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Abstract: The mechanical behavior evolution characteristics of sandstone are important to the application and practice of
rock engineering. Therefore, a new method and concept of deep rock mechanics testing are proposed to reveal the
mechanical behavior evolution mechanism of deep roadway surrounding rock after excavation with a depth over 1000 m.
High stress-seepage coupling experiments of deep sandstone under various confining pressures are conducted using
GCTS. Stress− strain and permeability curves are obtained. The three-stage mechanical behavior of deep sandstone is
better characterized. A platform and secondary compaction phenomena are observed. With the confining pressure
increasing, the platform length gradually decreases, even disappears. In the stade I, the rigid effect of deep sandstone is
remarkable. In the stage II, radial deformation of deep sandstone dominates. The transient strain of confining pressure
compliance is defined, which shows three-stage evolution characteristics. In the stage III, the radial deformation is
greater than the axial deformation in the pre-peak stage, but the opposite trend is observed in the post-peak stage. It is
found that the dynamic permeability can be more accurately characterized by the radial strain. The relations between the
permeability and stress−strain curves in various stages are revealed.
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1 Introduction

In-situ stress is a fundamental force causing
rock deformation and damage during the excavation
process of mining, tunnelling, and oil and gas
exploration.Additionally, after excavation, the stress
field is redistributed, which may also result in large
deformation of surrounding rock [1 − 4]. With the
increased mining of shallow coal resources, many
mines in China will reach mining depths over 1000

m in the next 20 years [5, 6]. The deep coal

resources at buried depths beyond a kilometre

approximately total 2.95×1012 tons, which accounts

for 53% of the total coal resources. At present, there

are approximately 47 deep coal mines in China,

such as Zhaogezhuang coal mine and Suncun coal

mine, with mining depths of 1159 m and 1508 m,

respectively [7−9]. In Suncun coal mine, the in-situ

stress has reached 40−60 MPa at a mining depth of

1508 m, and the mine was continuously mined at a
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rate of 10− 25 m/year [10], while the highest pore
water pressure has been up to 10 MPa [11, 12]. In
oil and gas engineering, the highest in-situ geo-
stress can reach 200 MPa [13−15].

Various studies on the mechanical behavior of
coal and rock have been conducted. Due to the great
challenges in ground control in deep rock strata,
substantial research efforts have been expended to
reveal the mechanical behavior of deep-seated rocks
for stability issues. ZHAO et al [16] studied the
brittle-ductile transition characteristics and failure
mechanism of Jinping marble by conducting the
true triaxial compression test. TANG et al [17]
obtained the progressive failure mechanism of rocks
by conducting the triaxial compression test.
ASADIZADEH et al [18] revealed the mechanical
mechanism of jointed rock-like material subjected
to uniaxial compression. MA et al [19] found that
the elastic modulus of rock decreases exponentially
with the number of loading cycles increasing.
Moreover, the degradation of the elastic modulus is
independent of the stress level and confining
pressure. PELLET et al [20] investigated the
mechanical behavior of gabbro under super-high
confining pressures, up to 650 MPa, and argued that
the mechanical degradation of porous rock was
caused by the collapse of pores and grain
displacement around original fractures. ZHANG et
al [21] established the relationships among the
permeability with the input energy, the dissipation
energy and the elastic energy density of deep
sandstone under three-stage loading and stress-
seepage coupling. Some other results have also
illustrated the mechanical behaviors of coal and
rock under different conditions [22 − 34]. The
findings reported in the above studies have made
significant progress in understanding the
mechanical behavior of coal and rock. Nevertheless,
few studies have been performed on the original
high in-situ stress state on mechanical behavior of
deep sandstone. There is a need to better understand
the effect of the original high in-situ stress state on
the mechanical behavior of deep sandstone.

