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The study on hydromechanical coupling properties of rocks is of great importance for rock engineering. It is closely related to the
stability analysis of structures in rocks under seepage condition. In this study, a series of conventional triaxial tests under drained
condition and hydrostatic compression tests under drained or undrained condition on sandstones were conducted. Moreover,
complex cyclic loading and unloading tests were also carried out. Based on the experimental results, the following conclusions
were obtained. For conventional triaxial tests, the elastic modulus, peak strength, crack initiation stress, and expansion stress
increase with increased confining pressure. Pore pressure weakened the effect of the confining pressure under drained condition,
which led to a decline in rock mechanical properties. It appeared that cohesion was more sensitive to pore pressure than to the
internal friction angle. For complex loading and unloading cyclic tests, in deviatoric stress loading and unloading cycles, elastic
modulus increased obviously in first loading stage and increased slowly in next stages. In confining pressure loading and
unloading cycles, the Biot coefficient decreased first and then increased, which indicates that damage has a great impact on the
Biot coefficient.

1. Introduction

For underground engineering, geological materials are
mostly saturated, and pores and fissures are filled with one
or several kinds of fluids. The relation between geological
materials and fluids is called the stress-seepage coupling.
Stress-seepage coupling is a fundamental problem in rock
mechanics, with the characteristics of homogeneity and
anisotropy. It is a problem in the construction of water con-
servancy and hydropower projects [1, 2] because internal
structures contain defects such as micropores and cracks;
those provide a medium for underground water infiltration
and flow. Under low stress, rock mass permeability is low,
and engineering safety is high; however, the permeability
under high stress increases dramatically, which is a serious
threat to engineering safety. Rock permeability is related to
many factors, and in a large geological structure, permeability
in the formation is inconsistent. When rock is in a stress-
seepage coupling stage, the volumes of inner structure cracks
and particles deform under pressure, which has a large influ-

ence on rock’s penetrability. Also, under the action of a seep-
age field, seepage hydrostatic and dynamic pore pressures
make rock cracks open and connect, which increases the pen-
etration significantly. Also, as time accumulates, weakening
by groundwater and chemical corrosion causes significant
changes in environment’s stress field, which has a large effect
on the stability of a geological project. On the other hand,
during the construction process, rocks are often under load-
ing and unloading cyclic situations. For example, the excava-
tion of underground water-sealed oil storage is a typical
unloading process, and the oil storage process is a typical
loading process. Therefore, the study of rock stress-seepage
coupling interactions under different loading paths is an
important subject in the field of geotechnical engineering,
and research on it is of great theoretical and engineering
significance.

Scholars worldwide have done much relevant research.
Wang et al. [3] used a rock mechanics test system on sand-
stone as well as limestone in order to conduct triaxial com-
pression tests, the results showed the permeability
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evolutionary characteristics during rock failure and the rela-
tionship between rock strength, deformation, and permeabil-
ity before and after failure. Wang et al. [4] did permeable
experiments on complete stress-strain courses of limestone
and sandstone in a servo-controlled testing machine. The
results showed that the permeability of a rock specimen was
closely related to its stress state, and the peak value of perme-
ability coincided with the peak value of stress-strain, which
was closely related to the properties of the rock material. Hei-
land [5] used sandstone to study the permeability evolution
during failure process. Wei et al. [6] did stress-seepage cou-
pling tests on granite gneiss to study the difference of rock
permeability evolution rules under conventional triaxial
compression and axial compression loading and unloading
cycles. Zhang et al. [7] used the rock top multifield coupling
tester to do seepage tests under hydrostatic pressure condi-
tions and triaxial compression conditions and the mechani-
cal properties and seepage characteristics of red sandstone
under different high temperature environments. By using
the automatic triaxial seepage experiment system, Zhang
et al. [8] carried out a series of stress-seepage coupling tests

of sandstone under anhydrous and drainage conditions,
and the evolution law of deformation, strength, and per-
meability of sandstone was investigated under stress-
seepage coupling condition. The influence of seepage pres-
sure on rock stress-flow coupling characteristics was deter-
mined by Yin et al. [9] by using a true triaxial rock test
system of coupled stress-seepage. On the basis of the char-
acteristics of loose organizational structure, high moisture
content, and poor physical and mechanical properties,
Zhang et al. [10] did permeability measurements during
time-dependent deformation under hydromechanical cou-
pling and the influence of axial, hoop, and volumetric
deformation. They thereby determined the permeability
coefficient and the influence of confining pressure and
pore pressure on permeability characteristics. To under-
stand the relation between rock permeability and deforma-
tion under hydromechanical coupling, a servo-controlled
triaxial rock mechanics test system was used by Yu et al.
[11] to investigate the steady-state permeability of sand-
stone under various confining stresses and osmotic pres-
sures. That study also analyzed the characteristics of the

