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Abstract: The time-dependent behaviors of coal and rocks were easily ignored. Besides, “three-stage” triaxial loading 
and unloading mechanics tests of sandstone were conducted based on the idea of the initial high in-situ stress state 
recovery according to the full-life cycle evolution characteristics of surrounding rocks in deep mines (pre-excavation, 
excavation and post-excavation). The time-dependent stress−strain curves of sandstone were obtained. Meanwhile, the 
deformation and strength fitting relationships with time of sandstone were also built. Furthermore, the dilatancy and 
volumetric recovery mechanical mechanisms of sandstone were revealed. The results showed that: 1) There were 
significant time-dependent evolution characteristics on the deformation and strength of sandstone; 2) There were 
significant correlations among the internal friction angle, cohesion and the simulated depths; 3) Volumetric recovery 
phenomenon of sandstone was observed for the first time, which mainly occurred at the simulated depth of 2000 m. The 
above research conclusions could provide a certain theoretical basis for the stability control of surrounding rocks in deep 
mines.
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1 Introduction

With the exhaustion of shallow coal resources, 
the mining depths of coal mines in China would 
expect to gradually increase to 1000 − 1500 m, or 
even 2000 m in the next 20 years. Owing to the 
complex environment of deep mines, the 
mechanical behavior characteristics of high energy, 
large deformation, difficult maintenance and strong 
time-dependent are induced [1−6]. Sandstone is one 
of the most common engineering geological 

materials in coal mines [7 − 8]. Therefore, it is 
necessary to obtain the time-dependent behaviors of 
sandstone based on the initial high in-situ stress 
state recovery. Research conclusions can provide a 
certain of references for determining the reasonable 
supported time of surrounding rocks in deep mines. 
Currently, scholars have conducted extensive 
researches on the mechanics behaviors of coal and 
rocks, and obtained abundant achievements [9−15]. 
Specifically, ZHANG et al [16] conducted a series 
of triaxial tests of coal under various confining 
pressures corresponding to the buried depths of 300, 
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600, 700, 850 and 1050 m. And the time-dependent 
deformations, strength evolution characteristics, and 
energy competition mechanism of coal at different 
buried depths were obtained. Besides, YANG et al 
[17] conducted the indirect tensile and triaxial 
mechanical tests of deep marble with the buried 
depths of 1500 − 2000 m. Meanwhile, the micro-
deformation mechanism of deep buried marble was 
characterized. Besides, GONG et al [18 − 19] 
conducted the true triaxial mechanical tests of 
granite with pre-set holes at simulated depths of 500 
and 1000 m. Furthermore, the failure mechanism of 
granite with pre-set holes was revealed. ZHANG    
et al [20 − 23] conducted the true and traditional 
triaxial mechanical tests of sandstone with different 
confining pressures. Moreover, the strength and 
energy evolution mechanisms of sandstone at 
different simulated depths were obtained. ZHOU     
et al [24] performed a series of uniaxial, indirect 
tensile and triaxial mechanical tests of basalt      
with confining pressures at buried depths of 410 −
1010 m, and comprehensively studied the evolution 
characteristics of the basic mechanical parameters 
of basalt. Besides, some scholars also reported that 
the buried depth notably influenced the mechanical 
behaviors and mechanisms of coal and rocks, even 
rock bolts [25−33].

Additionally, Zhao [34] had clearly pointed out 
that it was still an un-solved problem to accurately 
predict the time, area and energy of the failure of 
rocks under simple conditions in terms of advanced 
monitoring and tracking technologies. It shows that 
there is a certain time effect whether the rocks are 
under short-term or long-term loading. If the critical 
prediction of short-term aging could be made for 
rocks, it would bring a certain theoretical basis and 
guidance for earthquake engineering. Besides, 
previous researchers [35 − 41] analyzed the critical 
slowing phenomena of multiple parameters of 
acoustic emission (AE), such as rise time divided    
by the maximum amplitude/average freqnency     
(RA/AF), electric potential (EP), duration and rise 
time. And the researchs could also provide a certain 
theoretical basis for identifying precursor 
information and predicting the time of rock failure. 
To sum up, accurately predicting the rock failure 
time was a key problem that needs to be solved in 
the future no matter under short-term or long-term 
loading, and the corresponding time effect should 
naturally be focused and further studied.

Nevertheless, some previous studies on the 
mechanics behaviors of coal and rocks were still 
limited to the mining depths of 800−1500 m, which 
could lead to many differences and blind spots in 
that of coal and rocks at buried depths of 1500 −
2000 m. And most scholars ignored the initial 
damage of coal and rocks in high in-situ stress 
before the tests. Sandstone was selected as the 
research object. A “three-stage” loading stress path 
was proposed based on the recovery of initial high 
in-situ stress state. The time-dependent behaviors of 
sandstone under triaxial loading and unloading were 
extensively investigated. Furthermore, the dilatancy 
and volumetric recovery mechanical mechanism 
under the new stress path were revealed.

2 Experimental methods

The multi-field coupling servo system was 
adopted to conduct the triaxial loading and 
unloading tests. Besides, the sandstone was 
extracted from the surrounding rocks of deep 
roadway with the depth of 1150 m in Suncun Coal 
Mine. The sandstone samples were processed to 
cylindrical specimens with the diameter of 25 mm 
and height of 50 mm.

The new stress path was proposed and 
designed according to the excavation process of the 
surrounding rocks in deep mines: before excavation 
(stage I: Recovery of initial high in-situ stress      
state) → excavation (stage II: constant axial     
pressure and unloading confining pressure) → after 
excavation (stage III: constant confining pressure 
and loading axial pressure). The loading or 
unloading control mode, loading or unloading rate, 
corresponding simulated depths, and the confining 
pressure sets for each stage of the specific tests were 
presented in Table 1. The engineering background 
and new stress path were shown in Figures 1 and 2, 
respectively.