Besides, there is a significant correlation
between the permeability and stress of coal and rock
in deep geological environments. JIANG et al [35]
proposed a damage model by stress-seepage
coupling tests, thereby revealing the correlation

among the permeability, microcrack density and
crack opening degree. WANG et al [36] determined
that the volumetric strain of sandstone links the
seepage field to the stress field and is related to the
permeability and fluid pressure. HU et al [37]
studied the non-linear stress − strain relationship of
saturated sandstone at various stress levels, the
anisotropic characteristics of the Biot coefficient
evolution law and the phenomenon of the
significant increase in axial permeability when
microcracks are initiated. XU et al [38] conducted
short-term and creep triaxial compression tests on
sandstone and revealed the permeability evolution
behavior and failure mechanism of sandstone. A
solid knowledge of the permeability and stress
development of coal and rock is crucial for rational
design and analysis of engineering stability.
Nevertheless, few studies have been performed on
the original high in-situ stress state on the
mechanical behavior of coal and rock. Therefore,
the permeability and stress development evolution
behavior of deep sandstone is also worthy for
further research.

In most of the studies mentioned above, the
characteristics of the original high in-situ stress state
of coal and rock in deep environments were
neglected. Conventionally, the loading of
mechanical tests starts from zero until macroscopic
failure occurs. As shown in Figure 1, H is buried
depth; σx, σy, σz are high initial in-situ stress in the x,
y and z directions, respectively; σx' is the minimum
principal stress after unloading; σz' is the maximum
principal stress under axial loading. Firstly, the
stress state of the deep roadway surrounding rock
exhibits the initial high in-situ stress level before
excavation. Secondly, the deep roadway is
excavated because of engineering need, when the
surrounding rock of deep roadway is subjected to
the constant axial stress but the unloaded
surrounding stress. Meanwhile, the axial loading on
the surrounding rock of the deep roadway cannot be
rapidly dissipated into deeper parts. As a result, the
surrounding rock of deep roadway exhibits notable
large deformation and even complete rupture
characteristics due to the continuous axial loading.
Therefore, a new method and concept of deep rock
mechanics testing is proposed to reveal the
mechanical behavior evolution law of the deep
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roadway surrounding rock after excavation at depths
over 1000 m. Specifically, three-stage loading
triaxial experiments of deep sandstone are
conducted under high stress-seepage coupling. The
stress path of the triaxial compression test is three-
dimensional in-situ stress state reduction + the

unloading effect + increasing axial loading (time
effort). Therefore, the mechanical behavior
evolution law of deep sandstone under high stress-
seepage coupling is obtained. Additionally, this
study provides ideas for obtaining the mechanical
behavior of the deep surrounding rock.

Figure 1 Corresponding engineering background for three-stage loading stress path: (a) High initial in-situ stress state
reduction (stage I); (b) Constant axial pressure-unloading confining pressure (stage II); (c) Axial loading (stage III)
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2 Testing process and methods

2.1 Sampling site
Suncun coal mine is in Xintai, Shandong

province, China. The roadway is excavated in the
strata of sandstone. Besides, the deep sandstone was
collected from the surrounding rock of the roadway
in Suncun coal mine with a buried depth of 1150 m.

2.2 Sample preparation and basic parameter
determination
The mineralogic composition of deep

sandstone mainly includes feldspar, quartz and
mica, and its appearance is grey-white. The deep
sandstones were firstly cored in the field, and then
cored sandstones were trimmed short and the two
ends were lapped to form Φ25 mm×50 mm
cylindrical specimens so that it can meet the
standard of triaxial compression tests. The two ends
and sides of deep sandstone were trimmed flattened
to be an accuracy of ±0.05 mm. The deep sandstone
was saturated in a vacuum pressure saturation
device for 24 h before the tests. The whole
preparation process was carried out at 25 °C.
Additionaly, Poisson ratio, elastic modulus, and
uniaxial compressive peak strength of the deep
sandstone are 0.255, 11.572 GPa, and 62.65 MPa,
respectively, based on the uniaxial compression
testing (Figure 2). Moreover, it is observed that the
whole uniaxial compression deformation process of
deep sandstone undergoes five stages. Namely,
stage 1 is the original microcrack compression
stage; stage 2 is the linear elastic deformation stage;
stage 3 denotes the stable crack expansion stage;

stage 4 is the unstable crack expansion stage; and
stage 5 is the post-peak strain softening stage.

