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Abstract
The permeability of sandstone during hydrostatic compaction and triaxial deformation was measured using a rock triaxial servo-
controlled system. The gas permeability was also measured using an integrated permeability and porosity test system to study the
difference between gas and water permeability. The experimental results suggested that gas permeability is larger than water
permeability by almost one order of magnitude. This phenomenon is due to the slippage effect. The modified permeability is
much closer to the water permeability. An empirical exponential relationship can describe the stress-dependent permeability of
sandstone, while a power law is suitable to describe the relationship between porosity and effective confining pressure. During
triaxial deformation, permeability initially decreases and then begins to increase at an accelerating rate. The peak value of
permeability is hysteretic to peak stress. The initial permeability, lowest permeability, peak permeability, and stable value of
permeability all decrease with the increase of effective confining pressure. The volumetric strain has a great effect on perme-
ability. The turning point where permeability starts to increase coincides well with the onset of dilatancy.
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Introduction

Water and its seepage influence the stability and safety of large
civil engineering projects. Due to different depths of stratum,
stress relief, and the initiation and propagation of the excava-
tion damage zone (EDZ), the surrounding rock is in complex
stress states. According to statistics (Wu and Zhang 1995),
30–40% of dam collapse was induced by seepage.
Therefore, it is significant and necessary to study the rock
permeability during complex stress conditions.

The permeability of rock mass is closely related to the pore
structures, and the development of pore structures relies on the
stress states of rock mass. Therefore, researchers focused on
the study of stress-dependent permeability and porosity (Athy
1930; Duan et al. 2014; Evans et al. 1997; Ghabezloo et al.
2009; Lion et al. 2004; Zoback and Byerlee 1975). Based on

laboratory work, some researchers suggested that the relation-
ship between effective stress and permeability should follow
an exponential relationship (David et al. 1994; Dong et al.
2010; Schmoker and Halley 1982; Wang et al. 2014b).
However, Shi and Wang (1988) concluded that a power law
was better for describing the stress-dependent permeability.
Due to different rock types, structures, and experimental con-
ditions, the best models to describe the stress-dependent per-
meability and porosity are still controversial issues.

When measuring permeability, both water and gas can be
used as seepagemedia (Liu et al. 2017). Compared with water,
inert gases have the following advantages: (1) wider in mea-
suring range; (2) inert gases do not react with rock matrix; (3)
the compressibility and viscosity of gas are less sensitive to
temperature changes (Tanikawa and Shimamoto 2009). In this
context, inert gas was widely used in the measurement of
permeability (Liu and Shao 2017; Yuan et al. 2017).
However, if gas is selected as the seepage medium, the test
results may be higher than the intrinsic value because the slip
of gas molecules on the pore walls may take place. In partic-
ular, this phenomenon is more significant when the radii of the
pore throat are within the same order of magnitude as the
mean free path of gas molecules. We should modify the test
gas permeability to evaluate the intrinsic permeability
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(Florence et al. 2007; Heid et al. 1950; Jones andOwens 1980;
Sampath and Keighin 1982). The key to modifying the test
permeability is to determine the slippage factor b. Based on a
large amount of experimental data, the main achievements
regarding the relationship between the slippage factor and
the intrinsic permeability are given in Table 1. It can be seen
that the slippage factor and the intrinsic permeability followed
an exponential relationship. However, these empirical equa-
tions were obtained from specific rocks. Based on the result of
Florence et al. (2007), Civan (2010) suggested that the slip-
page factor was in relation to (K∞/φ)

