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Abstract

For the stability evaluation of excavation engineering located in reservoirs, the combined effect of pore water pressure P
and axial stress level ASL on the unloading mechanical properties of rocks is significant to study. The loading and unloading
tests were performed on the sandstone under different Ps and ASLs, and a novel method was proposed for evaluating the
damage degree caused by the P and the unloading of confining stress during the unloading process of samples. The results
showed that the strength and the unloaded amount of the sandstone decrease with the applied ASL and P. The area of cracks
generated during the unloading increases with the P and ASL, indicating a higher damage degree under higher P and ASL.
The development orientation of the crack is more inclined to the unloading direction under lower ASL and P, due to a larger
unloading amount. The damage degree caused by the unloading of confining stress is higher under lower ASL, while the
effect of P on the damage degree of samples is greater under higher ASL. It demonstrates that the developed method can be
used for evaluating the damage degree of rocks during the unloading process, especially caused by the pore water pressure,

while the traditional method cannot.
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Introduction

With the development of various engineering related to the
excavation of rock mass, e.g., tunnels and excavation rock
slopes, the unloading mechanical properties of rocks are
significant to be studied for evaluating the stability of these
excavation constructions. Li and Ha (1997) firstly pointed
out the differences in mechanical properties of rocks in load-
ing and unloading conditions, showing the significance of
studying the unloading mechanical behaviors of rocks. It was
found that the porosity, permeability, and cohesion of rock
are smaller, while the friction angle is larger in the unload-
ing condition compared with those in the loading condition
(Wang et al. 2017, 2019; Zhang et al. 2020). Especially, in
unloading condition, the deformation behavior of rock shows
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an obvious lateral expansion, the rock strength decreases
with the increase of the unloading amount, and the failure
pattern changes from compression-shear to tensile-shear
(Liu et al. 2017; Wen et al. 2018; Zhang et al. 2021).

In recent years, some research focused on various influ-
ence factors on the unloading mechanical properties of
rocks. For the applied initial confining stress before unload-
ing, it was found that with the increase of the initial con-
fining stress, the peak strength, lateral deformation, defor-
mation modulus, and crack damage thresholds of rocks
increase (Zhou et al. 2018; Liu et al. 2020), while the poros-
ity and permeability decrease (Wang et al. 2020), and the
failure mode changes from shear-tensile to tensile failure
(Xu et al. 2019); furthermore, Zhao et al. (2020) and Chen
et al. (2020a) proposed that as the initial confining stress
increases, the increment of lateral strain of rock is larger
than that of the axial strain. For the unloading rate, with
the decrease of the unloading rate, the peak strength and
the lateral deformation of rock increases (Deng et al. 2017;
Li et al. 2017, 2019a), while the permeability decreases
(Zhao et al. 2020), and a more obvious relaxation behavior
of the rock sample is occurred (Yang et al. 2017), the fail-
ure mode changes from plastic to brittle pattern (Ren et al.
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2021). For the unloading stress paths, Zhao et al. (2015) and
Rong et al. (2020) pointed out that the strain growth rate and
the peak strength were the largest under increasing axial
stress during the unloading of confining stress, followed
by a constant axial stress, then an unloading axial stress.
For the water content, Wang et al. (2022) observed that the
peak deviatoric stress of fractured rock decreases, and the
elastic deformation is shortened while the yield deformation
becomes more obvious during the unloading process. For
the sample size, as the increase of height-to-width ratio of
rock sample, it was found that the peak unloading strength
of rock decreases, and the failure mode changes from tensile
failure to shear failure (Li et al. 2017; Chen et al. 2020b). For
the flaw inclination angle, Li et al. (2019b) pointed out the
unloading strengths of the pre-flaw rock samples decrease
with the increase of the flaw angle with the axial stress direc-
tion ranging from 0° to 90°. For the joint direction, Liu et al.
(2016) showed that the peak deviatoric stress of mica-quartz
schist is larger when the joint direction is parallel to the
axial direction, compared to that perpendicular to the axial
direction. In general, many research demonstrate the influ-
ence of initial confining stress, unloading rate, unloading
stress paths, water content, sample size, flaw angle, and joint
direction on the unloading mechanical properties of rocks
are non-negligible.