2.3 Test set-up
The triaxial tests were conducted using GCTS

multi-field coupled servo system. The system
mainly consists of an RIR-1500 triaxial loading
system, confining and pore pressure boosters, a
hydraulic station, a sonic excitation acquisition
system, a acoustic emission meter, and a data
acquisition and control system. The RIR-1500
triaxial loading system can apply a maximum axial
load of 1500 kN, a maximum confining pressure of
140 MPa, a maximum pore pressure of 140 MPa
and a maximum temperature of 200 °C [39].

2.4 Permeability test principle under high stress-
seepage coupling
As shown in Figure 3, where P is the axial

loading; P1 is the pressure of injected CO2; P2 is the
outlet pressure and Pc is the confining pressure. The
detailed explanation and description of the specific
permeability test principle under high stress-seepage
coupling according to Ref. [21].

2.5 Stress path
To obtain the mechanical behavior evolution

law of deep sandstone under high stress-seepage
coupling, the stress state of the surrounding rock of
deep roadway is simulated at a depth over 1000 m
during the whole excavation process. Three-stage
loading is conducted under high stress-seepage
coupling and confining pressures of 6, 13, 20 and 23
MPa. The corresponding three-stage loading stress
path is shown in Figure 4. The specific steps are as

Figure 2 Stress−strain curve of deep sandstone obtained by uniaxial compression test
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follows:
1) High initial in-situ stress state reduction

(stage I): In this stage, the loading process of deep
sandstone is controlled by the stress mode, and the
deviatoric stress is maintained at 4 MPa. The deep
sandstone is loaded to the three-dimensional
hydrostatic state (axial load σ1=54 MPa, and
confining pressure σ3=50 MPa) [12, 40, 41] at a
loading rate of 4 MPa/min for σ1 and σ3. The triaxial
testing system automatically records the relevant
data during the loading process.

2) Constant axial pressure-unloading confining
pressure (stage II): After stage I, σ3 is unloaded at a
rate of 2 MPa/min (for safety) to the corresponding
design values of 6, 13, 20 and 23 MPa, while

keeping the axial stress constant.
During the unloading process, the stress

control model is maintained, and the permeability of
deep sandstone is measured by the transient
differential pressure decay method every 10 MPa
during the unloading process, and the relevant data
are automatically recorded.

3) Axial loading (stage III): After stage II, the
loading control mode is switched to the strain
control mode with a strain rate of 0.05%/min. Axial
loading is increased from σ1=54 MPa until the deep
sandstone enters the post-peak strain softening stage
while the confining pressure is kept constant. The
permeability of deep sandstone is measured every
10 MPa during the loading process, and the testing
system automatically records the relevant data.

3 Results and analyses

3.1 Stress−strain curve of deep sandstone during
three-stage loading process
As shown in Figure 5, the stress− strain curve

of deep sandstone could be divided into three
stages: the high initial in-situ stress state reduction
stage I, the constant axial pressure-unloading
confining pressure stage II, and the axial loading
stage III.

In stage I, both the initial axial and radial
strains of each deep sandstone are positive as they
are integrally compressed under triaxial pressure
conditions. For instance, when the deep sandstone is
subjected to a confining pressure of 6 MPa, the axial
strains increased from 0 to 0.35%, and the radial
strains increased from 0 to 0.33%. A similar
evolution law could be observed for both the axial
and radial strains of the other deep sandstone.

In stage II, the axial pressure is maintained at
54 MPa while unloading the confining pressure to
different degrees. A platform of different lengths is
observed in the stress − strain curves. The platform
phenomenon is mainly attributed to the effect of
stage I, during which the initial fissures of deep
sandstone are compacted or closed. The deep
sandstone under low confining pressures can be
unloaded with a larger amount of deformation in
stage II. The radial inhibitory effect decreased
notably, leading to significant radial expansion of
deep sandstone. Therefore, a long radial platform

Figure 3 Principle of permeability test for deep sandstone

Figure 4 Three-stage loading stress path
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occurred. According to the strength theory of

Griffith [42− 44], unloading the confining pressure

reopens many compacted or closed fissures within

deep sandstone, or initiated many new fissures,

which even drastically increase. A highly

concentrated tensile stress can easily develop

around fissures with an increased aperture. As a

result, with increasing axial strain, produced a

significant platform shape occurs along the axial

direction. The platform phenomenon of the

volumetric strain indicates that radial deformation

of deep sandstone is dominant in stage II, while

axial deformation is only an associated phenomenon

of radial deformation. In stage II, the confining

pressure is unloaded to a low degree, and the radial

inhibitory effect is not distinct. Therefore, radial

expansion is insignificant, which makes it difficult

to form a radial platform. Accordingly, the apparent

platform of the axial strain hardly develops.