The details and parameters of the triaxial 
loading and unloading tests were quoted from the 
following references [21−23].

3 Experimental results

3.1 Time-dependent stress−strain curves
As shown in Figure 3, the time pertaining to 

stage I of sandstone was nearly identical under the 
same simulated depth, indicating that the internal 
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600, 700, 850 and 1050 m. And the time-dependent 
deformations, strength evolution characteristics, and 
energy competition mechanism of coal at different 
buried depths were obtained. Besides, YANG et al 
[17] conducted the indirect tensile and triaxial 
mechanical tests of deep marble with the buried 
depths of 1500 − 2000 m. Meanwhile, the micro-
deformation mechanism of deep buried marble was 
characterized. Besides, GONG et al [18 − 19] 
conducted the true triaxial mechanical tests of 
granite with pre-set holes at simulated depths of 500 
and 1000 m. Furthermore, the failure mechanism of 
granite with pre-set holes was revealed. ZHANG    
et al [20 − 23] conducted the true and traditional 
triaxial mechanical tests of sandstone with different 
confining pressures. Moreover, the strength and 
energy evolution mechanisms of sandstone at 
different simulated depths were obtained. ZHOU     
et al [24] performed a series of uniaxial, indirect 
tensile and triaxial mechanical tests of basalt      
with confining pressures at buried depths of 410 −
1010 m, and comprehensively studied the evolution 
characteristics of the basic mechanical parameters 
of basalt. Besides, some scholars also reported that 
the buried depth notably influenced the mechanical 
behaviors and mechanisms of coal and rocks, even 
rock bolts [25−33].

Additionally, Zhao [34] had clearly pointed out 
that it was still an un-solved problem to accurately 
predict the time, area and energy of the failure of 
rocks under simple conditions in terms of advanced 
monitoring and tracking technologies. It shows that 
there is a certain time effect whether the rocks are 
under short-term or long-term loading. If the critical 
prediction of short-term aging could be made for 
rocks, it would bring a certain theoretical basis and 
guidance for earthquake engineering. Besides, 
previous researchers [35 − 41] analyzed the critical 
slowing phenomena of multiple parameters of 
acoustic emission (AE), such as rise time divided    
by the maximum amplitude/average freqnency     
(RA/AF), electric potential (EP), duration and rise 
time. And the researchs could also provide a certain 
theoretical basis for identifying precursor 
information and predicting the time of rock failure. 
To sum up, accurately predicting the rock failure 
time was a key problem that needs to be solved in 
the future no matter under short-term or long-term 
loading, and the corresponding time effect should 
naturally be focused and further studied.

Nevertheless, some previous studies on the 
mechanics behaviors of coal and rocks were still 
limited to the mining depths of 800−1500 m, which 
could lead to many differences and blind spots in 
that of coal and rocks at buried depths of 1500 −
2000 m. And most scholars ignored the initial 
damage of coal and rocks in high in-situ stress 
before the tests. Sandstone was selected as the 
research object. A “three-stage” loading stress path 
was proposed based on the recovery of initial high 
in-situ stress state. The time-dependent behaviors of 
sandstone under triaxial loading and unloading were 
extensively investigated. Furthermore, the dilatancy 
and volumetric recovery mechanical mechanism 
under the new stress path were revealed.

2 Experimental methods

The multi-field coupling servo system was 
adopted to conduct the triaxial loading and 
unloading tests. Besides, the sandstone was 
extracted from the surrounding rocks of deep 
roadway with the depth of 1150 m in Suncun Coal 
Mine. The sandstone samples were processed to 
cylindrical specimens with the diameter of 25 mm 
and height of 50 mm.

The new stress path was proposed and 
designed according to the excavation process of the 
surrounding rocks in deep mines: before excavation 
(stage I: Recovery of initial high in-situ stress      
state) → excavation (stage II: constant axial     
pressure and unloading confining pressure) → after 
excavation (stage III: constant confining pressure 
and loading axial pressure). The loading or 
unloading control mode, loading or unloading rate, 
corresponding simulated depths, and the confining 
pressure sets for each stage of the specific tests were 
presented in Table 1. The engineering background 
and new stress path were shown in Figures 1 and 2, 
respectively.

The details and parameters of the triaxial 
loading and unloading tests were quoted from the 
following references [21−23].

3 Experimental results

3.1 Time-dependent stress−strain curves
As shown in Figure 3, the time pertaining to 

stage I of sandstone was nearly identical under the 
same simulated depth, indicating that the internal 
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Table 1 Parameters of “three-stage” stress path

Stress loading stage

Stage I: Initial high 
in-situ stress state 

recovery

Stage II: Constant axial 
pressure-unloading 
confining pressure

Stage III: Constant 
confining pressure-

loading axial pressure

Loading/
unloading model

Stress control

Stress control

Strain control

Loading/
unloading rate

Loading rate: 
4 MPa/min

Unloading rate: 
2 MPa/min

Loading rate: 
0.05%/min

Simulated depth and corresponding stress value [42−45]

H=1000 m (σ1: 0→27.0 MPa, σ3: 0→23.0 MPa)
H=1500 m (σ1: 0→40.5 MPa, σ3: 0→36.5 MPa)
H=2000 m (σ1: 0→54.0 MPa, σ3: 0→50.0 MPa)