Furthermore, some researches also pointed out the signifi-
cance of the effect of pore water pressure and the axial stress
level ASL on the unloading mechanical properties of rocks.
Liu et al. (2020) suggested that the crack damage thresholds
decrease with the pore water pressure, a more obvious volu-
metric expansion and yield failure occurred under a higher
pore pressure. Wang et al. (2022) found the compressive
strength and the elastic modulus of the fractured rock mass
both have a reduction of 20% and 14% when the applied
pore water pressure increases from 0.5 to 2.0 MPa, due to
the hydraulic fracturing are easily formed between micro-
cracks. Liu et al. (2017) found the peak strength of sandstone
decrease with the applied axial stress level ASL, more spe-
cially, the friction angle has a reduction of 10%-15% with the
applied ASL reducing 10%, and a more obvious brittle defor-
mation and dilatation characteristics of the rock are observed
under a lower ASL. Cong et al. (2020) suggested the peak
bearing capacity of the rock is lower, and the fluctuations in
strain energy is more significant under a lower ASL. Rong
et al. (2021) observed that the fragmentation degree of the
rock increase with the ASL, and more cracks generated by
shear failure of bonds between particles. In conclusion, the
previous researches indicated the influence of water pore
pressure and the axial stress level on the unloading mechani-
cal properties is great.

In the abovementioned researches, most of the studies
focused on the unloading rate, stress path, etc. Some research
also focused on the influence of water pore pressure or axial
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stress level. Few studies pay attention to the combined effect
of the pore water pressure and the axial stress level on the
unloading mechanical properties of rock mass. However, for
the excavation engineering located in the reservoir with dif-
ferent depths, it is necessary to study the coupling effect of
water and the initial axial stress on the unloading mechanical
properties of rock mass, for providing scientific basis for the
stability evaluation of the excavation engineering.

In this paper, the sandstone obtained from the Three
Gorges Reservoir, China, was taken as the studied object.
The triaxial tests were performed to provide a basis of the
determination of axial stress level ASL for the unloading
tests. The unloading mechanical properties and the internal
structure damage of sandstone under different ASLs and pore
water pressures were analyzed in detail by carrying out the
trixial unloading tests and nuclear magnetic resonance scan.
Furthermore, a novel method was proposed, based on the
unloading strength and the strength parameters obtained by
loading tests, for evaluating damage degree caused by the
pore water pressure and the unloading of confining stress
during the unloading process. Finally, the effect of pore
water and ASL on the damage degree of sandstone during
the unloading process was analyzed.

Materials and laboratory tests
Sandstone samples

The studied sandstone was obtained from the Three Gorges
Reservoir, China. It is a sericite medium-grained quartz
sandstone, composing of quartz, mica, and feldspar. The
average value of dry density of the sandstone is 2.622 g/
cm? and its specific gravity is 2.729. 300 sandstone cylinder
samples with a diameter of 50 mm and a height of 100 mm
were prepared, and the wave velocities of the samples were
measured by a sonic wave tester. The samples with simi-
lar wave velocities were selected for removing the effect of
dispersion of samples on the test results (Fig. 1). Based on
the selected value of wave velocity of samples, 64 samples
were selected for the tests, 40 of them are necessary for
the designed tests, and other 24 samples are spare samples
for performing the repeated tests when the test results are
unreasonable.

Triaxial loading and unloading tests

In order to study the influence of pore water pressure on the
sandstone under different axial stress levels (ASL), loading
and unloading tests were performed by a multifunctional
rock triaxial test system (Fig. 2). The water pressure can be
applied on the bottom of samples.
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Fig.2 Multifunctional rock triaxial test system

The different confining stresses o3 and water pressures Ps
were applied in the loading tests, as summarized in Table 1.
The confining stress was firstly applied to a target value
with a velocity of 0.1 MPa/min; then, the water pressure
was applied on the bottom of the sample to a predicted value
with a velocity of 0.01 MPa/min. After holding the water
pressure stable at the target value for 30 min, the axial stress
was gradually applied with 1.2 MPa/min until the sample
was destroyed.