In stage III, axial loading started from the

initial high in-situ stress state, including five stages,

i. e., the microcrack compaction stage, linear elastic

deformation stage, stable crack growth stage,

accelerated crack growth stage and post-peak strain

softening stage, which exhibit differences and

similarities relative to the deformation

characteristics of conventional triaxial loading.

These similarities indicate that a memory effect

occurs in rock deformation [45]. These differences

are mainly that the degree of hardening is notably

higher than that of the conventional triaxial loading

process. The microcrack compaction stage denotes

the secondary compaction stage of the new cracks

developed in stage II and that of the original internal

Figure 5 Stress − strain curves for three-stage loading of deep sandstone under different confining pressures: (a) σ3=
6 MPa; (b) σ3=13 MPa; (c) σ3=20 MPa; (d) σ3=23 MPa

3195



J. Cent. South Univ. (2021) 28: 3190－3206

micropores. This stage is notably different from the
formation mechanism of the initial microcracks in
the stress − strain curves of conventional triaxial
loading.

3.2 Deformation characteristics of deep
sandstone under three-stage loading

3.2.1 High initial in-situ stress state reduction stage
To characterize the deformation sensitivity of

each deep sandstone in stage I, a compression
sensitivity coefficient η is introduced. The
compression sensitivity coefficient η is defined as
the ratio of the strain increase to the previous strain,
which is recorded by the triaxial system in stage I:

ηj =
εi + 1

j - εi
j

εi
j

(1)

where j=1, 3, v; η1, η3 and ηv are the axial, radial and
volumetric compression sensitivity coefficients,
respectively; εi

1, ε
i
3 and εi

v are the i-th axial, radial
and volumetric strains, respectively.

Figure 6 shows that under 13 MPa, η1

decreased from 3.78 to 0.0017; η3 decreased from
0.456 to 0.0032; ηv decreased from 0.693 to 0.0027.
The axial, radial and volumetric compression
sensitivity coefficients of other deep sandstone also
show similar trends, tending to be a 0-scale
“hardening line”, which indicates that the deep
sandstone exhibits significant compression effects in
a high-stress environment, and the high initial in-
situ stress state reduction effect is notable. The deep
sandstone is greatly compacted due to closure of the
initial micropores. Therefore, the rigid effect is
remarkable after the high initial in-situ stress state
reduction stage, where the rock is very similar to a
rigid body.
3.2.2 Constant axial pressure-unloading confining

pressure stage
In most previous studies, the mechanical

behavior of coal and rock in the unloading confining
pressure stage is better characterized by Poisson
ratio, unloading ratio [46], uniform confining
pressure drop parameters [47], lateral expansion
coefficient [48], and strain of confining pressure
compliance [49 − 51]. The mechanical behavior of
coal and rock in the unloading confining pressure
stage can be revealed better with these parameters.

GOWD et al [49], ALAM et al [50] and

SUKPLUM et al [51] have defined the strain of
confining pressure compliance for rock samples, but
it cannot reflect the gradient response characteristics
of stress and deformation during the entire
unloading confining pressure process. To further
clarify the progressive deformation response
behavior of deep sandstone in the constant axial
pressure-unloading confining pressure stage, the

Figure 6 Curves of compression sensitivity coefficient of
deep sandstone in initial high in-situ stress state reduction
stage: (a) η1; (b) η3; (c) ηv
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axial and radial transient strains of confining
pressure compliance ξ1 and ξ3 are respectively
proposed as the ratio of the k-th axial and radial
strain increments Δεk

1, Δε
k
3 between the starting point

of the unloading confining pressure and the
unloading point recorded by the triaxial system
during the unloading process to the corresponding
confining pressure unloading amount Δσ k

3:

ξ1 =
Δεk

1

Δσ k
3

, ξ3 =
Δεk

3

Δσ k
3

(2)