Figure 1: Rock servo-controlled triaxial system.
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Figure 2: The deviatoric stress and confining pressure loading path. (a) The deviatoric stress loading path. (b) The confining pressure loading path.
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Figure 3: Continued.
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Figure 3: Continued.
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permeability of samples, their brittleness and ductility dur-
ing the stress and strain process, and the correlation
between permeability-axial strain and permeability-
volumetric strain. The research of Yin and Chen [12] con-
cerned the influences of seepage pressure on joint stress-
seepage coupling characteristics, changing trends of rock
stress, displacement, joint hydraulic apertures, and con-
ductivity along with shear displacement. Their results indi-
cated that shear stress, displacement, hydraulic apertures,
and conductivity of joint specimens were distinctly related
to seepage. On the other hand, Oda et al. and Schulze
et al. [13, 14] conducted some relevant research on perme-
ability evolution under triaxial compression which showed
that rock deformation damage had a large effect on per-
meability characteristics, and we could obtain the conclu-
sion that there is currently an understanding of stress-
strain characteristics under seepage pressure. Lu et al.
[15] found that with pore pressure through triaxial com-
pression tests in an undrained condition, the deviatoric
stress curve had a parabola trend, which meant that the
failure process would appear at the peak stress point, the
rock internal microcrack openings joined, and the pore
pressure decreased rapidly. Sun et al. [16] used a stress-
seepage coupling true triaxial test system to do a coupling

test of stress and seepage to establish a single-fracture tri-
axial stress-seepage coupling model with large-scale rock
specimens. They also obtained a fitting formula for the
permeability coefficient.

In actual underground engineering, rock materials are
in a complex stress environment, and the stress state of
underground rock materials is extremely complex, and
most of them are the combined effect of multiple stress
factors such as deviatoric stress, hydrostatic pressure, and
pore pressure. Therefore, many scholars used the cyclic
loading and unloading tests to simulate the complex stress
of rock engineering during construction process. It is also
found that both the peak and residual stress and the fail-
ure strain are well correlated with humidity level for Cox
claystone by a series tests and modeling research on water
saturated degree as well as relative humidity effect [6, 17–
24]. The results give the implications that the desaturation
and resaturation would exert influences on its surround-
ings in the underground repositories. Hu et al. [25] stud-
ied the anisotropic mechanical behavior, the Biot
coefficient, and permeability coefficient caused by the
development of microcrack tendency through complex
cyclic loading and unloading tests on brittle rocks. Su
et al. [26] obtained the conclusion that during the triaxial
cyclic loading and unloading test, the deformation of coal
sample showed obvious memory characters, and the elastic
modulus increased slightly with the increase of the cyclic
series. Zuo et al. [27] conducted a loading and unloading
test on coal-rock combination and believed that during
the loading and unloading cycle, the loading elastic modu-
lus increased rapidly at first, then slowly increased, and
then gradually decreased after reaching the maximum
value. The unloading elastic modulus had a small change,
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Figure 3: Relation curves of deviatoric stress with axial, circumferential, and volume strains. (a) σ3 = 0MPa, p = 0MPa. (b) σ3 = 5MPa, p
= 0MPa. (c) σ3 = 5MPa, p = 1MPa. (d) σ3 = 5MPa, p = 3MPa. (e) σ3 = 10MPa, p = 0MPa. (f) σ3 = 10MPa, p = 1MPa. (g) σ3 = 10MPa,
p = 3MPa. (h) σ3 = 15MPa, p = 0MPa. (i) σ3 = 15MPa, p = 1MPa. (j) σ3 = 15MPa, p = 3MPa.

Table 1: Mechanical parameters of a natural sandstone sample
under different pore pressures.

Pore pressure (MPa) c1 (MPa) φ2 (°)

0 24.09 40.40

1 32.74 29.79
1Cohesive strength. 2The angle of internal friction.
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and it also experienced a process of slowly increasing first
and then slowly decreasing.

In summary, the existing test results mostly reflected the
relation between permeability, stress, strain, and pore pres-
sure on different drainage conditions, but few studies have
been done on stress-seepage coupling tests on systematic
complex loading and unloading cyclic condition with consid-
ering the extent of damage. Therefore, on the basis of previ-
ous studies, this study took sandstone as the research object
and examined rock strength characteristics, deformation
laws, and damage caused by confining pressure and pore
pressure through triaxial compression tests under various
confining pressures and pore pressures. Moreover, complex
cyclic loading and unloading tests and hydrostatic pressure
tests were also carried out to do research on deformation
and damage evolution on sandstone.

2. Experimental Preparations

2.1. Material Characterization and Sample Preparation. The
instrument used in this study was a rock servo-
controlled triaxial system (Figure 1), in which the model
of this system that has been proven to have a good perfor-
mance in rock triaxial compressive testing [28] is derived
from Lamcube laboratory (Laboratoire de M’ecanique,
Multiphysique, Multi’echelle) of the University of Lille.
The system consists of four independent components
[29]. The three components for axial stress loading, con-
fining pressure application, and interstitial pressure gener-
ation are assembled around the triaxial cell, and the fourth
component is assured by a regulated oven located in a
room for which the temperature is regulated at 20 ± 0:5°
C. The sandstone used in these tests was cored from the
high slope on the left bank of Jinping I Hydropower Sta-
tion, which comprised mainly quartz, feldspar, and calcite
that had no significant cracks. The rock surface is grayish
white, without obvious cracks, with a natural density of
2.70 g/cm3. The sandstone was drilled into standard cylin-
drical samples 50mm in diameter and 100mm long; they
were numbered from SY-1 to SY-13.
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Table 2: Mechanical parameters of drained sandstone obtained from triaxial compression test.