Different axial stress levels ASLs and pore water pres-
sures Ps were considered in the triaxial unloading tests, as
listed in Table 2. The applied confining stress and water

Table 1 Triaxial loading tests

Sample ID o3 P Samples ID o5 P

#5-1 S5MPa OMPa  #15-1 15MPa 0 MPa
#5-2 0.3MPa #15-2 0.3 MPa
#5-3 0.6 MPa  #15-3 0.6 MPa
#5-4 09MPa #15-4 0.9 MPa
#5-5 1.2MPa #15-5 1.2 MPa
#10-1 10MPa OMPa  #20-1 20 MPa 0 MPa
#10-2 0.3 MPa #20-2 0.3 MPa
#10-3 0.6 MPa  #20-3 0.6 MPa
#10-4 09 MPa #20-4 0.9 MPa
#10-5 1.2MPa #20-5 1.2 MPa

Table 2 Triaxial unloading tests

Sample ID  ASL P Sample ID  ASL P

#30-1 30%  0MPa #70-1 70% 0 MPa

#30-2 0.3MPa  #70-2 0.3 MPa
#30-3 0.6 MPa  #70-3 0.6 MPa
#30-4 09MPa  #70-+4 0.9 MPa
#30-5 1.2MPa  #70-5 1.2 MPa
#50-1 50%  0MPa #90-1 90%  0MPa

#50-2 0.3MPa  #90-2 0.3 MPa
#50-3 0.6 MPa  #90-3 0.6 MPa
#50-4 09MPa  #90-+4 0.9 MPa
#50-5 1.2MPa  #90-5 1.2 MPa

pressure are the same as those in the loading tests. Then,
the axial stress was also applied with 1.2 MPa/min to reach
a predicted value of S=S§,,,, XASL, where S, is the peak
axial stress measured in the loading tests under the same
confining stress and water pressure. Finally, the axial stress
was unchanged and the confining stress was unloaded with
a velocity of 0.1 MPa/min until the sample was destroyed.

Loading mechanical properties of sandstone
Deviatoric stress

The responses of deviatoric stress (6,-03) versus axial strain
g, of sandstone samples under different pore water pressures
are shown in Fig. 3. When the applied confining stress o,
is the same, the values of &, of sandstone samples asso-
ciated with the deviatoric stress reaching the peak values
increase with the P. It indicates the failure pattern of the
sandstone sample changes from brittle to plastic failure
with the increase of P. It also shows a more remarkable
plastic deformation of samples under higher P. The reason
is the damage degree of the sample is higher during the
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Fig.3 a-d Deviatoric stress-axial strain curves under different pore water pressures and confining stresses

plastic deformation process under a higher applied P. When
the cracks begin to generate in the rock during the plastic
deformation, the applied water pressure leads to the water
entering the crack and promoting the development of cracks,
especially when the P is higher.

As illustrated in Fig. 4, the peak values of deviatoric
stress of samples all decrease linearly with the P; how-
ever, different effect degrees of P on the peak stresses are
observed in different confining stress conditions. The reduc-
tion magnitudes of peak stresses are larger under lower o
(i.e., 5 MPa and 10 MPa), indicating the influence of P is
greater when the confining stress is higher during the triaxial
loading process.

Shear strength parameters
According to the Mohr—Coulomb strength criterion, the
cohesion and friction angle of samples under different Ps

are obtained (Fig. 5). With the increase of P, the cohesion
and friction angle both decrease. The cohesion of samples
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Fig.4 Relationship of the peak deviatoric stress and pore water pres-
sure under different confining stresses



Bulletin of Engineering Geology and the Environment (2024) 83:150

Page50f13 150

Fig.5 a, b Shear strength 27
parameters of sandstone .

samples 261 \
25t

24

23 -

Cohesion (MPa)

22 F

21

20 L L L L

48 -

S~

46 ]

N

nt —

- & \

38 -

Friction angle (°)

L L 36 1 1 1 1 1 1 1

0.0 0.2 0.4 0.6

Pore water pressure P (MPa)

(a) cohesion

decreases from 26.4 to 21.4 MPa with the increase of
1.2 MPa of the P, and the reduction ratio of cohesion reaches
18.9%. The friction angles of samples decrease linearly with
the increase of P, 19.1% reduction of friction angle with
increasing 1.2 MPa P. It demonstrates the increase in P
greatly reduces the friction angle and cohesion of sandstone
under loading condition, and the influence of P on the fric-
tion angle is the same as that on the cohesion.