Δεk
1 = εk

1 - ε0
1, Δε

k
3 = εk

3 - ε0
3 (3)

Δσ k
3 = σ k

3 - σ 0
3 (4)

where σ k
3 and σ 0

3 are the k-th and the initial confining
pressures in the stage II, respectively; εk

1, ε
k
3 are the

k-th axial and radial strains in the stage II,
respectively; and ε0

1, ε
0
3 are the initial axial strain and

the initial radial strain in the stage II, respectively.
The transient strain of confining pressure

compliance ξi can reflect the influence on the

progressive deformation of deep sandstone better

under various confining pressures. The higher the

transient strain of confining pressure compliance is,

the more significant the unloading effect on deep

sandstone along the stress unloading direction is.

This also indicates that deformation of deep

sandstone dominates along this direction. According

to the data recorded by the triaxial system and

Eqs. (2) − (4), the axial and radial transient strain

curves of the confining pressure compliance of deep

sandstone under the various confining pressures are

obtained, as shown in Figures 7 and 8.

The axial and radial transient strain curves of

the confining pressure compliance exhibit obvious

three-stage evolution characteristics (Figures 7 and

8). The axial transient strain curves of the confining

pressure compliance can be divided into the sudden

drop phase (I), stable development phase (II) and

accelerated increase phase (III). The radial transient

strain curves of the confining pressure compliance

can be divided into the rapid increase phase (I),

Figure 7 Axial transient strain curves of confining pressure compliance under different confining pressures: (a) σ3=
6 MPa; (b) σ3=13 MPa; (c) σ3=20 MPa; (d) σ3=23 MPa
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stable development phase (II) and accelerated
increase phase (III). Among them, points A, B and C
are the demarcation points of each phase of the axial
transient strain curve of the confining pressure
compliance, respectively, and points a, b, and c are
the demarcation points of each phase of the radial

transient strain curve of the confining pressure

compliance, respectively. There is a significant drop

in the axial transient strain curves of the confining

pressure compliance in phase I. The reason for this

significant difference may be that deep sandstone

has accumulated a large amount of elastic energy

after undergoing the high initial in-situ stress state

reduction stage. When the constant axial pressure-

unloading confining pressure stage is reached, the

elastic energy is rapidly released along the radial

direction. The radial inhibition of deep sandstone is

significantly weakened; the radial deformation

space has been greatly extended; and the

deformation capacity is increased. Radial

deformation simultaneously produces fractures with

increased openings, and the tensile stress formed at

the sample ends acts on the axial direction of deep

sandstone to inhibit axial deformation. As a result,

axial deformation is not fully reflected, which leads

to a significant difference in phase I of the axial and

radial transient strain curve of confining pressure

compliance.

In phase II, ξ1 and ξ3 undergo stable

development changes. The reason for this

phenomenon may be due to the occurrence of time

effect [52, 53], which causes the release rate of

energy in phase II to gradually decrease, and the

axial and radial inhibition effects of deep sandstone

in this phase are weakened. Therefore, the axial and

radial transient strain curves of confining pressure

compliance exhibit a steady development trend.

In phase III, the overall stiffness of deep

sandstone is significantly reduced due to the

Figure 8 Radial transient strain curves of confining pressure compliance under different confining pressures: (a) σ3=
6 MPa; (b) σ3=13 MPa; (c) σ3=20 MPa; (d) σ3=23 MPa
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cumulative effect of stages I and II. In the later

unloading confining pressure stage, the combination

of axial compression and radial inhibition

weakening resulted in large deformation of deep

sandstone, causing the axial and radial transient

strain curves of confining pressure compliance to

exhibit the phenomenon observed in phase III. On

the whole, it is found that the radial transient strain

of confining pressure compliance increment Δξ3 in

each phase is larger than the axial transient strain of

confining pressure compliance increment Δξ1, which

indicates that radial deformation of deep sandstone

dominates in the constant axial pressure-unloading

confining pressure stage. Additionaly, the axial

transient strain curves of confining pressure

compliance and the axial strain curves exhibited a

co-directional confluence trend, while the radial

transient strain curves of confining pressure

compliance and the radial strain curves showed a

reverse shunt trend.