Sample number
σ3

1

(MPa)
P2

(MPa)
σc

3

(MPa)
σci

4

(MPa)
σcd

5

(MPa)
σcc

6

(MPa)
E7

GPa
μ8 σci : σc

SY-1 0 0 106.88 65.77 72.31 23.27 32.92 0.486 0.615

SY-2 5 0 123.89 58.83 90.48 25.31 33.33 0.394 0.475

SY-3 5 1 126.53 71.57 98.81 35.93 25.99 0.286 0.566

SY-4 5 3 93.60 53.27 88.73 23.07 23.15 0.263 0.569

SY-5 10 0 150.68 80.91 119.36 30.35 34.01 0.328 0.537

SY-6 10 1 145.10 73.45 131.57 27.56 27.96 0.292 0.506

SY-7 10 3 128.04 60.26 111.22 30.40 27.58 0.295 0.471

SY-8 15 0 175.95 95.90 165.56 38.03 35.21 0.278 0.545

SY-9 15 1 156.26 78.57 137.38 43.80 31.97 0.246 0.503

SY-10 15 3 146.08 74.45 144.86 58.17 31.53 0.368 0.510
1Confining pressure, 2pore pressure, 3peak strength, 4crack initiation stress, 5expansion stress, 6crack closure stress, 7elastic modulus, 8Poisson’s ratio.
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2.2. Experimental Characterization and Sample Preparation.
Before all the tests, the samples were saturated. Firstly, the
rock sample was put into the pumping tank, and the dry
pumping was carried out for more than 4 hours by vacuum
pump. Then, distilled water was added, and the wet pumping
was carried out for more than 8 hours. Finally, the rock sam-
ple was soaked for more than 4 hours so that the rock sample
was in the saturated state. The laboratory temperature was
strictly controlled at 20 ± 0:5°C.

For the triaxial compression tests under drained condi-
tions, the confining pressures were 5, 10, and 15MPa, and
the pore pressures were 1 and 3MPa. The test methods were
as follows:

(1) A saturated sample was put into the apparatus. The
load confining pressure and pore pressure were set
at predetermined values and kept stable until the
water flowed out

(2) Deviatoric stress was applied to the sample. The pore
pressure was kept stable. The loading rate was kept at
0.025mm/min until the sample was damaged.

For hydrostatic pressure test and the complex cyclic load-
ing and unloading tests, first, the drained and undrained
steps were both concerned to measure the Biot coefficient,
and then the deviatoric stress and confining pressure loading
and unloading cycles were applied:

(1) Confining pressure was applied to the sample with a
low rate as 10-2MPa/s, and pore pressure was kept
stable. When confining pressure was loaded to
20MPa, the loading step was stopped and the pres-
sure was unloaded

(2) Confining pressure and pore pressure were both
applied to the sample; during the loading step, the
confining pressure was first loaded to a set value,
and then, pore pressure was loaded to a set value.
Then, the two loading rates were kept the same to
make hydrostatic pressure increment equal to pore

pressure increment. When confining pressure was
loaded to 20MPa, the loading step was stopped and
the pressure was unloaded

(3) The confining pressure was reloaded to a set value
under drained condition with pore pressure as
0MPa for the whole test. Then, the confining pres-
sure and pore pressure were kept constant, and the
deviatoric stress was loaded to a set value, and then
the deviatoric stress started the loading-unloading
cycle

(4) The deviatoric stress was reloaded to a set value, and
then, the deviatoric stress and pore pressure were
kept constant, and the confining pressure started
the loading-unloading cycle. The loading-unloading
steps are shown in Figure 2. The stage level was based
on previous triaxial compression tests results.

3. Results of Triaxial Compression Test of the
Drained Samples

The drained-sample tests were done with samples SY-1 to
SY-10, and the stress-strain curve under various confining
and pore pressures was determined (Figure 3). The main rock
mechanical parameters were determined from the stress-
strain curve (Tables 1 and 2).

3.1. Analysis of Rock Strength Characteristics. It was shown
in Table 2 that the peak stress σc increased with the con-
fining pressure increased which reflected that the confining
pressure could strengthen the rock. In the present study,
strength parameters such as internal friction angles and
rock cohesion were calculated by test results, as shown
in Table 1. It can be seen that the cohesion of the natural
sandstone sample was 24.09MPa, and the internal friction
angle was 40.40°. Under the same confining pressure, with
an increase in pore pressure, the cohesion and internal
friction angle changed to a certain extent, especially the
cohesion. The cohesion at a pore pressure of 3MPa
reduced by 53.26% compared to that with a pore pressure

Table 3: Characteristic parameters under various stress states.