Unloading mechanical properties
under different water pressures

Deviatoric stress

The increment of deviatoric stress F=A(o,-03) is used for
describing the evolution of deviatoric stresses of samples
during the unloading process. As shown in Fig. 6, when the
ASL is 30%, the samples were destroyed until o3 was almost
fully unloaded at lower P (i.e., 0 MPa and 0.3 MPa). And the
same phenomenon is also observed on the sample without
applying P when the ASL reaches 50%. However, the sam-
ples are destroyed during the unloading process for samples
under larger ASL (i.e., 70% and 90%), and in the 30% and
50% ASL cases under higher P. It is because the crack gener-
ated during the loading process is less in the lower ASL and
P conditions, making the rock difficult to destroy during the
unloading of 5 MPa confining stress.

For the same ASL, the peak value of F decreases with the
pore water pressure, and the deformation modulus of sam-
ples also has a reduction. The reduction of F caused by the
increase of pore water pressure is larger under higher ASL.
This is because the axial stress applied before the unloading
is higher under higher ASL, leading to more cracks gener-
ated along the axial direction during the loading process.
As such, when the water pressure is applied in the axial
direction, the water can interact with the internal crack of
rocks. For more cracks generated under higher ASL, the area

0.8 1.0 12 0.0 0.2 0.4 0.6 0.8 1.0 12

Pore water pressure P (MPa)

(b) friction angle

of water pressure acting on the crack is larger, higher dam-
age degree occurs. Therefore, the influence of pore water
pressure is greater on the reduction of F in the higher ASL
conditions.

When the P is the same, the peak value of F decreases
rapidly with the ASL increasing from 30 to 90%, and the fail-
ure pattern changes from brittle to plastic failure pattern. The
reduction of F caused by the increase of ASL is also larger
under higher P. This phenomenon indicates that the dam-
age of the rock internal structure caused by the pore water is
greater under a higher P. It leads to a more obvious plastic
deformation and a lower bearing capacity of sandstone in
the higher P conditions.

Unloading amount

In order to analyze the influence of P and ASL on the unload-
ing strength of samples, the unloading amount of confining
stress d is introduced for evaluating the unloading strength
as follows:

d=o) -0, 1))
where the ag and the 6; are the confining stress before the
unloading and at failure, respectively. The larger the d is, the
larger the unloading strength of the sample is.

As shown in Fig. 7, when the ASL is the same, the d
values of samples decrease with the increasing P, and the
reduction magnitudes are 10.49%, 20.66%, 45.84%, and
73.07% under different axial stress levels (i.e., 30% ASL,
50% ASL, 70% ASL, and 90% ASL), respectively. It indicates
that the effect of P on the unloading strength is greater under
a higher ASL. In the same P condition, the d has a reduction
of 51.14%, 63.23%, 70.41%, 76.23%, and 85.30% with the
ASL increasing from 30 to 90%. It shows the effect of ASL
on the unloading strength under higher P is greater. It is
because more cracks generated during the loading process
when higher ASL and P were applied on the rock samples,
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giving rise to the damage during the unloading of confining
stress is easier and the sample will destroy under a smaller
unloading amount.

Moreover, the influence of P is greater than the ASL under
lower ASLs (i.e., 30% and 50%), while the influences of ASL
and P on the unloading strength of the samples are almost
the same under higher ASLs (i.e., 70% and 90%). For the
rock sample suffered lower axial stress before the unload-
ing, e.g., the applied axial stress is less than 50% of the peak
stress, the damage of rock internal structure is not obvious
and the generated cracks are few. As such, the damage of
rock sample has no obvious increment with the increase of
ASL when the level is lower than 50%. It leads to the influ-
ence of ASL on the unloading amount is small when the ASL
is less than 50%. However, when the applied axial stress
before the unloading is higher than 50%, the rock sample
experienced obvious internal structure damage; the deforma-
tion changes from elastic deformation to plastic deformation.
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Therefore, the damage degree of rock sample will increase
with the ASL when the level is higher than 50%. And the
influence of increasing ASL on the unloading amounts of
samples is great when the ASL is higher than 50%.