0.5 and can be described

as b ¼ 2:79�103μffiffiffiffi
M

p K∞
φ

� �−0:5
. This equation was found to agree

well with various experimental data.
Compared with hydrostatic compaction, triaxial deformation

results in the initiation, propagation, and coalescence of the mi-
crostructure of rock. Therefore, the permeability evolution in this
process is not monotonous. The permeability evolution rules
during the complete stress–strain process were studied by Alam
et al. (2014), Heiland and Raab (2001), Mitchell and Faulkner
(2008), and Wang et al. (2014a, 2015). Zhu and Wong (1996)
considered that permeability was related to porosity, but the cor-
relation between permeability and porosity before dilatancy of
rock was not the same as that after dilatancy because of shear
bands. Chen et al. (2014) suggested that permeability started to
increase in the turning point of contraction and dilation.
However, Mitchell and Faulkner (2008) concluded that perme-
ability increased before the turning point based on the research of
granodiorite. Wang et al. (2013) reached the same conclusion
when testing the permeability of coal using CO2. Due to variable
ranges of permeability and different testing methods, different
conclusions have been obtained. The permeability evolution
rules are not clear, especially the permeability evolution in the
post-peak region.

Therefore, in this paper, to study the permeability of sand-
stone under hydrostatic compaction, permeability under dif-
ferent confining pressures was measured with the steady-state
method. Both distilled water and inert gas were selected as the
seepage media. Based on the experimental results, the differ-
ence between the test gas permeability and water permeability
was discussed.Meanwhile, permeability was measured during
the complete stress–strain process with confining pressures of
4, 6, and 8 MPa. The permeability evolution rules during
different stages were discussed. The influence of volumetric
strain on permeability were also studied in this paper.

Experimental methodology

Description of the rock samples

The sandstone used in this paper was from a hydropower
station in southwest China. The mean density of the sandstone
with the initial average porosity of 8.43%was 2.23 g/cm3. The
microstructure was identified using a scanning electronmicro-
scope (SEM) with X-ray energy dispersive spectroscopy.
Before testing, a thin section of rock which was cut randomly
from a rock mass was prepared. The composition of this sand-
stone is 39.2% SiO2, 12.77% Al2O3, and a small amount of
MgO, Fe2O3, CaO, etc. The SEM images with different mag-
nifications are shown in Fig. 1. From the lower magnification
image (×500), we can see that the grains of sandstone are
tightly cemented together. Some primary intergranular poros-
ity is uniformly distributed in the sample. However, the higher
magnification image (×3500) shows that euhedral quartz
grows in the detrital quartz, which fills most of the pores.
Part of the small pores also connects, which develops into
microcracks. The microcracks and pores in the thin section
form flow channels for the seepage medium.

The rock samples used for the experiments were cylindrical
cores of 50 mm in diameter and 100 mm in length, according
to the rock mechanics regulations (GB/T50266-2013).
Samples were saturated for 24 h before the experiments.
When testing with gas, the samples should be cut into 50-
mm lengths to adjust to the equipment. Samples were also
needed to be dried at a temperature 105 °C until they reached
a constant mass.

Experimental system and method

The rock triaxial servo-controlled system and the integrated
permeability and porosity system were used to test permeabil-
ity under triaxial deformation and hydrostatic deformation.

Permeability under triaxial deformation

The schematic diagram of the rock triaxial servo-controlled
system is shown in Fig. 2. This apparatus utilizes three sepa-
rate servo pumps to generate confining stress, deviatoric
stress, and pore pressure, respectively. The maximum loading
capacities of the three pumps are 60, 300, and 60 MPa,

Table 1 Relationship between
the slippage factor and the
intrinsic permeability

Author Equation Material

Heid et al. (1950) b = 11.419k∞
− 0.39 11 synthetic cores and 164 natural cores

Jones and Owens (1980) b = 12.639k∞
− 0.33 More than 100 samples from tight gas sands

Sampath and Keighin (1982) b = 13.851(k∞/φ)
− 0.53 10 core samples from a tight gas sand field

Florence et al. (2007) b = ρ(k∞/φ)
− 0.5 Capillary model

5270 J. Yu et al.



respectively. Axial displacement is monitored by two linear
variable displacement transducers (LVDT), placed on either
side of the sample. Lateral strain is determined by a radial
strain gauge wrapped tightly around the central part of the
sample. All of the experimental data are recorded by a com-
puter and displayed on a monitor in real time.