Sample number
σ3
MPa

P
MPa

m ε01/10−3 σt
2

MPa
σt : σc

σd
3

MPa
σd : σc

SY-1 0 0 5.441 5.494 40.85 0.382 89.50 0.837

SY-2 5 0 5.393 5.921 47.77 0.386 102.40 0.827

SY-3 5 1 6.902 6.982 65.90 0.521 106.70 0.843

SY-4 5 3 6.126 6.411 41.70 0.446 79.80 0.853

SY-5 10 0 7.740 6.281 87.01 0.577 125.80 0.834

SY-6 10 1 6.971 7.287 77.90 0.537 129.70 0.893

SY-7 10 3 6.712 6.826 63.13 0.493 105.10 0.820

SY-8 15 0 5.166 7.939 77.81 0.437 149.90 0.852

SY-9 15 1 6..263 7.322 75.55 0.483 131.40 0.841

SY-10 15 3 7.026 6.577 78.50 0.537 125.40 0.858
1Initial axial strain, 2damage threshold stress, 3damaged inflection point stress.
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of 1MPa, and the internal friction angle increased by
43.87%. The cohesion at a pore pressure of 3MPa reduced
by 36.49% compared to that with a pore pressure of
0MPa, and the internal friction angle increased by
6.09%. The reason was that pore pressure destroyed the
connections in the internal structure and had a lubricating
effect on the particle cement, and the cohesion of the sam-
ple was more sensitive to pore pressure, which led to a
decrease in cohesion.

Under a high confining pressure of 15MPa, the fitting
curve showed a downward trend, which meant that with an
increase in pore pressure, the effect of pore pressure on the
peak strength was smaller. Under a confining pressure of
15MPa, the high confining pressure compressed the inside
of the sample more and reduced its water permeability. At
that point, the effect of pore pressure on the peak strength
was less than that under a low confining pressure, showing
a slowing trend of peak strength.
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Figure 6: Hydrostatic tests results for SY-11. (a) Stress-strain curve under drained condition. (b) Stress-strain curve under undrained
condition.
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Figure 7: Hydrostatic tests results for SY-12. (a) Stress-strain curve under drained condition. (b) Stress-strain curve under undrained
condition.
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During the test, cracks initiated and expanded, and
microcracks in the samples went through four stages: a
compaction stage with crack closure (OA), an expansion
stage with linear elastic deformation (AB), an interpenetra-
tion stage with stable crack propagation (BC), and a
destruction stage with unstable crack propagation (CD)
[30]. Figure 4 shows the stages. In those initials, A stands
for crack closure stress σcc, B stands for crack initiation
stress σci, C stands for expansion stress σcd , and D stands
for peak strength σc.

Crack closure stress corresponds to the stress value of
the primary porosity of rock when the primary pores are
completely compressed, which marks the turning point
in the transition from the initial compaction stage to the
line elastic stage. Crack closure stress can be approximated
through the stress-strain curve, but if the turning point is
determined by the subjective judgment of observers, the
influence of human factors is too great. To determine
the rock closure stress more accurately, this study used
the method of axial strain difference proposed by Lu [15].

Crack closure stress could be calculated under each
stress state, as shown in Table 2. The study of Jun et al.
[31] showed that the number of cracks in rock was related
to the closing stress: the more microcracks there were, the
greater the load required to close them. Table 2 shows that
crack closure stress increased approximately as the confin-

ing pressure increased because in tests, the confining pres-
sure loaded before the deviatoric stress. In the present
study, before loading the deviatoric stress, the internal
fractures of samples were compressed vertically under lat-
eral compression. During loading deviatoric stress, the
samples were squeezed at both ends to produce lateral
cracks; as the deviatoric stress increased, the direction of
compaction changed, and that changing value was called
crack closure stress.

Eberhardt [30] proposed the stress threshold value of
crack growth process, which meant rock crack initiation
stress σci and expansion stress σcd. The crack initiation
stress σci indicated that internal cracks and crack growth in
the rock were stable, which meant that if the stress level
was constant, the cracks would not continue to expand, so
the crack initiation stress is also known as the crack initiation
point. Expansion stress σcd is a sign of rock shear expansion.
At that time, the internal rock cracks are unstable; that is, as
stress continues to be applied, the cracks continue to expand
until the unstable crack growth initiation point.

To determine the crack initiation stress σci and expansion
stress σcd, Martin [32] proposed the concept of crack volu-
metric strain εcv . In accordance with his method, the curve
of crack initiation stress σci and expansion stress σcd could
be determined as shown in Table 2, which reflected the ratio
of sandstone crack initiation stress σci and peak intensity as
0.471 : 0.615, and ratios under various other stresses were
close. It also showed that the influence of pore pressure on
the rock failure process was manifested mainly in the process
of acceleration from unstable crack propagation to failure.

Table 2 shows that, for the same pore pressure, the ratio
of σcd :σc increased as the confining pressure increased and
that, for the same confining pressure, the ratio of σcd :σc
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Figure 8: Hydrostatic tests results for SY-13. (a) Stress-strain curve under drained condition. (b) Stress-strain curve under undrained
condition.