H=1000 m (σ1=27.0 MPa, σ3: 23.0 MPa→20.0 MPa, 
13.0 MPa, 6.0 MPa)

H=1500 m (σ1=40.5 MPa, σ3: 36.5 MPa→20.0 MPa, 
13.0 MPa, 6.0 MPa)

H=2000 m (σ1=54.0 MPa, σ3: 50.0 MPa→20.0 MPa, 
13.0 MPa, 6.0 MPa)

H=1000 m (σ1=27.0 MPa↑, σ3=6.0 MPa, 13.0 MPa, 20.0 MPa) 
H=1500 m (σ1=40.5 MPa↑, σ3=6.0 MPa, 13.0 MPa, 20.0 MPa)
H=2000 m (σ1=54.0 MPa↑, σ3=6.0 MPa, 13.0 MPa, 20.0 MPa)

Note: H is the simulated depth; σ1 and σ3 are the axial stress and confining pressure, respectively. The “→” in the stage I represents the loading 

process. And the loading process is that the axial stress, σ1 and confining pressure σ3 are both from 0 MPa loaded to 27 MPa and 23 MPa,      

40.5 MPa and 36.5 MPa, 54 MPa and 50 MPa under different simulated depths of 1000 m, 1500 m, 2000 m with the loading rate of                 

4 MPa/min, respectively. The “→” in the stage II represents the unloading process. And the unloading process is that the confining pressure σ3 

are both from 23 MPa, 36.5 MPa, 50 MPa unloaded to 6 MPa , 13 MPa and 20 MPa with the unloading rate of 2 MPa/min under different 

simulated depths of 1000 m, 1500 m, 2000 m, respectively. The “↑ ” in the stage III represents the reloading process. And the reloading 

process is that the axial stress σ1 from 27 MPa, 40.5 MPa, 54 MPa under different simulated depths of 1000 m, 1500 m, 2000 m are reloaded 

with the reloading rate of 0.05%/min, respectively, until the sandstone reached the residual deformation stage.

Figure 1 Engineering background (Note: H represents the simulation depth; σ1 and σ3 represent the axial stress and 
confining pressure, respectively; c represents the confining pressures of 6 MPa, 13 MPa and 20 MPa, corresponding to 
the gradient values of low, medium and high confining pressures, respectively)
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compositions and spatial structures of sandstone 
were similar under the same simulated depth. 
Besides, the time for the whole deformation at the 
simulated depth of 2000 m was significantly longer 
than that at the simulated depths of 1000 m and 
1500 m. The reason was that the recovery time in 
stage I of sandstone at a simulated depth of 2000 m 
was longer than that at the simulated depth of 1000 
or 1500 m. Compared with the sandstone at the 
simulated depth of 1000 or 1500 m, the time-
dependent characteristics of sandstone at the 

simulated depth of 2000 m were strengthened. The 
simulated depth corresponded to the axial pressure 
effect. Therefore, it was easy to make sandstone 
with a deeper simulated depth produce a larger 
deformation. Similarly, the whole life-cycle 
evolution process of roadway surrounding rocks in 
deep mines with corresponding buried depth      
could present its significant time-dependent 
characteristics. Besides, the time for the complete 
deformation of sandstone increased continuously 
with the increase of simulated depth under the same 

Figure 2 New stress path (Note: t0, t1 and t2 represent the time of each stage, respectively; σ1 and σ3 are the axial stress 
and confining pressure, respectively; c represents the confining pressures of 6 MPa, 13 MPa and 20 MPa, corresponding 
to the gradient values of low, medium and high confining pressures, respectively)
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Figure 3 Time-dependent stress− strain curves of 
sandstone under different working conditions:    
(a) H=1000 m, σ3=6 MPa; (b) H=1000 m,            
σ3=13 MPa; (c) H=1000 m, σ3=20 MPa; (d) H=
1500 m, σ3=6 MPa; (e) H=1500 m, σ3=13 MPa; 
(f) H=1500 m, σ3=20 MPa; (g) H=2000 m,            
σ3=6 MPa; (h) H=2000 m, σ3=13 MPa; (i) H=
2000 m, σ3=20 MPa
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confining pressure, indicating that the depth effect 
could significantly enhance the time-dependent 
characteristics of sandstone (see Figure 3).

Moreover, the time-dependent stress−strain 
curves of sandstone under different working 
conditions exhibited the “three-stage” evolution 
characteristics with time changes due to the 
influence of the new stress path. Besides, the 
sandstone has complex deformations under different 
working conditions, including repeated changes in 
compression and expansion. Meanwhile, the 
dilatancy phenomenon and volumetric recovery 
characteristics were exhibited (see Figure 3). The 
analyses of the dilatancy and volumetric recovery 
characteristics were described in the section 3.4.  
Points A and B in Figure 3 were the cut-off points of 
stages I and II, stages II and III, respectively. Points 
C, D and E in Figure 3 were the thresholds of 
damage stress, peak stress and residual stress, 
respectively. The characteristics of stress thresholds 
are presented in Tables 2-4.

3.2 Time-dependent characteristies of stress−       
strain at different depths

3.2.1 Theoretical bases of crack initiation stress
Most scholars focused on the influences of the 

stress path, confining pressure, water, bedding, 
temperature, loading or unloading rate and other 
factors on the strength evolution characteristics of 
coal and rocks. Nevertheless, they both ignored the 
time-dependent behaviors of coal or rocks. The 
damage stress, peak stress, residual stress and their 
corresponding time could be determined according 
to the time-dependent stress − strain curves, but 
several scholars believed that the accurate 
identification about crack initiation stress of coal 
and rocks could provide a theoretical basis to realize 
early warnings of rock burst in deep mines.