For permeability testing under triaxial deformation with wa-
ter, the test procedure was as follows. (1) The sample was
wrapped by a Vitton jacket and hooped tightly in the triaxial cell.
(2) Confining pressure Pc and upstream pressure Pu were loaded
to the desired values successively and the downstream side was
connected to atmosphere. This state should be held until water
flowed out of the downstream side. (3) Deviatoric stress was
applied at a rate of 0.75 MPa/min until the sample failed.
Based on the recorded quality of water, the steady-state flow
method was employed to assess the permeability of sandstone.

Permeability under hydrostatic compaction

An integrated permeability and porosity systemwas utilized to
measure the gas flow property of sandstone samples (see
Fig. 3). To measure gas permeability, the sample was placed
in the hydrostatic cell. The confining pressure was supplied
with a confining pump. A gas reservoir was plugged on the
upstream side of the sample in order to ensure a relatively

stable upstream pressure. The upstream pressure can be mea-
sure byManometer 2. Initially, pure gas with pressure P1 was
injected to the upstream side of the sample. According to
Darcy’s law, gas permeability can be deduced with a small
decrease in upstream pressure ΔP during time variation Δt;
see Loosveldt et al. (2002) for further details on the derivation:

Keff ¼
2μghQPmean

A P2
mean−P

2
0

� � ð1Þ

where Keff is the permeability measured by gas (m2); A and h
are the cross-sectional area and height of the sample, respec-
tively; μg is the viscosity coefficient of the gas; P0 is atmo-
spheric pressure (0.1 MPa); and Pmean is the mean pressure,
which is equal to (P1 − ΔP/2) (MPa). According to the law of
conservation of mass, the mass of gas which flows from the
upstream side should be equal to that which flows through
rock samples during time Δt. In such a context, the gas flow
rate Q is:

Q ¼ V0ΔP
PmeanΔt

ð2Þ

where V0 is the total volume of the upstream side (m3).
Equation (1) is the steady-state method that is widely used in
permeability measurement. Permeability measurement relates
to the upstream gas flow rateQ. If the sample is too compact to
let the gas flow through it, the variation of upstream pressure
ΔP is difficult to record. In order to resolve this problem, a
high-precision Manometer 2 is installed in the downstream
side of the sample. Its variation value is recorded during time
Δt. Then, the gas flow rate can be expressed as:

Q ¼ VsΔP
0

Δt P0 þ ΔP0
=2

� � ð3Þ

where Vs is the dead volume of the downstream side.
Due to the smaller volume Vs than the upstream side,
the pressure variation ΔP′ measured by Manometer 2
during time variation Δt is more significant than ΔP.
Therefore, this method is more accurate and can shorten
the testing time compared with the conventional steady-

Fig. 1 Scanning electron
microscope (SEM) images of
sandstone

Fig. 2 Schematic diagram of the experimental apparatus
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state method. In this context, the permeability of sand-
stone sample can be calculated as:

Keff ¼
2μghQP0

A P2
1−P

2
0

� � ð5Þ

Before measuring porosity, a steel sample with the
same dimensions as the rock sample was placed inside
the cell to measure the dead volume V1 and V2. When
testing porosity, the sample was isolated from the gas
through closing Valve 2 and Valve 3. The gas pressure
Pini was recorded in this process. Secondly, the two
valves were opened to inject the gas into the sample
from the two end surfaces. Finally, a new stable gas
pressure Pend corresponding to the volume V1 + V2 + Vv,
where Vv is the sample pore volume, was reached.
According to the law of conservation of mass of perfect
gas, the following is obtained (Wang et al. 2017):

PiniV1 ¼ Pend V1 þ V2 þ Vv0ð Þ ð6Þ

In this context, the porosity of sandstone is given by φ =
Vv/Vs, where Vs is the volume of the sample.

