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Understanding the damage evolution characteristics of rock material is essential to the long-term stability and safety analysis of
the underground facility. In this study, a series of cyclic loading tests under tensile or compressive stresses are conducted to
investigate the damage evolution, deformation, peak strength, and failure pattern of rock salt. A special attention is paid on the
microcracking process by using a 3D acoustic emission (AE) test system.*e laboratory tests show that the damage degree of rock
salt under compression is the highest, followed by the damage in the direct tensile test. *e lowest value of damage is determined
by using the Brazilian test. *e damage degrees where the damage rate starts to decrease are about 0.83 in the direct tensile test,
about 0.75 in the Brazilian test, and about 0.91 in the compression test.*e failure mode of rock salt changes from the tensile mode
in the uniaxial compression test to the compression-shear mode in the confined compression test at low confinement. But from
the confining pressure of 15MPa, the rock salt displays great plastic dilatant distortion and without appreciable macroscopic
fractures. Accordingly, with increasing confining pressure, the positions where the rapid increase in cumulative AE counts occurs
and where the AE event with high energy appears are changed, from the beginning of the test at low confinement to the postpeak
stage of the test at high confinement.

1. Introduction

Because of the extremely low permeability [1, 2], excellent
ductility [3, 4], good self-healing characteristics, and rheo-
logical response under stress [5–7], rock salt formations are
commonly used as the geologic host rock for underground
storage of natural gas, oil, petroleum, and compressed air
and disposal of radioactive and other chemical wastes.
Because of the disturbances from repeated drilling, blasting,
and machinery transport during the excavation of un-
derground constructions and the fluctuation of cavern
pressures during the high-frequency of injection and
withdrawal, the rock salt around storage caverns is usually
subjected to a series of cyclic loadings [8–11]. *e failure of
rock under cyclic loading is a progressive fracturing process

[12–15]. *erefore, it is of vital importance to investigate the
effect of cyclic loading and the induced damage on the
stability of salt cavern gas storage. A better understanding of
the damage evolution characteristics of rock salt during the
cyclic loading is essential to the design and long-term safety
of the underground facility.

Over the last few decades, considerable effort has been
put into studying the response of rock under cyclic uniaxial
or triaxial loadings. Guo et al. [11] studied the mechanical
properties of Jintan mine rock salt under complex stress
paths based on a series of laboratory tests, including uniaxial
compression, triaxial compression, unloading confining
pressure, and cyclic loading tests. According to their re-
search results, the axial strain of rock salt could be divided
into three stages and the specimen had an instantaneous
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collapse under the condition of cyclic loading. *e effects of
cyclic loading and the strain rate on the mechanical behavior
of Chunar sandstone were analysed by Ray et al. [16]. *e
percentage decrease in uniaxial compressive strength was
found to increase with the increase in the number of cycles.
In addition, extensive investigations have been conducted to
study the fatigue properties of rock material under cyclic
loading [17–19]. It was reported that the cyclic loading led
rock to fail at a lower fatigue strength [20].

Many research investigations focus on the compressive
strength, elasticity, and time dependency under the effects of
cyclic loadings [10, 21–23], the influence of the strain rate,
confining pressure, temperature, and dynamic loading on the
mechanical properties of rock [24–26], and also the stability
and serviceability of storage caverns under cyclic loadings
[27]. However, few studies explore the response of rock under
different cyclic loadings and the corresponding development
of damage. In this study, a series of cyclic loading tests under
tensile or compressive stresses are conducted using the
MTS815 rock mechanics test system. *e objective was to
investigate mechanical behavior of rock salt under different
stress conditions and the corresponding damage character-
istics. A 3D acoustic emission test system was used to monitor
the microcracking process during the cyclic loading.

2. Laboratory Investigation

*e rock salt samples adopted in the laboratory test are taken
from a salt mine in Pingdingshan city, Henan Province of
China. *e samples are not homogeneity of NaCl (about
90%) but consist of anhydride, mudstone, or other impu-
rities. *ree types of specimens are prepared following the
Standard for Test Method of Engineering Rock Mass [28], as
presented in Figure 1. All the specimens in the Brazilian test
have a diameter of 90mm and a thickness of 45mm. In the
direct tensile test, cylindrical samples are used with a di-
mension of Φ100mm×H100mm. Before the test, the
specimen’s two ends need to be bonded to two cylindrical
steel caps through the high-strength adhesive. In uniaxial
and confined compression tests, all specimens are processed
into standard cylinders with the dimension of Φ80mm
×H160mm.