Comparing the axial and radial transient strain

curves of confining pressure compliance under the

confining pressures of 6, 13, 20 MPa, a certain

difference is observed between the axial and radial

transient strain curves of confining pressure

compliance under a confining pressure of 23 MPa.

This may be due to an operational error (pressure

rod instability) in the test [54, 55], which resulted in

ξ3max under this confining pressure greatly deviating

from ξ3max under the other confining pressures (ξ3max

is the maximum radial transient strain of confining

pressure compliance). However, the overall

variation trends of the axial and radial transient

strain curves of confining pressure compliance are

consistent.

3.2.3 Axial loading stage

As shown in Figure 9, the initial axial stress in

this stage is 54 MPa. MENG et al [56] introduced

the sensitivity coefficient of permeability to obtain

the average pore pressure by using the derivative of

the permeability to the pore pressure, which suitably

characterized the sensitivity evolution

characteristics of the permeability relative to the

average pore pressure of low-permeability

Figure 9 Axial and radial deformation sensitivity for deep sand stone of: (a, b) Pre-peak; (c, d) Post-peak
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sandstones under various confining pressures.
Therefore, the slope of the stress − strain curve is
used as a deformation sensitivity indicator to
characterize the prominent deformation difference
between the pre- and post-peak stages. To simplify
the calculation, the axial and radial pre- and
post-peak deformation sensitivity is defined as
follows:

ì

í

î

ï
ïï
ï

ï
ïï
ï

Ci,a =
σ1max - σ10

| εi max - |εa
i0

Ci,b =
σ1max - σ10

| εi max - |εb
i0

(i = 1, 3) (5)

where Ci,a and Ci,b represent the deformation
sensitivity of the pre- and post-peak, respectively
(i=1 and 3 represent the axial and radial strains,
respectively). σ1max and εimax represent the axial and
radial strain corresponding to the peak strength,
respectively. σ10=54 MPa, εa

i0 and εb
i0 are the axial and

radial strains corresponding to the pre- and post-
peak staring strength σ10, respectively.

As shown in Figure 9(a), the radial
deformation sensitivity of the pre-peak stage is
significantly higher than the axial deformation
sensitivity under various confining pressures
conditions, which means that the radial deformation
is greater than the axial deformation in the pre-peak
stage, but the opposite trend is observed in the post-
peak stage according to the trends of the axial and
radial deformation sensitivity of the post-peak stage
in Figure 9(b). This indicates that the radial
deformation of deep sandstone in the post-peak
stage lagging behind the axial deformation, but the
opposite deformation law of deep sandstone in the
pre-peak stage is better characterized. Additionaly,
the axial and radial deformation sensitivity of the
pre- and post-peak stage of deep sandstone
demonstrated a strong non-linear function
relationship with the confining pressures. The
corresponding functional expressions are as follows:

ì

í

î

ïï
ïï

C1,a = -4.094 + 1.72σ3 - 0.04σ 2
3 , R2 = 0.996

C3,a = -8.196 + 2.1476σ3 + 0.097σ 2
3 , R2 = 0.7505

C3,b = 20.312 + 0.0787σ3 + 0.075σ 2
3 , R2 = 0.996

(6)

3.3 Permeability evolution
3.3.1 Determination of strength demarcation point

Self-similarity characteristics are observed in
the deformation of each deep sandstone along the
same loading path. Hence, the stress−strain curve of
deep sandstone with three-stage loading under a
confining pressure of 13 MPa is only presented to
determine each strength demarcation point. Methods
that could determine the crack closure stress σcc

and crack initiation stress σci from the stress− strain
curves of coal and rock have been previously
reported in Refs. [57 − 60]. Therefore, the crack
closure stress σcc and crack initiation stress σci are
determined according to Ref. [57], and then the
strength demarcation point of each deep sandstone
under the various confining pressures is obtained.
Figure 10 shows the method of determining the
strength demarcation point. In Figure 10, σcd is the
stress corresponding to the maximum volumetric

Figure 10 Diagram of each strength demarcation point of
three-stage loading curves of deep sandstone under
confining pressure of 13 MPa: (a) Three-stage loading
stress − strain curves; (b) Axial stress − volumetric strain
curve
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strain rate; and σcf is the peak strength; σcc is the
crack closure stress during the second compaction
stage; σci is the crack initiation stress.
3.3.2 Corresponding stage characteristic of stress −

strain and permeability curves
Under external loading, the deformation of

coal and rock has self-similarity characteristics
[19, 61 − 63], which can result in the permeability
evolution including the self-similarity
characteristics. For this reason, the stress−strain and
permeability evolution curves of deep sandstone in
the three-stage loading process under a confining
pressure of 13 MPa are used for analysis.