The permeability and porosity were measured under each
confining pressure. The confining pressure was gradually in-
crease from 3 to 30 MPa. The specific testing programs are
listed in Table 2. In order to compare with the gas permeabil-
ity, the permeability was also measured by water with confin-
ing pressure increases step by step.

Experimental results and discussion

Permeability under hydrostatic compaction

Figure 4 shows the evolution of water permeability with the
increase of effective confining pressure. The effective confin-
ing pressure is defined as the difference between the confining
pressure Pc and the pore pressure Pp. When measuring per-
meability using the steady-state method, the effective confin-
ing pressure can be expressed as:

Pe ¼ Pc−Pp ¼ Pc−
Pup

2
ð7Þ

The upstream pressure Pup is equal to 1 MPa. From Fig. 4, we
can see that, with the increase of stress, the closure of
preexisting pores and microcracks leads to the decrease of
permeability. Compared with pores, microcracks are more
sensitive to stress and are more able to let water flow
through the sample. The closure of microcracks occurs
firstly. The permeability falling rate thus decreases with the
effective confining pressure. After measuring the porous

Fig. 3 Schematic diagram of the
permeability and porosity test
system

Table 2 Descriptions of the test programs

Test type Seepage medium Pc (MPa) Pp (MPa)

Triaxial deformation Distilled water 4 0.5

Triaxial deformation Distilled water 6 0.5

Triaxial deformation Distilled water 8 0.5

Hydrostatic compaction Distilled water 2–20 0.5

Hydrostatic compaction Argon 3–30 0.5
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volume and the volume deformation of the samples, Wang
et al. (2017) pointed out that the closure of microcracks and
pores is progressive and the transition depends on the skeleton
modulus and the confining pressure.

Figure 5 shows the gas permeability and porosity variation
with the increase of the effective confining pressure. Both
permeability and porosity decrease with the stress.
Compared with permeability, porosity reduces quickly when
the stress increases from 2.5 to 4.5 MPa, and then becomes
less sensitive to the stress increasing. Regardless of whether
the seepage medium is water or gas, the stress-dependent per-
meability evolution rules are similar.

Modifying gas permeability

When gas flows through low-permeability rocks, the pore
throat sectional area is within two orders of magnitude of the
mean free path of the gas molecules and the gas molecules will
slip on the surface of the pores. This phenomenon, which adds

additional value to testing permeability, is called the
Klinkenberg effect. Klinkenberg (1941) proved that there ex-
ists a linear relationship between gas permeability and recip-

rocal mean pressure between upstream and downstream 1=P,
and the relationship between gas permeability and intrinsic
permeability can be expressed as:

Kg ¼ K∞ 1þ b

P

� �
ð8Þ

where Kg is the measured gas permeability (m2) and K∞ is the
intrinsic permeability (m2). Therefore, the key to modifying
permeability is to obtain the slippage factor b. The slippage
factor b, related to the temperature, gas type, and pore struc-
ture of porous media, can be calculated as (Civan 2010):

b ¼ 4cλP
r

ð9Þ

where c is a constant (the general value is 1); λ is the mean free
path of gas molecules (m); ad r is the pore throat sectional area
(m), which cannot be measured directly. During the study of
the slippage factor, Civan (2010) concluded that the slippage
factor related to intrinsic permeability and initial porosity can
be expressed as:

b ¼ 2:79� 103μffiffiffiffiffi
M

p K∞

φ

� �−0:5

ð10Þ

where M is the molecular weight of the gas (kg/kmol). This
equation is used to modify gas permeability in this paper.
When the gas used is Argon, Eq. (10) can be expressed as:

b ¼ 9:7� 10−9
K∞

φ

� �−0:5

ð11Þ
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Therefore, combining Eqs. (8) and (11), the intrinsic perme-
ability can be calculated as listed in Table 3. It can be seen that
the slippage effect has a great influence on gas permeability.
The modified permeability is much smaller than the gas per-
meability. The gap between gas permeability and modified
values increases with the increase of effective confining pres-
sure. For example, when the stress is 2.5 MPa, the gas perme-
ability is 9.6 times the modified value. However, when the
stress is 29.5 MPa, the gas permeability can reach up to 17.6
times the modified permeability.