*e MTS815 rock mechanics test system is used for the
laboratory investigation, with a maximum axial loading ca-
pacity of 4600 kN and a maximum confining pressure of
140MPa. *e linear variable differential transformer (LVDT)
can be installed on the machine to measure the axial dis-
placement of the rock sample. According to the testing
method suggested by China standard [28], two steel bars are
placed between the flat steel plate and the disc specimen in the
Brazilian test to provide a symmetric line loading. *e test is
performed in a strain control mode, with an axial LVDT
displacement rate of 0.3mm/min. In the direct tensile test, a
testing apparatus named the device with the position-limit
spring for the alternating tension-compression cyclic test [29],
which is developed by our research team, is used. *e
maximum uniaxial tensile load can reach 2300 kN. Previous
studies show that the device can be easily applied for in-
vestigating the tensile behavior of rock salt [30]. *e direct

tensile test can be performed with either a stress or a strain
control mode. In this study, the loading is controlled by the
axial LVDT displacement rate, which is 0.01mm/min at the
beginning of the test and then decreased to 0.001mm/min
when the increasing stress is about 80% of the experiential
peak strength of rock salt. In the triaxial compression test, the
confining pressures of 5, 10, 15, 20, 30, and 40MPa are
applied. In order to determine the damage evolution char-
acteristics during the failure process of rock salt, the loading-
unloading cycles are performed at different stress levels in any
of the tests. *e triaxial compression test is performed with a
stress control mode, at a constant loading rate of 3MPa/min
for confining pressure and 30 kN/min for axial force. *e
unloading rate of axial force is 60 kN/min. All the tests are
conducted at room temperature (25°C), and the loading time
of each specimen is about half an hour to one half.

Based on a 3D acoustic emission test system, the
microcracking process during the cyclic loading is recorded.
8 Mic30 AE sensors are used in the three types of tests with a
central frequency 300 kHz and a preamplifier gain of 40 dB.
Waveform parameters, including energy, counts, amplitude,
duration, rise time, and average frequency, are captured and
calculated. Based on the arrival times of the first wave at each
sensor and their respective velocity in the rock specimen, the
location of the AE events can be estimated by the least-
square method. For a measurable event, a minimum of four
arrived times is needed.

3. Experimental Results

*e tensile strength and triaxial compression strength of rock
salt are presented in Table 1. In the direct tensile test, the rock
specimen is under a simple uniaxial tensile stress condition,
and the rock failure generally occurs at the most vulnerable
part of the specimen. *us, the tensile strength determined
from the direct tensile test is more reliable and genuine.
However, there are high requirements for the experimental
set-up and samples in the direct tensile test. For instance, the
axial lines of the testing machine, the measurement device,
and the specimen should be aligned. *e two end surfaces
should be parallel and perpendicular to the axial line of the
specimen. Consequently, the easier indirect tensile method,
such as the Brazilian test, is widely used. But because the disc
specimen in the Brazilian test is under a complicated stress
condition coupling with tensile and compressive stress, the
tensile strength determined by the Brazilian test may be
different from that determined by the direct tensile test. In this
study, the average tensile strength determined by the Brazilian
test is 1.65MPa, which is about 17% higher than the average
tensile strength determined by the direct tensile test
(1.41MPa). *ese results may be attributed to the end re-
straint effect induced by the large contact surface between the
plate and the specimen in the Brazilian test, which may re-
strict the development of the tensile fracture and lead to a
relatively higher tensile strength.

3.1. Tensile Test. *ere are many forms to define the damage
of rock material. In the laboratory test, the damage of the
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rock sample is generally defined as the deterioration degree
of the elastic modulus [31, 32]. Ju and Xie proposed an
improved method by considering the effect of the irre-
versible plastic deformation [33]. *e damage can be
expressed as follows:

D � 1 − 1 −
εp

ε
 

E%

E
, (1)

where ε is the total strain at the beginning of unloading, εp is
the residual inelastic strain at the end of unloading, E is the
initial and undamaged elastic modulus, and E% is the re-
duced modulus in unloading. Considering that rock salt has
significant inelastic deformation, in this study, we continue
to use the aforementioned equation to calculate the damage
of rock salt under different stress conditions.