As shown in Figure 11, in stage I, the internal
original micropores in the deep sandstone are
compacted, and the axial and radial stiffness are
close to that of a perfectly elastic body. As a result,
the opening of the original axial and radial
microcracks decreased dramatically, and thus many
original seepage channels become narrower. At the
end of this stage, the permeability of deep sandstone

was reduced to 0.0737 mD. In stage II, radial
deformation of deep sandstone expanded due to the
weakening effect of the confining pressure through
unloading, leading to an increase in the radial crack
opening. As a result, the seepage channel width
increased with increasing permeability from 0.0737
to 0.14435 mD. Stage III can be divided into five
substages, i. e., III-1 is the microcrack secondary
compaction stage; III-2 is the linear elastic
deformation stage; III-3 is the steady growth stage
of new cracks; III-4 is the accelerated crack growth
stage; III-5 is the post-peak strain softening stage. In
stage III-1, the deep sandstone was compacted
again, causing the opening of pores and cracks to
decrease again. Therefore, the seepage channels
again narrowed. This resulted in a slight decrease in
permeability from 0.14435 to 0.14435 mD. In stage
III-2, due to the dynamic balance evolution between
the external and internal fields, the internal stress of
deep sandstone is in a state of dynamic balance.
Therefore, the internal crack opening level of deep
sandstone remains basically unchanged. In other
words, the width of the seepage channels remains
basically unchanged. This is the reason that the
permeability of deep sandstone is basically constant.
In stage III-3, the permeability increased from
0.16255 to 0.1801 mD. This is mainly because
many new micro-cracks are generated in this stage,
thereby intensifying seepage channels and slightly
rising the permeability of deep sandstone. In stage
III-4, the permeability greatly increased from
0.1801 to 0.4025 mD. This is mainly because when
the peak stress was reached, macro-fractures began
to develop within the deep sandstone, and large
seepage channels were formed, leading to a sharp
increase in permeability. In stage III-5, connected
macro-cracks were produced in the deep sandstone,
and gas flowed through the connected macro-
cracks. As the amount of friction energy dissipation
during gas seepage is relatively small, the pressure
energy drop of the gas flow is limited. Therefore,
the seepage flow and permeability in this stage were
stable or only slightly decreased.

In summary, there is a good consistency
between the permeability evolution and stress−strain
curve characteristics during the entire deformation
process of deep sandstone. Meanwhile, the peak
permeability point of deep sandstone notably lags

Figure 11 (a) Stress− strain curves and (b) permeability
curves during entire deformation process of deep
sandstone under a confining pressure of 13 MPa
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behind the peak stress point, which may be caused
by the characteristics of itself [36].
3.3.3 Permeability sensitivity analysis

Using the absolute radial strain, WANG et al
[36] plotted axial strain−permeability and absolute
radial strain−permeability curves and reported that
the radial strain could accurately characterize the
permeability evolution characteristics of rocks. Due
to space limitations, this paper selected the
permeability evolution curve of the three-stage
loading process of deep sandstone under a confining
pressure of 13 MPa. The permeability-axial strain
curve has the same evolution trend as the
permeability−radial strain curve (Figure 12), but the
radial deformation sensitivity of deep sandstone is
significantly higher than the axial deformation
sensitivity in the pre-peak stress stage, and radial
deformation is significantly ahead of axial
deformation. This indirectly reflects that the radial
strain can more accurately characterize the