Difference between water permeability and modified gas
permeability

Figure 6 shows the difference between the water permeability
and the modified gas permeability of sandstone. It is obvious
that the modified gas permeability is not much different from
the water permeability. In addition, they have similar variation
trends. The water permeability tends to be a litter higher than
the modified one. This result was also proposed by Tanikawa
and Shimamoto (2009), who considered that the gas viscosity
was closely related to the pore pressure, which would increase
the measured gas permeability. In addition, water dissolves the
matrixes of sandstone, which expands the pore throat radius
and makes a contribution to water permeability.

Stress-dependent permeability and porosity

The stability assessment of large civil engineering projects
requires a clear relationship between permeability and strata
depths. David et al. (1994) suggested that an exponential
equation can reflect the relationship between permeability
and effective confining pressure. Such an exponential rela-
tionship can be expressed as:

K ¼ K0exp −γ Pe−P0ð Þ½ � ð12Þ
whereK is the permeability under the effective confining pres-
sure Pe (m

2); K0 is the permeability under atmospheric pres-
sure P0 (0.1 MPa); and γ is a material constant (MPa− 1).
However, Shi and Wang (1988) suggested that a power law
is more appropriate to describe stress-dependent permeability
and the equation can be expressed as:

K ¼ K0
Pe=P0

� �−β ð13Þ

where β is a material constant. Based on the laboratory per-
meability test results, both water permeability and modified
gas permeability are fitted curves using Eqs (12) and (13). The
fitting parameters are given in Table 4. The results show that
the determined parameters of the exponential relationship are
K0 = 3.86 × 10− 17 m2 and γ = 0.054 MPa− 1. For the power
law, the determined parameter K0 is 1.44 × 10− 17 m2 and β is
0.427. When the stress is less than 19.5 MPa, the power law

can better simulate the modified gas permeability. However,
the curve will deviate from the actual value with the increasing
of stress. Generally, the exponential relationship can better
simulate the stress-dependent permeability of sandstone.

Hoholick et al. (1984) suggested that the relationship be-
tween the porosity of sandstone and effective confining pres-
sure can be expressed as an exponential relationship:

φ ¼ φ0exp −α Pe−P0ð Þ½ � ð14Þ
where φ is the porosity under the effective confining pressure
Pe (m

2); φ0 is the porosity under atmospheric pressure P0; and
α is a material constant (MPa− 1). The parameters determined
for the sandstone are φ0 = 7.520% and α = 8.92 MPa− 1. The
power law is better at describing the relationship between
porosity and effective confining pressure, which is different
from permeability:

φ ¼ φ0
Pe=P0

� �−θ ð15Þ

where θ is a material constant. This determined parameter θ is
0.105 for sandstone. The initial porosity φ0 is equal to
10.892%, which is an overestimate compared with the mea-
sured result.

Permeability under triaxial deformation

Figure 7 shows the experimental results of the permeability
measurement during the complete stress–strain process under
different confining pressures. It should be noted that the per-
meability of sandstone was tested in the post-peak region. The
confining pressures were 4, 6, and 8 MPa, and the upstream
pressures were all equal to 1 MPa.

Based on the experimental results, the stress–axial strain
curves can be divided into five stages: initial compression
stage, linear elastic deformation stage, yield stage, post-
failure stage, and residual deformation stage. During the initial
compression stage, the stress–stain curve is concave upwards,
which indicates that the stiffness increases with the applied
stress. In addition, the concave upwards stage is more signif-
icant under lower confining pressures. During the linear elas-
tic deformation stage, all curves appear to be linear up until the
yield point, where the curves deviate from the linear trend.
The peak stresses are 84.26, 107.08, and 120.50 MPa for
effective pressures of 3.5, 5.5, and 7.5 MPa, respectively. In
the post-failure stage, strain softening takes place and the
stress becomes stable in the residual deformation stage.