Figure 2 shows the stress-strain curves in the direct
tensile test (Figure 2(a)) and Brazilian test (Figure 2(b)) and
the corresponding evolution process of damage and inelastic
strain. *e deformation at peak stress in the Brazilian test is
noticed to be higher than that in the direct tensile test. It is
because the deformation in the Brazilian test is induced not
only by the tensile fracture at the center of the disc specimen
but also by the compression-tensile fracture at the contact
surface between the flat plate and the specimen.*e damages

in the direct tensile test and Brazilian test both experience a
process of rapid increasing first at low-stress levels and, then,
slow increasing when the damage accumulates to some
extent. *e damage degree where the damage rate starts to
decrease is about 0.83 in the direct tensile test when the stress
level is about 50% of the peak stress and is about 0.75 in the
Brazilian test when the stress level is about 25% of the peak
stress.

Figures 2(c) and 2(d) show the damage evolution process
in the direct tensile test and Brazilian test, respectively. For
the rock specimens in the same experimental condition, a
similar tendency of damage evolution can be noticed. On the
whole, the level of damage in the direct tensile test is higher
than that in the Brazilian test. It can be attributed to the
failure mode of the rock specimen. In the direct tensile test,
the rock failure generally occurs quickly at the most vul-
nerable part of the specimen with a small axial strain. In the
Brazilian test, however, the disc specimen is not completely
split after peak stress and still has a certain bearing capacity.
Accordingly, the damage degree is relatively lower.

At the end of each unloading, an inelastic deformation
can be observed on rock salt. Figures 2(e) and 2(f ) show the
inelastic strain at the end of each unloading in the direct
tensile test and Brazilian test. *e inelastic strain is found to

Table 1: Experimental results from different tests.

Experimental type Sample Confining pressure (MPa) Peak strength (deviatoric stress, MPa)

Direct tensile test
T-1 — 1.33
T-2 — 1.42
T-3 — 1.48

Brazilian test
B-1 — 1.56
B-2 — 1.62
B-3 — 1.79

Compression test

C-1 0 21.58
C-2 5 52.67
C-3 10 55.75
C-4 15 59.29
C-5 20 63.81
C-6 30 63.57
C-7 40 63.93

(a) (b) (c)

Figure 1: Illustration of rock samples for different tests. (a) Sample for the Brazilian test. (b) Sample for the direct tensile test. (c) Sample for
the compression test.
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Figure 2: Stress-strain curves and the evolution process of damage and inelastic strain during the direct tensile test and Brazilian test.
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increase linearly with increasing axial strain. *e inelastic
strain in the direct tensile test is much lower than that in the
Brazilian test. *e recoverable elastic strain of the rock
specimen during each loading-unloading cycle in the Bra-
zilian test is very limited.

3.2. Compression Test. *ere are generally two typical ways
to describe the strain of rock, namely engineering strain and
logarithmic strain. *e engineering strain is the ratio of the
variation of specimen’s height to the initial height of the
specimen. *e logarithmic strain means the sum of the
increment of strain under the same principal axis of strain,
which can describe the true state of the specimen’s de-
formation. When the deformation of the rock specimen is
small, the calculated engineering strain is close to the result
of logarithmic strain. However, in the case of large de-
formation, great errors may be induced by engineering
strain. In the triaxial compression test on rock salt, there will
be large compressive deformation in axial direction, espe-
cially when the confining pressure is higher than 15MPa
[34]. *e increase in the cross-sectional area is particularly
apparent. *erefore, the logarithmic strain is used in this
study to describe the variation of strain of rock salt in the
triaxial stress state. Meanwhile, the cross-sectional area is
modified to calculate the axial stress.