Table 4: The bulk modulus and the initial Biot coefficient.

Number Kb (MPa) Ks (MPa) b

SY-11 5101.5 10037 0.492

SY-12 5190.9 10846 0.521

SY-13 5382.7 8897.1 0.395
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Figure 9: The complex cyclic loading and unloading tests results. (a) σ3 = 5MPa. (b) σ3 = 10MPa. (c) σ3 = 15MPa.

Table 5: Test program and specific parameters.

Sample number σ3 (MPa) Assumed σc Stress level σ1 − σ3 load/unload (MPa) σ3 load/unload (MPa) σc (MPa) εc

SY-11 5 120

1 48/12 8/5

137.40 5.230
2 72/36 8/5

3 96/60 8/5

4 108/72 8/5

SY-12 10 150

1 60/15 15/10

185.11 5.990
2 90/45 15/10

3 120/75 15/10

4 135/90 15/10

SY-13 15 180

1 72/18 20/15

182.22 5.620
2 108/54 20/15

3 144/90 20/15

4 162/108 20/15

10 Geofluids



increased as the pore pressure increased. With the increase in
confining pressure, σcd :σc tended to be constant, and high
confining pressure also reduced the difference between the
expansion stress and peak intensity. The compressive failure
of the rock under high confining pressure was a shear failure
in the unstable stage of crack growth.

For the same pore pressure, rock crack initiation stress
σci and expansion stress σcd increased as the confining
pressure increased, indicating that the confining pressure
effectively inhibited the internal crack propagation. For
the same confining pressure, σci and σcd increased as the
pore pressure increased, which generally showed a down-
ward trend, indicating that when the stress achieved σci,
some of the pore water permeated into cracks, which led

to a rock crack propagation threshold in advance. When
the stress reached σcd, the sandstone internal cracks were
in the largest expansion stage, internal tensile cracks were
the most developed, and macroscopic shear bands are
formed. Under high pore pressure, water entered the sam-
ples, changed the internal structure, and weakened the
mechanical properties. As the pore pressure increased,
the softening effect was stronger. It was found that the
increasing confining pressure effectively increased crack
initiation stress σci and expansion stress σcd. The pore
pressure on the crack initiation stress and the militancy
stress change rates were smaller and had an irregular
change trend; of course, this also had a certain relation
with the pore pressure value.
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Figure 10: Δðσ1 − σ3Þ − Δε curve in the loading stage. (a) σ3 = 5MPa. (b) σ3 = 10MPa. (c) σ3 = 15MPa.
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Figure 11: Δðσ1 − σ3Þ − Δε curve in the unloading stage. (a) σ3 = 5MPa. (b) σ3 = 10MPa. (c) σ3 = 15MPa.
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3.2. Analysis of Rock Damage Evolution. There are many
defects and cracks in rock, and the evolution of fracture
damage occurs in the process of compressive failure. Kraj-
cinovic and Silva [33] assumed that the rock microunit
strength satisfied a Weibull random distribution, starting
from the random nature of the defects, such as cracks
and pores in the material, and combined the statistical
theory and damage mechanics to establish a statistical
damage equation:

D = 1 − exp −
ε

ε0

� �m� �
, ð1Þ

where D is a damage variable, ε is strain, and m and ε0 are
parameters of the Weibull distribution. In the present
study, in accordance with the characteristics of the peak
stress and strain curve, a simple method of determining
the parameters was derived:

m = 1
ln Eεc/σc − 2μσ3ð Þ

ε0 = εc ·m1/m

9>=
>;, ð2Þ

where σc and εc are peak stress and peak strain,
respectively.

For analysis, the axial strain, damage variable, and axial
deviatoric stress curves were drawn in the same graph
(Figure 5). In the figure, point A is the damage threshold,
which means the damage started there; εt is the rock damage
threshold strain, which corresponds to the damage threshold
stress σt ; and point B is the inflection point of the damage
evolution curve. From point B, the damage started to develop
rapidly. The corresponding stress was the damage inflection
point σd , and the corresponding strain was the damage
inflection point εd .

Each stress value under various confining pressures
and pore pressures was compared and analyzed. In accor-
dance with the experiment curve, the threshold strain of
the rock damage εt , the damage threshold stress σt , the
inflection point of damage strain εd , and the damage
inflection point stress σd were determined, as shown in
Table 3. The ratio of the damage inflection point stress
σd and the peak strength σc was ranged from 0.82 to
0.89, and the damage inflection point stress was less than
the expansion stress, which indicates that the time of the
damage into the high-speed development period was ear-
lier than the time when the rock volume expanded, and
damage inflection point stress was a sign of volume expan-
sion failure. When deviatoric stress was loading to dam-
aged inflection point stressσd , the crack propagation
speed was more rapid than it was in the elastic stage,
while rock material yielding and damage increase rapidly.
The curve showed an obvious trend of a turning point
for injury, so it could be concluded that the inflection
point of damage is an important parameter to determine
whether rock would yield.