Compared with the stress–axial strain curves, the stress–
lateral strain curves increase almost linearly in the first two
stages. In the yield stage, the lateral strain expands rapidly.
The lateral strain is more sensitive than the axial strain to the
increase of deviatoric stress. When the curves approach the
peak stress, the lateral strains becomes almost horizontal. All
of the lateral curves under different effective confining
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Table 3 Gas permeability and its
modified values under different
effective confining pressures

Confining pressure (MPa) Pore pressure (MPa) Gas permeability (m2) Modified permeability (m2)

3 0.5 3.06 × 10− 16 3.19 × 10− 17

5 2.83 × 10− 16 2.77 × 10− 17

10 2.41 × 10− 16 2.06 × 10− 17

15 2.11 × 10− 16 1.62 × 10− 17

20 1.87 × 10− 16 1.29 × 10− 17

25 1.68 × 10− 16 1.05 × 10− 17

30 1.51 × 10− 16 8.58 × 10− 18

a

b

Fig. 6 The relationship between
permeability (a), porosity (b), and
effective confining pressure
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pressures dilate until reaching stable values after failure of the
sample. The volumetric strains show that the sandstone vol-
ume changes from contraction to dilation as the deviatoric
stress increases. During the residual deformation stage, a small
contraction occurs.

The initial permeabilities of the three samples are 2.92 × 10− 17,
2.74 × 10− 17, and 2.61 × 10− 17 m2, respectively. The results show
that the initial permeability decreases with the increase of effective
confining pressure. As strain increases, the permeability decreases
gradually. However, the boundary between the initial compression
stage and the linear elastic deformation stage is not apparent. For
an effective confining pressure of 3.5 MPa, the permeability in-
creases up to the peak stress, after which there is a steady decrease.
The increase rate is relatively slow compared with that after the
sample loses its bearing capacity.

The peak value of permeability varies from the lowest of
1.18 × 10− 17 to 8.39 × 10− 16 m2, a nearly two orders of mag-
nitude change. The ultimate stable permeability is 3.58 ×
10− 17 m2. For effective confining pressures of 5.5 and
7.5 MPa, the variation of permeability is shown to be identi-
cal. All samples show that the peak values of permeability lag
behind peak stresses. With strain increases, the permeability
decreases during the residual deformation stage. For an effec-
tive confining pressure of 5.5 MPa, the permeability varies
from 1.02 × 10− 17 m2 to 5.72 × 10− 16 m2. For an effective
confining pressure of 7.5 MPa, the permeability increases
from 9.30 × 10− 18 m2 to 1.78 × 10− 16 m2. Therefore, both
the lowest and peak permeabilities decrease with the increase
of effective confining pressure. The ultimate steady perme-
ability, which ranges from 2.82 × 10− 16 to 5.00 × 10− 17 m2

for effective confining pressures of 5.5 and 7.5 MPa, respec-
tively, shows the same evolution rule.

The relationship between permeability and axial strain
under triaxial deformation

The stress–axial strain curves in the process of deformation
and failure can be divided into five stages. The evolution of
permeability is limited in the initial compression stage and
linear elastic deformation stage. However, the permeability
changes from decrease to increase when the samples yield.
In addition, the permeability increasing rate rises rapidly after
samples failure. Based on laboratory results, permeability evo-
lution can be divided into the following stages.

Permeability corresponds to the OA segment of the stress–
axial strain. During this stage, the permeability is very low.
From the SEM test, we can see that the porous media, sand-
stone, contains a large number of defects (microcracks and
pores), and the distribution of the defects is random. The ini-
tial permeability variation is similar to the result of hydrostatic
compaction, which is induced by effective confining pressure.
When deviatoric stress is applied to the sample, the defects
perpendicular to the applied stress shrink further with the re-
arrangement of sandstone grains, which blocks the flow paths
of water. With the increasing of deviatoric stress, the coales-
cence of new generated microcracks forms flow channels..
When the newly formed microcracks are in dominated role,
the permeability increases. The seepage during this stage is
dominated by pore flow, so the permeability is relatively low.