Figure 3 shows the stress-strain curves of rock salt in the
uniaxial compression test and triaxial compression test with
a confining pressure of 15MPa. *e axial strain in the
uniaxial compression test is relatively small. At confining
pressure of 15MPa, the unmodified axial stress shows
hardening characteristics with increasing axial strain. Ac-
cordingly, the peak stress cannot be determined. After using
the logarithmic strain to modify the axial strain and axial
stress of rock salt, the softening characteristic of axial stress
appears with an evident peak stress.

*e modified compressive strain and stress of rock salt
under different confining pressures are obtained (Table 1).
Figure 4 shows the envelopes of the modified stress-strain
curves and the peak strengths at different confinements. *e
variation of compressive strength with confining pressure
can be fit well with the Hou/Lux model [35] given as follows:

βTC σ3(  � a6 − a7 exp − a8σ3( , (2)

where σ3 is the confining pressure and a6, a7, and a8 can be
determined from the curve fitting of test results. In this
study, a6, a7, and a8 are 62.75, 40.79, and 0.24, respectively.
*e compressive strength of rock salt is found to be in-
creased with increasing confinement when confining pres-
sure is lower than 10MPa. *e increment is most significant
when confining pressure is increased from 0 to 10MPa. *e
unconfined compressive strength of rock salt is 21.58MPa.
Changes of the compressive strengths are fairly minor when
increasing the confining pressure from 15MPa to 40MPa.
Consequently, we speculate that there may be a critical
confining pressure between 10MPa and 15MPa, under
which the mechanical behavior of rock salt maybe changed.
*is speculation may be verified by the failure patterns of
rock salt under different confining pressures, which will be
discussed in Section 4.

Figure 5 shows the evolution process of damage and
inelastic strain under different confining pressures. It is
interesting to find that although the confining pressure is
different, the development of damage and also the variation
of inelastic strain of different rock specimens are the same.
When the axial strain of rock salt is developed to the same
level, a similar damage and inelastic strain can be observed
for rock specimens at different confining pressures. *ere is
a critical axial strain for rock salt at which the growth rate of
damage becomes slow from rapid. For rock salt in this study,
the critical axial strain is about 0.05.
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Figure 3: Stress-strain curves of rock salt in the compression test. (a) σ3 � 0MPa. (b) σ3 �15MPa.
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From equation (1), the damage degree depends not only
on the degradation of the elastic modulus but also on the
accumulation of inelastic strain. For rock salt under

compression, the inelastic strain is relatively high, especially
under triaxial compression. *e accumulation of inelastic
strain may dominate the develop of damage. Accordingly,
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Figure 4: Stress-strain curves and peak strength of rock salt at different confining pressures. (a) Stress-strain curves. (b) Peak strength at
different confinements.
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Figure 5: Evolution processes of damage and inelastic strain at different confinements. (a) Damage evolution process. (b) Variation of
inelastic strain.
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the damage degree in the compression test is relatively
higher than that in the tensile test. *e recoverable elastic
strain in one cycle of loading-unloading is very limited,
which is similar to the Brazilian test.

4. Acoustic Emission Characteristics

As an economic and efficient nondestructive testing method,
acoustic emission technology is widely used in laboratories
and fields to study the damage evolution process of rock
materials. In this study, a 3D acoustic emission testing
system is used in both tensile and compression tests. Based
on the arrival times of the first wave at each sensor and their
respective velocity in the rock specimen, the location of each
AE event is evaluated.

Figure 6 shows the variation of cumulative AE counts
and AE energy rates during the tensile test and also the
spatial distribution of AE events at different stress stages.*e
growth in cumulative AE counts mainly takes place at the

stress loading stage. When the stress level is lower than the
maximum stress of the previous cycle or the rock specimen is
in stress unloading stage, almost no AE events are detected.
In the low-stress stage (<58% σp, σp is the peak stress) of the
direct tensile test (Figure 6(a)), the AE events are dispersedly
distributed inside the specimen and the number of AE events
is very limited.*e increase in cumulative AE counts is slow,
and the energy of the AE event is relatively low. And until the
stress level is up to 73% σp, a large number of AE events with
high energy can be detected. *e number of cumulative AE
counts increases rapidly, and the AE events mainly occur at
the failure surface of the rock specimen. *e specimen is not
completely fractured at the peak stress stage and still has
certain tensile capacity. In the postpeak stage, there are still
lot of AE events gathered along the macroscopic failure
surface. At the beginning of the Brazilian test (Figure 6(b)),
many AE events with low energy are observed to be widely
distributed inside the specimen, which can be attributed to
the closure of the intrinsic microcracks. From about 56% of
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the peak stress, the concentration of AE events along the
failure surface becomes apparent. *e energies of those AE
events are generally higher. When the stress level is close to
the peak stress, the increase in cumulative AE counts is
accelerated. Similar to the direct tensile test, the disc
specimen still has abundant capacity of compression-tensile
deformation in the postpeak stage. Although many AE
events still can be detected, the growth of cumulative AE
counts is slowing.