4. Results of Complex Cyclic Loading and
Unloading Tests

In order to study the mechanical characteristics of the rock
under the complex stress conditions, hydrostatic pressure
test and complex cycle loading and unloading test were done
on samples SY-11 to SY-13.

4.1. Hydrostatic Test. The hydrostatic pressure tests were
done with samples SY-11 to SY-13, and the hydrostatic
pressure-strain curves for three samples under different
drainage conditions are shown in Figures 6–8, respectively.

It could be seen from the figure that both axial strain and
lateral strain exhibit nonlinear compaction characteristics
during the initial loading stage, which is caused by the initial
microcracks and the gradual pore closure. In Figure 6(a),
when the hydrostatic pressure was loaded to 5MPa, the axial
and lateral strain curves entered the linear elastic stage. This
linear stage could reflect the elastic behavior. According to
the slope of the volumetric strain curve in the linear elastic
stage, the bulk modulus Kb could be obtained. Also, in
Figure 6(b), we could see when the hydrostatic pressure was
loaded to 6MPa, the axial and lateral strain curves entered
the linear elastic stage. According to the slope of the volumet-
ric strain curve in the linear elastic stage, the solid matrix
bulk modulus Ks could be obtained.

In Nur and Byerlee’s paper [34], the Biot coefficient is
measured as below:

b = 1 − Kb
Ks

: ð3Þ

Here, b is Biot’s coefficient, Kb is the skeleton bulk mod-
ulus, and Ks is the solid matrix bulk modulus. The skeleton
bulk modulus, solid matrix bulk modulus, and initial Biot
coefficient for each sample are shown in Table 4.

Table 6: The deformation parameters in each stage of deviatoric
stress cycle.

Sample number Stage
Loading Unloading

El1
GPa

El3
GPa

μl
Eu1
GPa

Eu3
GPa

μu

SY-11

1 25.37 44.55 0.562 28.19 46.68 0.624

2 32.27 51.77 0.653 34.78 50.92 0.702

3 37.35 55.37 0.681 42.16 58.15 0.728

4 41.68 61.75 0.691 48.18 69.93 0.697

SY-12

1 28.17 50.05 0.638 35.10 57.80 0.589

2 37.24 66.61 0.562 43.91 88.94 0.486

3 42.32 79.95 0.554 48.38 107.8 0.436

4 46.44 85.87 0.549 50.12 121.8 0.387

SY-13

1 32.30 53.42 0.604 41.71 58.27 0.714

2 42.29 70.22 0.612 50.02 84.47 0.584

3 46.66 75.15 0.637 54.50 98.14 0.540

4 49.23 70.45 0.733 56.21 100.8 0.538
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It was believed that the Biot coefficient was closely
related to the mineral composition and internal structure,
such as particle size, arrangement, and particle shape
[35]. The Biot coefficient could reflect the material pore
stiffness. The larger the Biot coefficient, the softer the pore
medium skeleton. It could be seen that the Biot coeffi-
cients of SY-11 and SY-12 are relatively close, while the
Biot coefficient of SY-13 is smaller, which showed that
there were certain differences in the original internal struc-
ture of the three rock samples.

4.2. Results of Complex Cyclic Loading and Unloading Tests.
The Biot coefficient could reflect the material pore stiffness.
The larger the Biot coefficient, the softer the pore medium
skeleton. It could be seen that the Biot coefficients of SY-11
and SY-12 are relatively close, while the Biot coefficient of
SY-13 is smaller, which showed that there were certain differ-
ences in the original internal structure of the three rock sam-
ples. The samples SY-11 to SY-13 were conducted with the
complex cyclic loading and unloading tests under confining
pressure of 5MPa, 10MPa, and 15MPa, respectively. The
results are shown in Figure 9, and the parameters are shown
in Table 5.

By analyzing Figure 9, it could be found that the load-
ing and unloading curves of axial, lateral, and volumetric
strains under same stage cycle did not overlap, and the
unloading curve and the loading curve of the next stage
cycle did not overlap as well. As the stages increased, the
hysteresis loop composed of axial stress-strain loading
and unloading curves continued to move forward. The
stress-strain curve of each level was not a straight segment,
but a concave shape, and the unloading curve was more
obvious. This was because the rock continuously under-
gone compaction and expansion during the test. When
the external load exceeded its elastic limit, the internal
microcracks began to expand. During the unloading pro-
cess, due to the continuous expansion of the previous

microcracks, a concave phenomenon of the stress-strain
curve would appear. The new microcracks in the next
stage of loading were recompacted, and when the load
exceeded the ultimate strength of the upper-level loading,
the microcracks continued to expand, and the stress-
strain curve appeared concave again.

4.2.1. Analysis of Deviatoric Stress Loading-Unloading Cycles.
In order to study the influence of deviatoric stress on rock
strength and deformation, the deviatoric stress increment
(Δσ = σ − σ0) with the axial and lateral strains increment
(Δε = ε − ε0) curves is shown in Figures 10 and 11.

