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Abstract The seepage evolution characteristic of brittle
rock materials is very significant for the stability and safety
of rock engineering. In this research, a series of conventional
triaxial compression andgas seepage testswere carried out on
sandstone specimenswith a rockmechanics servo-controlled
testing system. Based on the experimental results, the rela-
tionship between permeability and deformation is firstly
analyzed in detail. The results show that the permeability–
axial strain curve can be divided into the following five
phases: the phase ofmicro-defects closure, the phase of linear
elastic deformation, the phase of nonlinear deformation, the
phase of post-peak stress softening and the phase of residual
strength. The seepage evolution characteristic is also closely
correlated with the volumetric deformation according to the
relationship between permeability and volumetric strain. It is
found that the gas seepage pressure has a great effect on the
permeability evolution, i.e. permeability coefficients increase
with increasing gas seepage pressures. Finally, the influence
of gas seepage pressures on the failure behavior of brittle
sandstone specimens is discussed.
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1 Introduction

The mechanism of rock and fluid coupling is very impor-
tant in many rock mass engineering fields, for instance,
underground, dam, rock slope, and nuclear waste storage
engineering. Permeability is an important index to reflect
the ability of fluid migration in rocks. Permeability charac-
teristics are closely related to the micro-structural damage
induced by rock deformation and failure process under load-
ing or unloading. The seepage evolution characteristic of
brittle rock materials is very significant for the stability and
safety of rock engineering.

The effect of pore pressure, confining pressure and stress
level on the seepage behavior of rock material has been
widely investigated by using a servo-controlled testing sys-
tem. The transport properties of low porous rock salt was
studied by Schulze et al. [1], who described the conditions
for the transition from non-dilatant to dilatant deformation.
Their results showed that pore pressure affects the mechan-
ical properties of damaged and dilated rock salt. Four types
of rock materials, i.e., mudstone, sandy shale, fine sand-
stone, and medium sandstone, were tested by Wang and
Park [2] under triaxial compression to investigate the rela-
tionship between permeability and complete stress–strain
process. They found that the permeability is not a constant,
but changes with the stress and strain in the rocks. Triaxial
compression tests for Luogu basalt with permeability mea-
surement under different confining pressureswere performed
by Jiang et al. [3]. The effect of confining pressure on per-
meability evolution curves were presented before peak stress
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and a micromechanics-based model was proposed in their
study. In order to study the relationship between the defor-
mation mechanism and permeability on brittle rock, Zhang
et al. [4] carried out a series of triaxial compression tests
for limestone, medium sandstone, and fine sandstone. The
analysis results of the permeability and stress–strain curves
and the relationship between strain corresponding to max-
imum and minimum permeability and confining pressure
showed that the permeability increased rapidly at a critical
failure point due to serious microstructural damage. Three
kinds of fractured rock, i.e., mudstone, limestone, and sand-
stone specimens, were tested by Ma et al. [5] to study the
seepage properties of fractured rocks under different con-
fining pressures. The study by Wang et al. [6] analyzed
the fluid flow and the effects of the confining pressures on
the fluid flow and discussed the fluid flow characteristics
with complete stress–strain curves. A number of transient
pulse tests and steady flow tests were carried out by Tan et
al. [7] on Eibenstock granite specimens to investigate the
permeability evolution law with the volumetric strain, and
established amodified elemental constitutive law on the basis
of the Hoek–Brown failure criterion. In addition, some other
researchers [8–13] also investigated the permeability evolu-
tion laws during the rock damage process under different
conditions.

Based on micromechanical analysis and experimental
evidence from rock materials, some theoretical and numer-
ical models need to be developed to understand deeply
the seepage behavior. By taking into account the variation
of permeability, Zhou et al. [14] proposed an anisotropic
damage model of brittle rock. A conceptual model and a
micro-kinematics mechanism of micro-cracking were con-
structed by Wang et al. [15]. Compared with the tested
data, their model could predict the permeability evolution
and better describe the macro-experimental phenomenon
before the peak permeability evolution. The study by Pereira
and Arson [16] derived a permeability model for unsatu-
rated cracked porous media, while other models such as a
revised mathematical model for seepage of deeply buried
groundwater [17], a coupled non-linear elastic deformation
and non-steady seepage flow model [18], and a promising
homogenization based formulation [19] were proposed for
different applications. Furthermore, some numerical meth-
ods were applied to study the coupling between permeability
and damage evolution. A flow-stress-damage (FSD) model
was used by Tang et al. [20] to simulate the behavior of fluid
flow and damage evolution by F-RFPA2D. The numerical
study results suggested that fluid flow strongly depends upon
the heterogeneity of the rocks and varies with different rock
materials. A three-dimensional numerical manifold method
was proposed by Jiang et al. [21] for unconfined seepage
analysis. The simulation results showed that the approach
could be used to analyze the unconfined seepage behavior.