Figure 7 shows the variation of cumulative AE counts
and AE energy rates in the compression test. It can be
noticed that, at high confinement, the positions where the
rapid increase in cumulative AE counts occurs and where
the AE event with high energy appears are different from
those at low confinement. In the uniaxial compression test
and triaxial compression test under a confining pressure of
5MPa, a great deal of AE events with high energy are de-
tected at the beginning of the test. *e cumulative AE counts
are growing fast. But when the stress level is near the peak

stress, the AE energy rate obviously drops and the growth
rate of the cumulative AE counts slows down. Under
confining pressures of 10MPa, 15MPa, and 20MPa, a great
increase in cumulative AE counts also can be observed in the
postpeak stage of the test besides the beginning of the test.
*e corresponding AE events also have a relatively high
energy.*e higher the confining pressure is, the less time the
low growth in cumulative AE counts experiences. When the
confining pressure is increased to 30MPa or 40MPa, the
number of AE events at the beginning of the test is very
limited, and the corresponding energy is relatively low. From
about 85% of the peak stress, a large number of AE events
with high energy start to be detected. In addition, under a
confining pressure of 40MPa, the growth rate of cumulative
AE counts is accelerated again at about 90% of the peak
stress in the postpeak stage.

In order to give a better understanding of the acoustic
emission characteristics during the compression test, the
spatial distribution of AE events at different stress levels is
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Figure 7: Variations of cumulative AE counts and AE energy rates in compression tests. (a) Uniaxial compression test. (b) Triaxial
compression test.
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presented in Figure 8. Consistent with the curve of cumulative
AE counts, the AE events mainly occur at the stage of
60%σp∼100%σp (σp is the peak stress) at low confinement,
and in the postpeak stage at high confinement. In the uniaxial
compression test, many AE events are detected under low
stress, which can be attributed to the closure of the intrinsic
microcracks inside the specimen. With the increasing stress
level, new microcracks are induced and propagate to mac-
roscopic cracks, accompanied by AE events. In the triaxial
compression test, some intrinsic microcracks become closed
during the loading stage of confining pressure. Accordingly,
in the low-stress stage before the formation of new micro-
cracks, the number of AE events is relatively limited. In
addition, the higher the confining pressure, the less the
number of AE events in the low-stress stage.

Figure 9 shows the spatial distribution of AE events with
different amplitudes in the tensile test and compression test.
Combining with the failure patterns of rock salt under

different confining pressures in Figure 10, it can be noticed
that the AE events especially those with high energy am-
plitude are mainly concentrated at the final failure surface of
the rock specimen. Generally, the AE event with high
amplitude means microcracking accompanied by the release
of high elastic energy; that is, the released energy of the
cracks near the failure surface is generally higher. *is is
especially apparent in the tensile test and uniaxial com-
pression test. In the uniaxial compression test, the failure
mode of rock salt is tensile failure with multiple fracture
surfaces along the axial direction. *e final deformation of
the rock specimen is small. In the confined compression test
with low confining pressures, the rock specimen shows a
compression-shear failure mode with significant axial de-
formation and lateral deformation. When the confining
pressure is higher than 15MPa, the rock specimen displays
great plastic dilatant distortion and is full of widely dis-
tributed microcracks.