In Figures 10 and 11, each curve could be divided into
two sections, the initial nonlinear section and the elastic
straight section. The slope of the first-level loading curve
was obviously smaller than the next loading curves. As the
loading level increased, the curves tended to overlap, indicat-
ing that the internal cracks closed under high stress, and the
deformation trended to be smaller.

The deformation parameters in each stage are shown in
Table 6. In the table, El1 and El3 were, respectively, axial
and lateral elastic moduli in loading stage, and Eu1 and Eu3
were, respectively, axial and lateral elastic moduli in unload-
ing stage. μl and μu were, respectively, Poisson|’ ratio in load-
ing and unloading stage.

The results showed that in each cyclic stage, Eu1 is
greater than El1; this is because for each level, the deviatoric
stress induced partial plastic deformation and the axial defor-
mation in unloading process is smaller than that in reloading
process.

The evolution of elastic modulus with loading stage is
shown in Figures 12 and 13. In Figure 12, the axial elastic
modulus of the first stage of loading increased signifi-
cantly, and the increasing trend of the subsequent stages
slowed down. Under 15MPa confining pressure, compared
to last stage, El1 increased 30.93%, 10.33%, and 5.51%,
because after the first cycle, the internal cracks were
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Figure 12: Axial elastic modulus evolution. (a) Loading stage. (b) Unloading stage.
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compacted, and initial plastic strain was generated. These
compacted defects would not rebound the elastic modulus
that appeared to be strengthened; when the rock under-
gone the first strengthening cycle, the internal microcracks
and pores were compacted. During the next stages, the
rock skeleton was compressed as well. But due to the large
rigidity of the rock skeleton, the compacting effect gradu-
ally decreased, so the increasing trend of the axial elastic
El1 slowed down.

In Figure 13(a), under 5MPa and 10MPa confining
pressure, we could see El3 increased with loading stage
increased, but for 10MPa confining pressure, the increas-
ing trend in third and fourth stages was slowed down.
For 15MPa confining pressure, El3 in fourth stage was
lower than it in third stage, while El1 continued to
increase as Figure 12 shows, indicating that crack grew
earlier in lateral direction than in axial direction; in
Figure 13(b), we could see the evolution of Eu3 was simi-
lar to El3 that Eu3 increased under lower confining pres-
sure and decreasing at fourth stage under higher
confining pressure.

The evolution of Passion’s ratio is shown in Figure 14;
we could see Poisson’s ratio increased as loading stage
increased, indicating that inner microcracks expanded with
stress level increased. Figure 15 shows loading Poisson’s
ratio/unloading Poisson’s ratio increased with stress level
increased; the reason was that with the stage increased,
the cracks were increasing, and the cracks were more
and more difficult to recover during unloading process.

4.2.2. Analysis of Confining Pressure Loading-Unloading
Cycles. In order to study the influence of confining pres-
sure on rock strength and deformation, the confining pres-
sure increment (Δσ3 = σ3 − σ30) with the axial and lateral
strains increment (Δε = ε − ε0) curves is shown in
Figures 16 and 17.
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Figure 13: Lateral elastic modulus evolution. (a) Loading stage. (b) Unloading stage.
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In Figure 16(a), the lateral strain curves at four levels
under 5MPa confining pressure were almost overlapped,
and deformation change was not obvious. In
Figures 16(b) and 16(c), the lateral increment caused by
the first three levels were gradually smaller, and the
increased rebound phenomenon occurred in the fourth
level, indicating that the sample was more and more diffi-
cult to shrink with the increase of the loading level in first
three levels, and the internal damage occurred during the
fourth level, and the lateral deformation rebounded and
increased. In Figure 17, the lateral deformation caused by
unloading process increased with stage increased, which
showed opposite trend to loading stage, indicating that
the strain difference between loading and unloading pro-

cesses was constantly shrinking, because the initial plastic
strain generated by compaction of original pores during
first loading stage was relatively large, with the increase
of loading stage, the internal compactness of the sample
became higher, and its plastic deformation tended to be
stable before the sample was broken.

(1) Analysis of Elastic Modulus. The lateral strain and confin-
ing pressure had good linear relationship; the deformation
parameters El3 and Eu3 in each stage are shown in Table 7.

It could be seen that Eu3 was larger than El3 at each
level. Figure 18 shows the relationship between El3 and
loading stages under different confining pressures. Under
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Figure 16: Δσ3 − Δε curve in loading stage. (a) σ3 = 5MPa. (b) σ3 = 10MPa. (c) σ3 = 15MPa.
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Figure 17: Δσ3 − Δε curve in unloading stage. (a) σ3 = 5MPa. (b) σ3 = 10MPa. (c) σ3 = 15MPa.
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10MPa and 15MPa confining pressures, the lateral elastic
modulus gradually increased in first three stages and
dropped in the fourth stage, showing a first increasing
and then decreasing trend. Figure 19 shows the relation-
ship between Eu3 and unloading stages under different
confining pressures. And Eu3 generally shows a constant
decreasing trend. This was because the sample was at a
certain deviatoric stress level when the confining pressure
was doing loading-unloading cycles. Under first three
levels of deviatoric stress loading and unloading cycles, it
was still in elastic stage. When the fourth level was loaded,
microcracks occurred and the confining pressure loading
could cause greater lateral deformation and lateral elastic
modulus dropped.