permeability variation of deep sandstone compared
to the axial strain. Among the various stages, in
stage I, the deep sandstone is compressed in three
directions, and the compression effect is
remarkable. At this moment, the axial and radial
stiffness resemble those of an elastic body.
According to the strength theory of Griffith [42 −
44], unloading the confining pressure weakened the
radial inhibition effect in stage II. This led to
previously compacted cracks to re-open. Tensile
stress develops around cracks with an increased
aperture, and the highly concentrated stress causes
the deep sandstone to be deformed axially, causing
axial compression as well as an increase in the axial
strain. This intensifies the axial stiffness of deep
sandstone. Therefore, after the deep sandstone core
enters to stage III, the radial deformation sensitivity
is significantly higher than the axial deformation
sensitivity, and pre-peak radial deformation then
leads to the occurrence of axial deformation. In
addition, the axial, radial and volumetric strains of
deep sandstone demonstrated a strong linear
function relationship with the permeability. The
corresponding functional expressions are as follows:

ì

í

î

ïï
ïï

k = -0.064 + 0.4264ε1, R2 = 0.96563

k = 0.215 - 0.3137ε3, R2 = 0.9808

k = 0.376 - 0.2431εv, R2 = 0.95286

(7)

From the best-fit correlation coefficients, the
dynamic change in permeability can be most
accurately characterized by the radial strain.

4 Conclusions

1) The mechanical behavior of deep sandstone
under high stress-seepage coupling is investigated
using a GCTS multi-field coupled servo system.
The stress−strain curve of the deep sandstone during
the three-stage loading process under high stress-
seepage coupling is obtained, including stress−strain
curves exhibiting platform of various lengths and
secondary compaction phenomena.

2) In the constant axial pressure-unloading
confining pressure stage, the transient strain of
confining pressure compliance is defined, and its
axial and radial curves show obvious three-stage
evolution characteristics. Additionaly, the
mechanical behavior mechanism of the radial

Figure 12 Sensitivity analysis curves of strain
characterizing permeability: (a) Permeability − strain
evolution curves; (b) Permeability − strain function
relationships
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deformation of deep sandstone in this stage is
revealed. In the axial loading stage, the radial
deformation is greater than the axial deformation in
the pre-peak stage, but the opposite trend is
observed in the post-peak stage.

3) Corresponding to the stress − strain curves,
the permeability increases from the lowest value to
the second stage, and the third stage illustrates a
change trend from a slight decreasing, basically
constant, slowly rising, sharp transition rising to
basically constant or slightly decreasing in
sequence. According to the permeability-strain
curve and its functional relationship analysis, the
radial strain of deep sandstone can more accurately
characterize the permeability evolution compared to
the axial strain.

However, the new method and concept
proposed in this paper still have limitations, such as
neglecting the significant differences between the
various geological conditions of the samples. The
evolution law of the mechanical behaviour will be
more consistent with the mechanical behaviour
under the corresponding mine sampling geological
conditions compared to that in conventional triaxial
loading. Therefore, this study can provide basic
theoretical support for stability control of actual
deep mine engineering roadways.
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(Edited by ZHENG Yu-tong)

高应力-渗流耦合下深部砂岩的力学行为

摘要摘要：：砂岩的力学行为演化特征对岩石工程的应用与实践很重要。为此，本文提出了一种新的深部岩

石力学测试方法与概念，以便揭示超千米深井巷道在开挖后围岩力学行为的演化机制。采用GCTS多

场耦合伺服系统，对深部砂岩进行了不同围压条件下的高应力-渗流耦合试验，获得的应力-应变及渗

透率演化曲线，较好地表征了深部砂岩“三阶段”加载下的力学行为特征。本文发现了“平台”及二

次压密现象，并且随着围压的增加，平台的长度逐渐变短，甚至消失。在 I阶段，深部砂岩具有显著

的刚化效应。在 II阶段，深部砂岩的径向变形占据主导地位。此外，定义了瞬态应变围压柔量，该参

量曲线呈现出显著的三阶段演化特征。在 III阶段，深部砂岩的峰前径向变形超前于轴向变形，峰后则

与之相反。另外，发现了径向应变更能灵敏表征渗透率动态变化，并揭示了渗透率曲与应力-应变曲线

各阶段之间的对应关系。

关键词关键词：：深部效应；应力-应变；“平台”；围压效应；应力-渗流；渗透率

中文导读中文导读
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