The research byOu et al. [22] established a calculationmodel
and analyzed the effect of mining pressure and plastic dam-
age on pore water pressure and seepage vector change rule
by FLAC3D.

The previous studies have demonstrated the close relation-
ship between permeability and stress level, and also helped
us understand the permeability characteristics and deforma-
tion behaviors of rock materials under hydro-mechanical
coupling. However, previously, many people focused on the
stage before peak strength, while the permeability charac-
teristics at the stage of post-peak strength, especially the
stage of residual strength, have been less studied. In other
words, only a few experimental works have been conducted
to study permeability evolution during the entire deforma-
tion and failure process. In this study, based on a rock
mechanics servo-controlled testingmachine, a series of sand-
stone triaxial compression tests are conducted for a certain
confining pressure and different gas seepage pressures to
investigate the evolution law of gas permeability with the
axial strain, radial strain, and volumetric strain, the relation-
ship between gas seepage pressure and permeability, as well
as the failure characteristics under different gas seepage pres-
sures.

2 Experimental material and loading procedure

2.1 Experimental material

The material used throughout this study was sandstone (col-
lected from the Linyi city, Shandong province of China).
Sandstone (Fig. 1) is a fine- to medium-grained, feldspathic
rock material with a connected porosity of 5.3 % and a
bulk density of 2450 kg/m3. The results of X-ray diffraction
(XRD) show that theminerals in the sandstone specimens are
mainly feldspar, quartz, and smectite. In this research, the P-
wave velocity and S-wave velocity of sandstone are 2873
and 1772 m/s, respectively. Basic parameters of the tested
sandstone specimens and conditions are listed in Table 1. All
experiments were carried out on cylindrical specimens of 25
mm in diameter and 50 mm in height.

The microstructure surface images of sandstone spec-
imens enlarged 200, 600, and 1000 times by scanning
electronic microscope (SEM) are shown in Fig. 1. As shown
inFig. 1, the geometric shape ofmost of themineral grains are
irregular lumps andmost are linked together. However, as we
can see, there are some microscopic flaws among the grains,
including micro-pores and micro-cracks. In rock materials,
these microscopic flaws in isolation may have much less
tensile and compression strength than that of the rock contin-
uum. It should be noted that the microscopic flaws become
the initial seepage channels, thus fluid can move inside the
specimens.
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Fig. 1 SEM images of microstructure a Enlarged 200 times. b Enlarged 600 times. c Enlarged 1000 times

Table 1 Basic parameters of sandstone specimens under triaxial compression

Specimen D (mm) H (mm) M (g) ρ (g/cm3) σ3 (MPa) Pg (MPa)

C4# 25.1 50.4 60.28 2.417 20 2.0

C5# 25.1 51.3 62.99 2.482 20 3.0

C6# 24.5 49.1 58.71 2.534 20 4.0

C7# 25.2 51.3 62.92 2.459 20 5.0

C15# 25.1 53.2 64.34 2.444 20 0

D Diameter, H height, M mass, ρ density, σ3 confining pressure, Pg gas seepage pressure

Reaction 
frame

Specimen

Gas out Gas in

Pressured  
oil in

Axial loading

Fig. 2 Experimental configuration and specimen assembly

2.2 Loading procedure

The conventional triaxial compression and gas seepage tests
were all carried out in a TAW-1000 triaxial rock mechan-
ics experimental system with the maximum loading capacity
of 1000 kN. This servo-controlled testing system can test
specimens in load or displacement control mode while the
data are recorded and analyzed in real-time by computer. In
order to record the axial deformation, we use an axial dis-

placement transducerwith a range of 4.0mm,while the radial
deformationwasmeasured using a radial displacement trans-
ducer, for which the maximum displacement capacity was
2.0 mm. The detailed structures of the triaxial cell and the
specimen installation are illustrated in Fig. 2. It should be
pointed out that TAW-1000 triaxial rock mechanics exper-
imental system is a stiff machine, which can be used to
measure the strength and deformation parameters of rock
materials even for the hard granite. The role of pressured
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oil shown in Fig. 2 is to apply the confining pressure on the
tested specimen.

At the same time, in order to analyze the seepage evo-
lution behavior of sandstone with different gas pressure in
the process of deformation, the confining pressure is kept a
constant, i.e. 20 MPa. The gas pressure is designed at four
different values, i.e. 2, 3, 4, and 5 MPa. To form the seepage
pressure difference, the pressure on one axial surface of the
specimen is applied by nitrogen, and another axial surface of
the specimen is connected with the atmosphere. Firstly, the
conventional triaxial compression test at a confining pressure
of 20 MPa is carried out on one sandstone specimen, which
can be compared to the seepage experiment. Then, we carry
out the seepage test with different gas pressure in the process
of deformation.