(2) Analysis of Biot Coefficient. During the test as confining
pressure was subjected to loading and unloading cycles
under drained condition, while the deviatoric stress and

pore pressure were kept constant, this situation could be
considered the hydrostatic pressure loading under the
drained condition. For a rock material formed by crystalli-
zation or cementation, the compressibility of the solid par-
ticles was very small, and the solid particles were generally
considered incompressible, so Ks was regarded as a fixed
value. According to Formula (3), the skeleton bulk modu-
lus Kb and the Biot coefficient under each stage could be
calculated. The calculation results are shown in Table 8.
In order to facilitate the comparison with the initial Biot
coefficient, the result was expressed as stage 0.

Figure 20 shows the Biot coefficient-stage curves for sam-
ple SY-11~SY-13, which showed the same trend. In first
four stages, the Biot coefficients showed a decreasing
trend, and in the fifth stage, the Biot coefficient increased.

Table 7: The deformation parameters in each stage of confining
pressure cycle.

Sample number Stage
Loading Unloading
El3
GPa

Eu3
GPa

SY-11

1 10.91 16.45

2 10.49 14.32

3 10.60 12.80

4 10.57 12.33

SY-12

1 13.82 24.21

2 15.04 20.97

3 17.36 22.69

4 15.62 20.76

SY-13

1 10.84 22.55

2 14.09 17.48

3 15.46 18.00

4 13.51 15.53
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Figure 18: Lateral elastic modulus in loading stage.
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Figure 19: Lateral elastic modulus in unloading stage.

Table 8: Results of skeleton bulk modulus and the Biot coefficient at
each stage.

Sample number Stage Kb (MPa) Ks (MPa) b

SY-11

0 5101.5

10037

0.492

1 6235.1 0.379

2 6196.6 0.383

3 6356.7 0.367

4 6199.7 0.382

SY-12

0 5190.9

10846

0.521

1 6726.3 0.379

2 7401.2 0.318

3 8853.6 0.185

4 8004.9 0.262

SY-13

0 5382.8

8897.1

0.395

1 5954.6 0.331

2 7983.9 0.103

3 8030.1 0.097

4 6936.2 0.220
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This was because the Biot coefficient was closely related to
the mineral composition and internal structure. The larger
the Biot coefficient, the softer the porous medium frame-
work. In first four stages, due to crack compaction and
pore closure, the Biot coefficient showed a decreasing
trend, while in the fifth stage, due to the continuous accu-
mulation of internal damage, the initiation and continuous
expansion of microcracks were induced, leading to an
increasing Biot coefficient. It could also be seen from
Figure 20 that in first four stages, the greater the confining
pressure, the smaller the corresponding Biot coefficients at
each level. For example, the Biot coefficient at each stage
under 15MPa for SY-13 was obviously smaller than those
under 5MPa and 10MPa. The higher the confining pres-
sure, the stronger the compaction degree, and the smaller
the corresponding Biot coefficient.

5. Conclusions

In this study, conventional triaxial tests were conducted
under drained condition. Moreover, hydrostatic compres-
sion tests under drained and undrained condition and com-
plex cyclic loading and unloading tests were also carried
out. The following conclusions were drawn:

(1) Confining pressure strengthened the restraint effect,
and under the same pore pressure, elastic modulus
E, peak strength σc, crack closure stress σcc, crack ini-
tiation stress σci, expansion stress σcd, and the ratio
ofσcd :σc increased with increasing confining pres-
sure; there was a close linear relation. In a high con-
fining pressure, pore pressure reduced the rock
strength less. Under the same confining pressure σcd
:σc maintained a constant relation, elastic modulus
E, peak strength σc, crack closure stress σcc, crack ini-
tiation stress σci, expansion stress σcd, and cohesion
were reduced. The high confining pressure also made
the expansion stress and peak strength more similar

(2) In deviatoric stress cyclic loading and unloading pro-
cess, the axial elastic modulus in loading and unload-
ing process had the same trend that it increased
obviously in first cycle and the trend slowed down
in the next stages. Under high confining pressure, at
fourth stage, the lateral elastic modulus in loading
process dropped down, and the corresponding axial
elastic modulus kept increasing, which showed the
damage in lateral direction appeared earlier. Pois-
son’s ratio increased as loading stage increased, indi-
cating that inner microcracks expanded with stress
level increased

(3) In confining pressure cyclic loading and unloading
process, the lateral elastic modulus in unloading pro-
cess was larger than that in loading process. The lat-
eral elastic modulus in loading process first
increased and then decreased with the stage degree
increased, while the lateral elastic modulus in unload-
ing process decreased with stage increased

(4) In confining pressure cyclic loading and unloading
process, the Biot coefficient decreased in first four
stages and then increased in the fifth stage, and the
higher the confining pressure, the lower the Biot coef-
ficient value, which indicates that damage had a great
impact on the Biot coefficient.
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