There were several methods to determine the 
crack initiation stress of coal and rocks, including 
the methods of acoustic emission, crack volumetric 
strain, axial strain difference and so on. And the 
crack volumetric strain method was selected to 

Table 2 Characteristics of damage stress

H/m

1000

1000

1000

1500

1500

1500

2000

2000

2000

σ3/MPa

6

13

20

6

13

20

6

13

20

σ1cd/MPa

70.1000

133.5000

—

72.4000

74.8000

138.5300

59.4000

101.9000

163.1500

ε1cd/%

0.4027

0.9432

—

0.4612

0.4092

0.7929

0.4929

0.6085

0.7466

εVcd/%

0.5443

1.1126

—

0.6843

0.9410

1.0623

0.6612

0.9043

0.8791

tcd/s

2138.9000

1921.5800

—

1837.0600

2279.2800

897.7130

2879.2900

3387.9700

4325.9000

Note: ε1cd, εVcd and tcd represent the axial strain, volumetric strain and time corresponding to the damage stress, respectively.

Table 3 Characteristics of peak stress

H/m

1000

1000

1000

1500

1500

1500

2000

2000

2000

σ3/MPa

6

13

20

6

13

20

6

13

20

σ1cf/MPa

103.3000

134.9000

127.6000

92.3000

122.2000

161.8300

69.5000

118.8000

183.8500

ε1cf/%

0.7663

1.0051

0.5391

0.7279

0.9525

1.1975

0.6649

0.9922

1.0519

εVcf/%

−0.2142

1.1244

0.7602

0.0990

0.1458

0.7855

0.2758

0.3398

0.4720

tcf/s

2592.8600

2135.5600

1666.3300

2155.0300

2933.2300

1135.7000

3371.2500

3981.9200

4695.8700

Note: ε1cf, εVcf and tcf represent the axial, volumetric strains and time corresponding to the peak stress, respectively.
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determine the initiation stress of sandstone due to 
the complexity of the loading stress path. 
Meanwhile, it was necessary to accurately 
determine the crack volumetric strain curves of 
sandstone under different working conditions to 
accurately determine the initiation stress of 
sandstone. Therefore, the following theoretical 
derivations were performed:

The volumetric strain of sandstone under the 
“three-stage” loading can be expressed as:

εV = ε1 + 2ε3 (1)

Besides, the volumetric strain can be also 
expressed as:

εV = εe
V + εp

V (2)

The axial and radial strains of sandstone under 
“three-stage” loading can be expressed as:

ì
í
î

ε1 = εe
1 + εp

1

ε3 = εe
3 + εp

3

(3)

According to the generalized Hooke’s law 
[39], the elastic axial and radial strains of sandstone 
under “three-stage” loading can be expressed as:

ì
í
î

εe
1 = (σ1 - 2μσ3 )/E

εe
3 =[(1 - μ)σ3 - μσ1 ]/E

(4)

Combining Eqs. (3) and (4), the plastic axial 
and radial strains of sandstone under “three-stage” 
loading can be expressed as:

ì
í
î

εp
1 = ε1 - (σ1 - 2μσ3 )/E

εp
3 = ε3 -[σ3 - μ(σ1 + σ3 )]/E

(5)

Moreover, according to Eq. (5), the elastic 
volumetric strain of sandstone under “three-stage” 
loading can be expressed as:

εe
V = εe

1 + 2εe
3 = (1 - 2μ)(σ1 + 2σ3 )/E (6)

Combining Eqs. (2), (3), (5) and (6), the crack 
volumetric strain of sandstone under "three-stage" 
loading can be expressed as:

εp
V = εV - εe

V = εV - (1 - 2μ)(σ1 + 2σ3 )/E (7)

In the above Eqs. (1)− (7), ε1, ε3 and εV are the 
axial strain, radial strain and volumetric strain of 
sandstone, respectively; εe

V and εp
V are the elastic 

volumetric strain and crack volumetric strain of 
sandstone, respectively; εe

1 and εp
1 are the elastic 

axial strain and plastic axial strain of sandstone, 
respectively; εe

3 and εp
3 are the elastic radial strain 

and plastic radial strain of sandstone, respectively; 
σ3 is the confining pressure, E and μ are the elastic 
modulus and Poisson ratio of sandstone, 
respectively.

The crack volumetric strain curves of 
sandstone at different simulated depths are shown in 
Figure 4. Therefore, the crack initiation stress and 
the corresponding axial, radial and volumetric strain 
of sandstone under different conditions can be  
obtained. The characteristics of crack initiation 
stress are presented in Table 5.
3.2.2 The relationship between characteristic stress 

and corresponding volumetric strain
According to the above analyses, combined 

with Tables 2 − 5, the fitting relationships of crack       
initiation stress, damage stress, peak stress and 
residual stress and corresponding volumetric strain 
of sandstone under the depth effect, confining 
pressure effect and time coupling were established. 
The corresponding fitting relationships are 
presented in Figures 5−12. Among them, the fitting 

Table 4 Characteristics of residual stress

H/m

1000

1000

1000

1500

1500

1500

2000

2000

2000

σ3/MPa

6

13

20

6

13

20

6

13

20

σ1cr/MPa

47.7000

102.2000

—

60.7000

79.3000

109.7300

43.3000

70.4000

85.0500

ε1cr/%

1.7743

1.4751

—

1.5112

2.3807

1.8375

1.1287

1.6949

1.7550

εVcr/%

−2.7546

1.4848

—

−1.5175

−3.2300

0.3650

0.0103

−0.9345

−0.2383

tcr/s

3882.7600

2693.8600

—

3095.3200

4669.2200

1520.5700

4351.0500

5439.8100

5545.1900

Note: ε1cr, εVcr and tcr represent the axial, volumetric strains and time corresponding to the residual stress, respectively.