The procedures of gas seepage experiment can be descri-
bed as follows. Firstly, the confining pressure of 20 MPa is
applied to the specimen at a rate of 0.5 MPa/s. Then, a gas
pressure is applied to the specimens. Afterwards, keeping
the confining pressure and gas pressure constant, the axial
deviatoric stress was stepwise increased under displacement-
controlled conditions with a rate of 0.04 mm/min until
specimen failure. After each stress increment is applied, the
volume flow through the specimen can be measured by using
a soap bubble flowmeter. Thus, we can obtain the evolution
curve of permeability of sandstone specimenduring the entire
loading.

For the type of rock materials whose permeability coef-
ficient k � 10−7µm2, using the steady-state method to
measure permeability is a better choice [23]. In this research,
the permeability coefficient k of sandstone can be obtained by

k = 2Qp0μH

(P2
1 − P2

2 )A
, (1)

where Q is the gas volume flow; p0 is the atmospheric pres-
sure; μ is the gas viscosity coefficient, which is usually a
constant for the same temperature; H is the specimen height;
A is the end surface area; P1 and P2 are the gas absolute pres-
sures at inlet and outlet, respectively.

3 Analysis of experimental results

The axial deviatoric stress–strain curve of sandstone under
conventional triaxial compression at a confining pressure of
20 MPa is presented in Fig. 3. In the figure, ε1, ε3 and εv

represent the axial strain, radial strain, and volumetric strain,
respectively, and (σ1 − σ3) is the deviatoric stress. From
Fig. 3, it can be seen that the post-peak behavior of sandstone
shows obvious brittleness. According to conventional triaxial
experimental results of sandstone, detailed mechanical para-
meters can be described as follows: the peak deviatoric stress

1 / 10-3 
3 / 10-3 

1 3/MPa

13

v 

Fig. 3 Relation between deviatoric stress and axial strain, radial strain,
and volumetric strain of sandstone under triaxial compression

is 210.47MPa, the elasticmodulus is 19.18GPa, and thePois-
son ratio is 0.245, while the peak axial strain, radial strain,
and the volumetric strain corresponding to the peak strength
are 14.303 × 10−3,−10.215 × 10−3 and −6.128 × 10−3,
respectively.

The relationship between the permeability and the axial
deviatoric stress–strain curve of sandstone under different
gas seepage pressures is presented inFig. 4. It should be noted
that a series of small platforms in the stress–strain curves are
inducedbykeeping the stress as a constant tomeasure the per-
meability of sandstone specimen. Furthermore, the platform
is appreciable in comparison with the whole curve; there-
fore, strain increments can be ignored. From Fig. 4, it can be
seen that the evolution of permeability can be divided into
the following five phases: the phase of micro-defects closure
(Region I), the phase of linear elastic deformation (Region
II), the phase of nonlinear deformation (Region III), the phase
of post-peak stress softening (Region IV), and the phase of
residual strength (Region V). The detailed descriptions on
permeability evolution process can be described as follows.

In Region I, due to the closure of the pre-existing
micro-pores, micro-cracks, and other micro-defects, the gas
seepage channels become smaller and fewer. The permeabil-
ity decreases with the increase of strain, for example, the
permeability of C7# specimen decreases from 1.770× 10−3

to 1.150× 10−3 µm2.
In Region II, with the increase of deformation, the

specimens continue to be compressed, so the gas seepage
channels become smaller gradually. When the deviatoric
stress increases to a certain extent, micro-cracks begin to
form. The permeability coefficient firstly decreases and then
increases as the strain increases. For example, the perme-
ability of C7# specimen decreases from 1.150 × 10−3 to
1.061 × 10−3 µm2, then increases from 1.061 × 10−3 to
1.611× 10−3 µm2.
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Fig. 4 Relation between permeability and axial strain of sandstone under different gas seepage pressures

In Region III, with further increase of deformation, the
axial deviatoric stress continues to increase. The micro-
cracks start to propagate and coalesce, resulting in bigger and
more seepage channels. Obviously, the permeability rapidly
increases. Take C7# specimen as an example; its permeabil-
ity varies from 1.611×10−3 to 12.113×10−3 µm2. It should
be noted that the permeability does not reach the maximum
value at peak strength, since the seepage channels continue
to increase.