Permeability corresponds to the AB segment of the stress–
axial strain. During this stage, the permeability increases rap-
idly. Initial microcracks propagating with sandstone grains
extrude together, which forms transgranular fractures. With
the effect of deviatoric stress, microcracks are directionally
arranged along the shear plane. If the samples reach the critical
crack density, irreversible failure occurs quickly. The fractures
become the main seepage channels. The permeability in-
creases sharply due to the connected fractures. The restraint
of effective confining pressure results in the decrease of peak
permeability with the effective confining pressure. In addition,
the permeability, which is reflected in the changes of pore
structures induced by rock deformation, appears to be hyster-
etic compared with the peak stress.

Permeability corresponds to the BC segment of the stress–
axial strain. During this stage, the permeability decreases and
tends to be stable. The slipping and closing of fractures are
followed by the filling of friction grains, and permeability
decreases.

The relationship between permeability and volumetric strain

Axial strain was measured by LVDT in this paper, and lateral
strain was measured by a radial strain gauge placed in the
central part of the sample. The volumetric strain can be calcu-
lated by:

εv ¼ εa þ 2εl ð16Þ

Table 4 Parameters determined
using a fitting curve based on the
water permeability and modified
gas permeability and porosity of
sandstone

Permeability Porosity

Exponential relationship Power law Exponential relationship Power law

K0 (m
2) γ (MPa− 1) K0 (m

2) β φ0 (%) α (MPa− 1) φ0 (%) θ

3.86 × 10− 17 0.054 1.44 × 10− 16 0.427 7.520 8.92 × 10− 3 10.829 0.105

R2 = 0.978 R2 = 0.932 R2 = 0.923 R2 = 0.995
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b

Fig. 7 The variation of deviatoric stress and permeability with strain under different effective confining pressures
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where εv, εa, and εl are the volumetric strain, axial strain, and
lateral strain, respectively. From previous study, we can see
that the permeability can vary by several orders of magnitude
if the sandstone sample loses its bearing capacity. In order to
analyze the permeability during the process of crack propaga-
tion, the variation of permeability with the increase of volu-
metric strain before the peak stress is plotted in Fig. 8. In Fig.
8, the dilation of volumetric strain is set as positive. The
deviatoric stress–permeability relationships are similar to the
stress– volumetric strain curves. Both permeability and volu-
metric strain under different effective confining pressures ini-
tially decrease up to the turning point, at which they then
decrease at an accelerated rate. The inflection points of volu-
metric strain for effective confining pressures of 3.5, 5.5, and
7.5 MPa are about 40, 60, and 70 MPa, respectively. The
turning points of permeability, however, do not coincide with
the inflection points of the strain–stress, which are about 30,
40, and 50 MPa, respectively. This rule was also found in
granodiorite by Mitchell and Faulkner (2008) and coal by
Wang et al. (2013). Mitchell and Faulkner (2008) suggested
that, as deviatoric stress was applied, cracks perpendicular to
axial continue to close, while newly formed cracks grow par-
allel to axial. The new dilatant cracks contribute more to axial
permeability than compaction radial cracks. In this paper, we
can see that the propagation of microcracks has a great effect
on the increasing of permeability. Brace et al. (1966) sug-
gested that dilation can be attributed to the microcracks prior
to failure. The onset of dilatancy marks the initiation of
microcracks propagation or proliferation. This point can be
marked by the stress state at which the volumetric strain de-
viates from the linear variation. The onset of dilatancy values
of effective confining pressures of 3.5, 5.5, and 7.5 MPa are
about 30, 40, and 50 MPa, respectively, which coincide well
with the turning point of permeability.