4008



J. Cent. South Univ. (2022) 29: 4002－4020

relationships were limited in the range of                 
H∈ [1000 m, 2000 m] or the range of σ3∈ [6 MPa,     
20 MPa].

According to Figures 5−12, the fitting                  
relationships of crack initiation stress, damage 
stress, peak stress and residual stress and 
corresponding volumetric strain of sandstone under 
the effects of confining pressure, depth effect and 

time coupling were the functions of binary quadric 

surfaces, respectively.

Besides, as shown in Figures 5 − 8, the crack 

Table 5 Characteristics of the crack initiation stress

H/m

1000

1000

1000

1500

1500

1500

2000

2000

2000

σ3/MPa

6

13

20

6

13

20

6

13

20

σ1ci/MPa

47.40

66.00

—

65.70

62.20

129.23

56.50

95.40

154.75

ε1ci/%

0.2744

0.2956

—

0.4146

0.3372

0.7442

0.4578

0.6221

0.6120

εVci/%

0.5123

0.6058

—

0.6862

0.9456

1.0507

0.6904

0.9045

0.8865

tci/s

1982.91

1385.62

—

1783.06

2195.29

856.726

2831.29

3283.98

4255.90

Note: ε1ci, εVci and tci represent the axial, volumetric strains and time 
corresponding to the crack initiation stress, respectively.

Figure 4 Crack volumetric strain curves of sandstone at 
different simulated depths: (a) H=1000 m; (b) H=1500 m; 
(c) H=2000 m

Figure 5 Fitting relationship of crack initiation stress:     
(a) Confining pressure and time; (b) Depth and time
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Figure 6 Fitting relationship of damage stress: (a) Confining pressure and time; (b) Depth and time

Figure 8 Fitting relationship of residual stress: (a) Confining pressure and time; (b) Depth and time

Figure 7 Fitting relationship of peak stress: (a) Confining pressure and time; (b) Depth and time

4010
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Figure 10 Fitting relationship of volumetric strain corresponding to the damage stress: (a) Confining pressure and time; 
(b) Depth and time

Figure 11 Fitting relationship of volumetric strain corresponding to the peak stress: (a) Confining pressure and time;     
(b) Depth and time

Figure 9 Fitting relationship of volumetric strain corresponding to the crack initiation stress: (a) Confining pressure and 
time; (b) Depth and time
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initiation stress, damage stress, peak stress and 
residual stress of sandstone under different 
simulated depths and confining pressures exhibited 
the significant time-dependent characteristics, 
which evolved from weak time-dependent to strong 
time-dependent. Each strength relationship 
exhibited a significant critical boundary in the 
whole deformation process. The crack initiation 
stress, damage stress and peak stress of sandstone 
under the same simulated depth and confining 
pressure decreased with time in the weak time-
dependent range, while the opposite trends were 
observed with time in the strong time-dependent 
range. Additionally, despite the time-dependent 
ranges, the crack initiation stress, damage stress, 
peak stress and residual stress of sandstone at the 

same time increased with the increases of the 
simulated depth and confining pressure. Therefore, 
the effects of confining pressure and depth effect 
were significant. It was consistent with the 
characteristics that the bearing capacity of roadway 
surrounding rocks in deep mines decreased with the 
continuous extension of time. Then, it showed the 
obvious external characteristics of large 
deformation, difficult maintenance and strong time-
dependent. It indicated that the time effect 
significantly affected the strength and bearing 
capacity of the roadway surrounding rocks in deep 
mines at different deformation stages.

As shown in Figures 9− 12, the fitting       
correlation coefficients of the volumetric strain 
corresponding to the strength thresholds were not 
similarly to 1. Nevertheless, the evolution 
characteristics of the volumetric strain and strength 
were consistent. A significant correlation was 
observed between the volumetric strain evolution 
characteristics of sandstone and the time effect at 
different simulated depths and confining pressures. 
It indicated that the deformation and bearing 
capacity of the roadway surrounding rocks in deep 
mines were closely related to the time effect.

Therefore, the time effect of the surrounding 
rocks in deep roadway during the whole 
deformation process needs to be focused on. 
Besides, the evolution relationship of strength and 
corresponding volumetric strain of sandstone under 
the new stress path should be established because it 
could provide a certain reference for the stability 
control of surrounding rocks in deep mines.

3.3 The relationships amang the cohesion, 
internal friction angle and simulated depth
To further analyzed the deformation and failure 

mechanism of sandstone under the new stress path, 
the stress experienced by the sandstone in each 
deformation stage under different working 
conditions was extensively analyzed. Besides, the 
Mohr stress circle and its envelopes of sandstone 
corresponding to different stages were determined. 
And the basic strength parameters (cohesion and 
internal friction angle) of sandstone under the new 
stress path were obtained. The details are shown in 
Figure 13.

As shown in Figure 13, the Mohr stress circles 
of sandstone at different simulated depths exhibited 

Figure 12 Fitting relationship of volumetric strain 
corresponding to the residual stress: (a) Confining 
pressure and time; (b) Depth and time

4012



J. Cent. South Univ. (2022) 29: 4002－4020

different degrees of lateral transition, which was 

closely related to “three-stage” stress path. In stage 

I, a constant deviatoric stress of 4 MPa was ensured 

to realize the recovery of initial high in-situ stress 

state of sandstone with hydrostatic pressure. 

