Figure 10.
The coupling agent is paved between the probe and the test piece
to ensure the propagation of the sound source and the fixed
use of the probe.

The acoustic emission maps corresponding to points B, C, and
D in Figure 8 are shown in Figure 11. As shown in Figure 11A,
many acoustic emission events occurred at point B in Figure 8,
and the acoustic emission points are observed near the internal
cracks and water injection holes. The cracks were generated near
the internal cracks, and the water pressure fully acted on the
internal crack surface. The acoustic emission map corresponding
to point C in Figure 8 (i.e., when the specimen reached peak
strength) shows many points (Figure 11B). In addition to the
cracks near the internal cracks, the long side under the internal
cracks also cracked. According to the fracture section of the
specimen, the cracks were speculated to be tension cracks and
shear cracks on the airfoil. The acoustic emission was relatively
dense under the internal cracks. In the map corresponding to
point D in Figure 8 (complete specimen failure), the acoustic
emission events are densely distributed near the internal cracks
(Figure 11C). The results show that the wing tension cracks

FIGURE 10 | Images showing the locations of acoustic emission probes with
respect to the specimen.

FIGURE 11 | Acoustic emission maps corresponding to the locations of
points (A) B, (B) C, and (C) D in Figure 8.

were initiated at the upper and lower ends of the internal
cracks, and the acoustic emission events were concentrated
under the cracks.

FIGURE 9 | Images showing the uniaxial compression failure mode of a specimen with an internal fracture at an angle of 45◦ under a stable hydraulic pressure of
1 MPa: (A) external view and (B) internal fracture plane (¬ wing crack; ­ shear zone).
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CONCLUSION

To simulate long-term, stable seepage pressure in deep rock
masses, a test system that provides stable hydraulic pressure was
developed and demonstrated using a specimen with a 45◦ internal
fracture. The main conclusions can be summarized as follows:

(1) The developed hydraulic loading system successfully
provided stable hydraulic pressure during crack initiation,
propagation, and failure;

(2) Based on the stress–strain and hydraulic pressure curves,
crack initiation and propagation in the specimen led to
a slight decrease in hydraulic pressure corresponding to
a reduction of 0.14% compared to the initial hydraulic
pressure;

(3) The failure mode and fracture section of the specimen
indicated a tensile shear failure mode, and the long side
of the internal fracture initiated a wing tensile crack, the
region of wing crack and tensile crack in macro crack
section is analyzed;

(4) The crack evolution and distribution characteristics at
different time periods during the test were revealed based
on acoustic emission maps.
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