Comparison between permeability under hydrostatic
compaction and triaxial deformation

The relationship between permeability and effective confining
pressure under hydrostatic compaction can be described by an
exponential relationship. However, permeability, under triaxial de-
formation, is not only influenced by effective confining pressure,
but also deviatoric stress. As a porous media, the sandstone sam-
ples only go through the process of initial defects compression and
rearrangement of grains under hydrostatic compaction. Therefore,
the permeability decreases monotonously with the increase of ef-
fective confining pressure. Moreover, when the hydrostatic pres-
sure is greater, the initial defects are very hard to compress, so the
permeability decreases slowly. Some researchers (David et al.
1994; Dewhurst et al. 1998; Zhu andWong 1997) suggested that,
when the effective confining pressure exceeds the turning point,
rock grains are crushed. This is called Bpore collapse^, where the
permeability reduces quickly. For permeability under triaxial de-
formation, the initial permeability variation is similar to the hydro-
static compaction condition, due to the influence of only effective
confining pressure. When the deviatoric stress is not higher, the
closing of cracks leads to the decrease of permeability. When the
deviatoric stress is close to the value of the onset of dilatancy, the
propagation of newly formed cracks leads to the increase of per-
meability. The cracks continue to coalesce with the applied
deviatoric stress, and the permeability of sandstone samples trans-
forms from pore seepage to fracture seepage. The peak value of
permeability appears after the failure of samples.

Conclusion

In this paper, permeability of sandstone was tested during
hydrostatic compaction and triaxial deformation. The

Fig. 8 The relationship between
permeability and volumetric
strain before peak stress. Both
permeability and volumetric
strain are plotted versus deviatoric
stress
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confining pressures under the triaxial deformation condition
were 4, 6, and 8MPa, respectively. The upstream pressure was
1MPa. The confining pressures under hydrostatic compaction
increased from 2 to 20 MPa with an upstream pressure of
1 MPa. In order to make a comparison with the water test
results, the permeability and porosity were also measured
using argon during hydrostatic compaction. The results are
as follows.

Both water permeability and gas permeability decrease
with the increase of effective confining pressure during the
hydrostatic compaction. The gas permeability, however, is
almost one order of magnitude lager than the water permeabil-
ity at the same stress. This is induced by the slippage effect,
which adds an additional value to the measured gas
permeability.

The slippage factor, which represents the impact of the
slippage effect on the permeability measured by gas, can be
concluded from the equation b ∝ (K∞/φ)

− 0.5. The gas perme-
ability was, then, modified by this equation. The modified gas
permeability is close to but less than the water permeability.
This trend can be explained by the following: (1) water can
dissolve matrixes of sandstone, which expands the pore throat
radius; (2) gas viscosity is closely related to pore pressure,
which increases the gas permeability.

A fitting process was conducted on the water permeability
and modified gas permeability. The results indicated that an
exponential relationship K =K0 exp [− γ(Pe − P0)] is superior
to a power law for describing the stress-dependent permeabil-
ity. A power law φ =φ0(Pe/P0)

− θ, however, is more appropri-
ate for describing the relationship between porosity and effec-
tive confining pressure.

The permeability–axial strain curves of sandstone are
roughly in accordance with the deviatoric stress–axial strain
curves and can be divided into three stages. During the first
stage, the permeability is very low. During the second stage,
the permeability increases rapidly and reaches its peak value
in the strain-softening stage. During the third stage, the per-
meability decreases and reaches an ultimate stabilized level.

Under triaxial compression, the permeability rule with the
increase of deviatoric stress is similar to the volumetric defor-
mation before the peak stress. However, the lowest value of
permeability occurs before the inflection point, at which sam-
ples start to dilate. The propagation of microcracks has a great
effect on the increase of permeability. The turning point of
permeability coincides well with the onset of dilatancy, which
marks the initiation of microcracks propagation or
proliferation.

Permeability variation is so complicated due to the effect of
not only the effective confining pressure but also the
deviatoric stress during triaxial deformation. However, all of
the initial permeability, lowest permeability, peak permeabili-
ty, and stable value of permeability decrease with the increase
of effective confining pressure.
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