Therefore, the radius of the Mohr stress circle of 

sandstone decreased, and the center of the Mohr 

stress circle was located far from the origin under 

different working conditions in stage I. In stage II, 
the axial stress remained constant with continuous 
unloading of the confining pressure. Therefore, the 
radius of the Mohr stress circle of sandstone 
increased, and the center of the Mohr stress circle 
approached the origin sequentially under different 
working conditions in stage II. A larger unloading 
amount of the confining pressure corresponded to 
the smaller radius of Mohr stress circle was; a larger 
deviation of the center of the circle from the origin 
occured. In stage III, the confining pressure was 
kept constant. Meanwhile, continuous loading of the 
axial pressure was applied on sandstone. Therefore, 
the radius of the Mohr stress circle of sandstone 
increased with the increase of the confining 
pressure. And the location of the center of the Mohr 
stress circle was located farther from the origin with 
the increase of the confining pressure under 
different working conditions. Besides, the internal 
friction angle (φ) and cohesion (C) of sandstone 
corresponding to different simulated depths are 
presented in Table 6.

As shown in Table 6, the internal friction angle 
of sandstone increased with increasing the simulated 
depth. However, the cohesion of sandstone 
decreased with increasing the simulated depth, and 
the deep effect was significant.

As shown in Figure 14, the whole process of 
sandstone deformation can be divided into four 
stages. And the four stages were the elastic 
deformation (stage Ⅰ), crack stable growth (stage Ⅱ), 
crack unstable growth (stage Ⅲ) and post-peak 
strain softening (stage Ⅳ), respectively. 
Additionally, relevant studies have shown that the 
whole deformation process of rocks under external 
loads was a cohesive-weakening-frictional-
strengthening (CWFS) process [46-49]. And the 
CWFS model can reflect the gradual deformation 
evolution process of around underground 
engineering openings. In stage Ⅰ , values of the 
cohesive strength and frictional strength were the 

Table 6 Cohesion and internal friction angle of sandstone 
under different simulated depths

H/m

1000

1500

2000

C/MPa

18.97410

13.46424

5.33648

φ/(°)

39.206

43.599

49.479

Figure 13 Mohr stress circle and its envelope of 
sandstone at different simulated depths: (a) H=1000 m; 
(b) H=1500 m; (c) H=2000 m
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value of initial cohesion and 0. In stage Ⅱ , the 
cohesive strength and frictional strength were 
increased, but the increasing rate of cohesive 
strength was higher than frictional strength, which 
results in the cohesive strength of the around 
underground engineering openings in the stage Ⅱ 
was dominant. However, in stages Ⅲ and Ⅳ , the 
bearing capacity of around underground engineering 
openings was composed of the cohesive strength 
and frictional strength, but the frictional strength 
was dominant, and the reduced cohesion was 
transformed into residual cohesion.

Additionally, the simulated depth was 
corresponding to the initial state of high in-situ 
stress. The deeper the simulated depth was, the 
higher the corresponding initial high in-situ  stress 
was. In addition, the unloading degree of the same 
confining pressure in the stage of constant axial 
pressure-unloading confining pressure was higher, 
which made the radial damage of sandstone severer,
and the cohesion dropped faster with a deeper 
simulated depth of sandstone in equal time. 
Therefore, the cohesion decreased with the 

increases of the simulated depth.
Similarly, the internal friction angle 

corresponded to the internal friction strength. The 
larger the internal friction angle was, the severer the 
sandstone failure was, and the lower the cohesion 
bearing capacity was. The deeper the simulated 
depth was, the higher the degree of unloading the 
same confining pressure of the corresponding 
sandstone in stage II was, and the severer the radial 
damage of sandstone was in stage III. As a result, 
the internal friction angle increased with the 
increase of the simulated depth.

3.4 Dilatancy and volumetric recovery
The results indicated the volumetric strain of 

sandstone underwent a complex deformation 
process under different working conditions with the 
new stress path. Therefore, the dilatancy and 
volumetric recovery phenomena during the whole 
deformation process of sandstone under different 
working conditions need to be extensively analyzed 
(see Figure 15).

As shown in Figures 15(a) and (b), as the 
increase of the axial stress, the volume expansion 
and ductility expansion in stage III of volumetric 
strain curve of sandstone were observed (type ①). 
However, as shown in Figures 15(b) and (c), as the 
increase of the axial stress, the volume expansion 
and volume recovery after yielding in stage III of 
volumetric strain curve of sandstone were first 
observed (type ②). Among them, the starting point 
of volume recovery after yielding was called the 
volume recovery point. And as shown in           
Figure 15(a), there was no volume recovery point or 
expansion phenomenon in stage III of volumetric 
strain curve during the whole deformation process 
(type ③).

Additionally, the dilatancy onset and 
volumetric recovery onset of sandstone at different 
simulated depths occurred in prepeak and postpeak 
regions of the stress− strain curve respectively, and 
the details could be seen Table 7.

To further characterize the dilatancy and 
volumetric recovery phenomena, the data in Table 7 
were reprocessed, and the corresponding data could 
be seen Table 8. Among them, the ratio of the 
damage stress to the peak strength, σcd/σcf, the ratio 
of the volumetric recovery stress to the peak 

Figure 14 Relationship between CWFS model and field 
engineering application [46−49] (Note: Ci and Cr are the 
initial cohesion and residual cohesion, respectively; εc 
and εf are the plastic strains when the frictional strength 
and cohesive strength reached to the points D and F, 
which are the ultimate values of frictional strength and 
cohesive strength, respectively. εr is the residual axial 
strain corresponding to the residual stress)
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strength, σcg/σcf, and ratios of their corresponding 

time, tcd/tcf, tcg/tcf, were obtained.