In Region IV, somemacro-cracks are often induced by the
coalescence of somemicro-cracks, and at the same time, new
micro-cracks are formed. These macro- and micro-cracks
will result in continuous increase of the permeability, for

instance, the permeability of C7# specimen increases from
12.113× 10−3 to 14.940× 10−3 µm2.

In Region V, when the stress reduces to the residual
strength, macro-failure mode is formed on the whole. In
other words, the seepage channels keep stable. Therefore, the
permeability of rock basically keeps as a constant, e.g. the
permeability of C7# specimen is about 14.940× 10−3 µm2.

It should be noted that the permeability at peak strength
is hard to be measured. But in Fig. 4, we catch the
permeability whose stress is almost closed to the peak
strength. In addition, we also record the permeability at
the stage of residual strength. In short, Fig. 4 clearly
shows the permeability evolution law during the com-
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Fig. 5 Relation between permeability and volumetric strain of sandstone under different gas seepage pressures
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Fig. 6 Relation between permeability evolution curves and gas seepage pressures

plete sandstone failure process under triaxial compres-
sion.

The critical damage threshold [24] is a characterized
stress during the rock failure, which can be determined from
the axial deviatoric stress–volumetric strain curve, i.e. the
corresponding stress where the volumetric strain switches
from compaction to dilation. Figure 5 shows the relation-
ship between permeability and volumetric strain of sandstone
under different gas seepage pressures. As shown in Fig. 5,
it is clear that the permeability evolution is closely corre-
lated with the volumetric strain. At the stage of volumetric
deformation compaction, permeability shows a decreasing

trend due to the closure of original micro-defects. But, at the
stage of volumetric dilation, the propagation and coalescence
of micro-cracks, and formation of macro-cracks all lead to
an obvious increase of permeability. However, at the stage
of residual strength, the permeability is unaffected by the
deformation.

In order to investigate the effect of gas seepage pres-
sure on the permeability evolution, the relationship between
the permeability evolution curves and the gas seepage pres-
sures is shown in Fig. 6a, while the relationship between
the initial permeability and the gas seepage pressures is
presented in Fig. 6b. It can be seen that the change trend
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Fig. 7 Mixed tension and shear fracture mode of sandstone under different gas seepage pressures

of permeability–strain curves under different gas seepage
pressures is basically similar, i.e. firstly, it decreases then
increases, and finally tends to be stable. From Fig. 6, we
can see that gas seepage pressure has an obvious effect on
the permeability evolution characteristics, i.e. permeability
increases with increasing gas seepage pressures. The vari-
ation trend can be explained from the effective confining
pressure. When the confining pressure is kept constant, the
increase of gas seepage pressure is equivalent to the reduc-
tion of effective confining pressure. Thus, the effective stress
applying to the specimen actually becomes smaller, resulting
in an increase of permeability.

The failure modes of sandstone under conventional triax-
ial compression and gas seepage tests are shown in Fig. 7.
The failure behavior under conventional triaxial compres-
sion is different from that under gas seepage action. Under

conventional triaxial compression, the main shear plane is
throughout the C15# specimen. Compared with the con-
ventional triaxial compression, the failure modes under gas
seepage tests are found to bemore complicated. It can be seen
that the sandstone specimens have multiple axial and lateral
tensile cracks, besides themain shear fracture under gas seep-
age tests. From the microscopic observation images, we can
see that the paths of crack coalescence are not smooth, which
is the result of heterogeneity in sandstone material. The ten-
sile fracture surface is found to be very rough due to brittle
failure along the direction of the tensile crack plane. How-
ever, some powdery residues observed on the shear fracture
surface indicate grain breakage. In addition, the shear frac-
ture surface is found to be very flat, which may be the result
of frictional sliding along the direction of the shear fracture
plane.
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4 Conclusions

In this paper, a series of experiments were carried out
for sandstone specimens under conventional triaxial com-
pression and gas seepage tests. Based on our test data,
the following conclusions can be drawn. Coupled with the
permeability–axial strain curve and deviatoric stress–axial
strain curve, five stages of permeability evolution can be
identified as follows: the phase of micro-defects closure,
the phase of linear elastic deformation, the phase of non-
linear deformation, the phase of post-peak stress softening,
and the phase of residual strength. The seepage evolution
characteristic is also closely correlated with the volumetric
deformation according to the relationship between perme-
ability and volumetric strain. The volumetric strain value
corresponding to the critical damage threshold divides per-
meability evolution curve into three stages, i.e. the stages
of decreasing, increasing and stabilization. It is found that
the gas seepage pressure has a great effect on the permeabil-
ity evolution, i.e. permeability increases with increasing gas
seepage pressures. The failuremode of sandstone varies from
single shear fracture under conventional triaxial compres-
sion to mixed tension and shear fracture under gas seepage
texts.
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