0~40%σp 40%σp~60%σp 60%σp~80%σp 80%σp~90%σp 90%σp~100%σp Postpeak Failure pattern

(a)

0~40%σp 40%σp~60%σp 60%σp~80%σp 80%σp~90%σp 90%σp~100%σp Postpeak Failure pattern

(b)

0~40%σp 40%σp~60%σp 60%σp~80%σp 80%σp~90%σp 90%σp~100%σp Postpeak Failure pattern

(c)

Figure 8: Spatial distribution of AE events and failure patterns of rock salt at different confining pressures. (a) σ3 � 0MPa. (b) σ3 �10MPa.
(c) σ3 � 40MPa.
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C-7 (σ3 = 40MPa)

C-3 (σ3 = 10MPa)
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Figure 9: Spatial distributions of total AE events and AE events with amplitude >45 dB. (a) Tensile test. (b) Compression test.

(a) (b) (c) (d)

(e) (f ) (g)

Figure 10: Failure patterns of rock salt under different confining pressures. (a) σ3 � 0MPa. (b) σ3 � 5MPa. (c) σ3 �10MPa. (d) σ3 �15MPa.
(e) σ3 � 20MPa. (f ) σ3 � 30MPa. (g) σ3 � 40MPa.
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5. Discussion and Conclusions

Based on the MTS815 rock mechanics test system and 3D
acoustic emission test system, the mechanical behavior of
rock salt and damage evolution characteristics under dif-
ferent stress conditions are studied. First, the tensile strength
of rock salt determined by the Brazilian test is about 17%
higher than that determined by using the direct tensile test.
Despite the good accuracy of the direct tensile test, the
laboratory test has high requirements for the experimental
set-up and samples. Different from the direct tensile test, the
rock specimen in the Brazilian test is not under a simple
uniaxial tensile stress state, which leads to a small deviation
in tensile strength and deformation. *e deformation is
induced not only by the tensile fracture at the center of the
disc specimen but also by the compression-tensile fracture at
the contact surface between the flat plate and specimen.

In the compression test, there is an apparent increase in
compressive strength by increasing the confining pressure
from 0 to 10MPa. But changes of the compressive strengths
are fairly minor when increasing the confinement from
15MPa to 40MPa. Similarly, the failure pattern of rock salt
at high confinement is quite different from that at low
confinement (Figure 10). At low confinement (σ3< 15MPa),
the rock specimens have one or more apparent fracture
surfaces. *e failure mode changes from the tensile mode in
the uniaxial compression test to the compression-shear
mode in the confined compression test. But from a confining
pressure of 15MPa, the rock salt displays great plastic di-
latant distortion and without appreciable macroscopic
fractures. Based on the previous analysis, we speculate that
there may be a critical confining pressure between 10MPa
and 15MPa, under which the mechanical behavior of rock
salt may be changed. And a series of compression tests at
confinement from 10MPa to 15MPa will be further con-
ducted to verify this speculation.

Based on equation (1), the damage of rock salt under
different stress states is calculated. *e damages in three
different types of tests all experience a process of rapid
increasing first at low-stress levels and, then, slow increasing
when the damage accumulates to some extent. *e damage
degrees where the damage rate starts to decrease are about
0.83 in the direct tensile test when the stress level is about
50% of the peak stress and about 0.75 in the Brazilian test
when the stress level is about 25% of the peak stress. When
the damage degree accumulates to 0.91 in the compression
test, the damage rate becomes slow at a critical axial strain of
0.05. For the three different types of tests in this study, the
damage degree of rock salt under compression is the highest,
followed by the damage in the direct tensile test. *e lowest
value of damage is determined from the Brazilian test.

A distinct Kaiser effect can be observed in the tensile test.
When the stress level is lower than the maximum stress of
the previous cycle or the rock specimen is in the stress
unloading stage, almost no AE events are detected. In the
compression test, with increasing confining pressure, the
positions where the rapid increase in cumulative AE counts
occurs and where the AE event with high energy appears are
changed, from the beginning of the test at low confinement

to the postpeak stage of the test at high confinement. *is
change maybe attributed to the differences of failure modes
of rock salt under different confining pressures.

*ese findings may be somewhat limited by the range of
confining pressures; nevertheless, the findings have a certain
significance for understanding the mechanical properties of
rock salt and the damage evolution characteristics under
different stress conditions. A number of possible studies on
rock salt using a similar experimental approach with a wider
range of confining pressures will be performed in the future.
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