According to the Table 8, the location of the 

volumetric recovery onset was at 67.8%−89.2% of 

that of the peak stress, and the taken time was 1.08−
1.34 times the time required to attain the peak 

stress. And the location of the dilatancy onset was at 

61.2% − 88.7% of that of the peak stress, and the 

taken time was 77.7% − 92.1% times the time 

required to attain the peak stress (see Table 8).

Additionally, to further analyzed the 

mechanical mechanism of the dilatancy and 

volumetric recovery of sandstone, the corresponding 

analyses were as follows (see Figure 16). Due to the 

recovery of initial high in-situ stress state in stage I, 

the axial and radial compression deformation of 

sandstone occurred in stage I (corresponding to     

Δh1 and Δr1, respectively, see Figure 16). 

Table 7 Dilatancy onset and volumetric recovery onset of volumetric strain curves at different working conditions

H/m

1000

1000

1000

1500

1500

1500

2000

2000

2000

σ3/MPa

6

13

20

6

13

20

6

13

20

σcd/MPa

70.1000

—

—

72.4000

74.8000

138.5300

59.4000

101.9000

163.1500

εVC/%

0.5443

—

—

0.6843

0.9410

1.0623

0.6612

0.9043

0.8791

tcd/s

2138.9000

—

—

1837.0600

2279.2800

897.7130

2879.2900

3387.9700

4325.9000

σcg/MPa

—

—

—

—

—

109.7300

62.0000

84.7000

138.2500

εVrecovery/%

—

—

—

—

—

0.3637

−0.0649

−0.9715

−0.4490

tVrecovery/s

—

—

—

—

—

1521.5700

3559.2400

5055.8400

5069.8400

Figure 15 Axial-volumetric strain curves of 
sandstone under different simulated depths:   
(a) H=1000 m; (b) H=1500 m; (c) H=2000 m
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Correspondingly, the numerous internal primary 

pores and cracks of sandstone were compacted 

closely. Therefore, it could result in the sandstone 

gradually transforming to a nearly rigid body. In 

stage II, with the constant axial pressure and 

unloading of the confining pressure to a certain 
value, the radial expansion deformation of 

sandstone occurred. And the notable axial 
compression phenomena (corresponding to Δh2 and 

Δr2, respectively, see Figure 16) were observed. 

According to the strength theory of Griffith, 

unloading the confining pressure weakened the 

radial inhibition effect in stage II. This caused the 

previously compacted cracks to re-open, and even 

Table 8 The results of reprocessing data of dilatancy onset and volumetric recovery onset

H/m

1000

1000

1000

1500

1500

1500

2000

2000

2000

σ3/MPa

6

13

20

6

13

20

6

13

20

σcd/σcf

0.679

—

—

0.784

0.612

0.856

0.855

0.858

0.887

tcd/tcf

0.825

—

—

0.853

0.777

0.790

0.854

0.851

0.921

σcg/σcf

—

—

—

—

—

0.678

0.892

0.713

0.752

tVrecovery/tcf

—

—

—

—

—

1.340

1.056

1.270

1.080

Note: In Tables 7 and 8, H is the simulated depth; σ3 is the confining pressure; σcd, σcf, and σcg denote the damage stress, peak stress and 
volumetric recovery stress corresponding to the volumetric recovery onset of sandstone under different working conditions, respectively; εVc, 
tcd, εVrecovery and tVrecovery represent the volumetric strain and time corresponding to the dilatancy onset and volumetric recovery onset, 
respectively.

Figure 16 Mechanical mechanism of dilatancy and volumetric recovery of sandstone (Note: τ and σt represent the shear 
stress and tensile stress, respectively; h, σ1 and σ3 represent the initial height of sandstone, initial axial stress and initial 
confining pressure, respectively; σ3 represent the confining pressure after unloading. Δh1 and Δr1 represent the axial 
compression deformation and radial compression deformation, respectively. Δh2 and Δr2 represent the axial compression 
deformation and radial expansion deformation, respectively. Δr3 represents the radial deformation with first dilatancy 
then recovery or continuously dilatancy.)
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increases in the number and size (corresponding to 
the evolution characteristics of the internal cracks of 
sandstone, see Figure 16). Tensile stress developed 
around the cracks with increasing aperture. Then, 
the highly concentrated stress caused the axial 
deformation of sandstone. And it could lead to the 
axial compression and an increase in the axial strain.

After entering stage III, owing to the increased 
size of the internal pores and cracks of the 
sandstone, secondary compression occurred along 
with tensile extension, dislocation and nucleation. 
As shown in Figures 15 and 16, the dilatancy 
produced in the sandstone occurred owing to the 
enhanced reinforcement effect of axial loading in 
stage III (corresponding to Figure 16). And there are 
many new internal cracks and expanding growth 
occurrs under the sustained high axial stress loading 
after entering stage III(a). Besides, as shown in 
Figures 15 and 16, the volumetric strain curves of 
sandstone exhibited the characteristic of volumetric 
recovery after producing the dilatancy phenomenon 
at the simulated depth of 1500 m, confining 
pressure of 20 MPa, and simulated depth of 2000 m 
after entering stage III(b). Many collapsed particles 
were present in the macroscopic cracks produced in 
the sandstone, and the high confining pressure 
inhibited the outward expansion and extrusion of 
the collapsed particles in the macroscopic cracks. 
Furthermore, the continuous action of the axial 
loading would further compact the collapsed 
particles in the macroscopic cracks of sandstone, 
even leading to the secondary granulation of the 
collapsed particles in the macroscopic cracks of 
sandstone and it reduced the volume and space of 
the collapsed particles in the macroscopic cracks of 
sandstone. As a result, the volume of sandstone 
exhibited the notable volumetric recovery 
phenomenon.

4 Discussion

Considering the results of sandstone obtained 
in the “three-stage” triaxial loading and unloading 
mechanics tests, the time-dependent behaviors of 
sandstone were extensively analyzed under the new 
stress path. Meanwhile, the cohesion and internal 
friction angle of sandstone were obtained at 
different simulated depths. Nevertheless, the results 

and conclusions were preliminary due to the limited 
test data. Therefore, the following aspects need to 
be further emphasized and discussed.

First, compared with the conventional triaxial 
mechanical test, the “three-stage” stress path could 
more highly match the in-situ stress distribution 
characteristics of the roadway surrounding rocks in 
deep mines during the whole instability process 
from pre-excavation to post-excavation in terms of 
the evolution relationship between strength and 
corresponding volumetric strain. Furthermore, the 
evolution relationship between strength and 
volumetric strain considered the corresponding time 
at different strength thresholds. It could provide a 
certain reference to determine the reasonable 
supported time in deep mines. Besides, the data of 
experimental test obtained were limited, and the 
correlation coefficients were not close to 1. 
However, the concept of time could not only limit to 
the research on the rheological properties of coal 
and rocks, but also should gradually focused on the 
transforming to the non-rheological characteristics 
of the rock mechanics [50]. It could provide more 
valuable references and theoretical basis for the 
prevention, early warning and monitoring in deep 
mines.

Second, the cohesion and internal friction 
angle of sandstone were related to the depth effect. 
Therefore, on the research of deep rock mechanics, 
one should fully consider the characteristics of in-
situ stress distribution of coal and rocks in different 
buried depth strata. And then the initial high in-situ 
stress state reduction before conducting the rock 
mechanical tests should be conducted. It could  
make the experimental conclusions reflect more 
accurately the deep engineering phenomena.

Third, the different types of volumetric strain 
curves of sandstone were obtained. Nevertheless, 
the evolution characteristics of volumetric strain at 
different simulated depths demonstrated that the 
phenomenon of volumetric recovery mainly 
occurred in the roadway with the depth of over      
1000 m. Especially, sandstone at simulated depth of 
2000 m was more likely to exhibit the phenomenon 
of volumetric recovery. The phenomenon could be 
primarily attributed to the effect of axial pressure. 
Meanwhile, the collapsed particles in the 
macroscopic cracks of sandstone produced 
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secondary granulation, which decreased the volume 
and space of the collapsed particles in the 
macroscopic cracks of sandstone.

5 Conclusions

Series of experiment have been conducted to 
study the strength evolution law and volumetric 
recovery phenomenon of sandstone. Based on the 
experimental results, some conclusions are given as 
follows:

1) The crack initiation stress, damage stress, 
peak stress and residual stress of sandstone at 
different simulated depths and confining pressures 
exhibited significant time-dependent evolution 
characteristics.

2) The internal friction angle of sandstone 
under the simulated depths of 1000, 1500 and      
2000 m were 39.206°, 43.599° and 49.4793°, 
respectively, while the cohesions at different 
simulated depths were 18.97410, 13.46424 and 
5.33648 MPa, respectively. With the increasing of 
simulated depth, the internal friction angle of 
sandstone increased, but the cohesion of sandstone 
decreased.

3) There were three types of volumetric strain 
curves of sandstone based on the idea of the initial 
high in-situ stress state recovery according to the 
full-life cycle evolution characteristics of 
surrounding rocks in deep mines (pre-excavation, 
excavation and post-excavation). Among them, as 
the increase of the axial stress, the volume 
expansion and ductility expansion in stage III of 
volumetric strain curves of sandstone were observed 
(type ①). However, as the increase of the axial 
stress, the volume expansion and volume recovery 
after yielding in stage III of volumetric strain   
curves of sandstone were first observed (type ②). 
Furthermore, the starting point of volume recovery 
after yielding was called the volume recovery point. 
Besides, there was no volume recovery point or 
expansion phenomenon in stage III of volumetric 
strain curve during the whole deformation process 
(type ③).

4) The dilatancy onset and volumetric recovery 
onset occurred in the pre peak and post peak    
regions of the stress − strain curve. Meanwhile, the 
location of the volumetric recovery onset was at 

67.8% − 89.2% of the peak strength, and the time 
taken was at 1.08− 1.34 times the time required to 
attain the peak strength.
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(Edited by ZHANG Ou-ya)

三轴加卸载下砂岩的时效行为及体积恢复

摘要摘要：：煤和岩石的时效力学行为往往很容易被忽略。为此，根据深部矿井围岩开挖前、开挖中和开挖

后的全生命周期演化特征，基于初始高地应力状态恢复理论，对砂岩进行了“三阶段”三轴加卸载力

学试验，获得了砂岩随时间变化的应力−应变曲线，构建了砂岩的变形和强度随时间的拟合关系，揭

示了砂岩扩容和体积恢复的力学机制。结果表明：1)砂岩的变形与强度具有显著的时效演化特征；2)
内摩擦角、内聚力与模拟深度具有显著的相关性；3)首次发现了砂岩的体积应变曲线出现“复容”现

象，且该现象主要发生在模拟深度为 2000 m处。上述研究结论可为深部矿井围岩稳定控制提供理论

依据。

关键词关键词：：初始高地应力状态；砂岩；时效行为；深部效应；体积恢复
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