Strain confining compression compliance

In order to analyze the influence of the ASL and P on the
axil deformation of samples during the unloading stage, the
axial strain confining stress compliance Ag/ is introduced
for evaluating the effect degree, defined as the ratio of the
axial strain increment Ag, to the confining stress unloading
increment Ao as follows (Qu et al. 2010; Huang et al. 2013):

Ag’ A‘gl
€= Ao, @)
The A€’ represents the increment of axial strain caused
by the unloading of confining stress, the larger A¢’ indicates
a greater effect of the unloading on the axial deformation.
As shown in Fig. 8, the A¢’ increases with the P and ASL,
suggesting the effect of the unloading of confining stress is
greater under higher P and ASL. For different axial stress
levels (i.e., 30% ASL, 50% ASL, 70% ASL, and 90% ASL),
the Ae’ of samples has an increase of 116.40%, 134.73%,
141.87%, and 153.35% as P increasing from O to 1.2 MPa,
respectively. It indicates the influence of pore water pressure
on the axial deformaition of sample is greater under higher
ASL. The A¢’ of samples under different Ps (i.e., 0 MPa,
0.3 MPa, 0.6 MPa, 0.9 MPa, 1.2 MPa) respectively has an
increment of 161.10%, 169.89%, 215.40%, 222.37%, and
232.64% with ASL changing from 30 to 90%. It demon-
strated that the greater effect of ASL on the axis deforma-
tion of samples in a higher P condition. Furthermore, the

30% axial stress level
50% axial stress level
70% axial stress level
90% axial stress level
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Fig. 8 Axial strain confining stress compliance of samples under dif-
ferent axial stress levels and pore water pressures

influence degree of P is smaller than that of ASL on the axis
deformation of samples.

It is because the deterioration degree of the rock internal
structure increases with P and ASL, leading to the develop-
ment of more cracks. Therefore, a larger axial and lateral
deformation occurred under higher applied P and ASL, char-
acterized by a more obvious expansion phenomenon. The
increase of ASL during the loading process will lead to the
increase of crack area along the axial direction, especially
under higher ASL. As such, more rock internal cracks can
interact with the water, and the influence of pore water pres-
sure will be more obvious under higher ASL.

Crack distribution characteristics

The rock samples were scanned by MacroMR12-150H-1
Large aperture nuclear magnetic resonance (NMR) Imaging
System (Core Analysis and Imager) in the Rock Laboratory
of China Three Gorges University. As shown in Fig. 9, the
rock sample was put in a cylindrical metal tube and scanned
by using the NMImaging-V1 software. The scanned cross
and longitudinal sections of rock samples are also exhibited
in Fig. 9.

Figure 10 and Fig. 11 show the section images of rock
samples obtained by the NMR scan, and the marking images
of internal cracks under different Ps and different ASLs. The
white portion in the NMR image represents the water distri-
bution in the samples in a saturated state and can be used to
represent the internal cracks of samples.

As shown in the cross sections of samples under 1.2 MPa
pore water pressure in Fig. 10. When the ASL is 30% and
50%, fewer cracks close to the edge of samples are observed
in the samples, with a single crack and a small crack area.
When the ASL reaches 70% and 90%, the cracks develop
from the edge to the center of samples, characterized by
a larger crack area, and the crack pattern changes from a
single crack to “X” and “Y” cross cracks. It indicates that
the damage degree of the sample is higher for a higher ASL
as expected.

In the comparison of the longitudinal sections of the sam-
ples under different ASLs (Fig. 10), it can be also observed
that the cracks are single cracks with a small area when the
ASL is 30% and 50%. The cracks develop from the bottom
to the center of the sample, along a direction at the angle of
61° and 75° from the horizontal direction, respectively. For
the samples under higher ASLs, a larger crack area is found
in the samples, and the crack pattern changes into an “X”
type after the unloading. Moreover, the angle of the cracks
increases to 78° and 84° for the samples under 70% and
90% ASL.

These phenomena show the crack area and the damage
degree of rock samples increase with the ASL, and the crack
development orientation is more inclined to the unloading
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Fig. 11 a—j NMR images of
rock samples under 90% axial
stress level

(g) P=0.3 MPa longitudinal section

(i) P=0.9 MPa longitudinal section

direction under lower ASL after the unloading of confin-
ing stress. With the increase of ASL, more cracks along the
axial direction generated before the unloading of rocks. The
rock samples will be destroyed under a smaller unloading
amount and a shorter unloading process when the ASL is
higher, while the samples suffer a longer unloading process
under a lower ASL. As such, the cracks along the unloading
direction mainly generated during the unloading process are

153.80mm?
crack

(d) P=0.9 MPa cross section

crack

540.76mm? ¢rack-

(j) P=1.2 MPa longitudinal section

more under the lower ASL. It leads to the crack direction of
samples under lower ASL being more inclined to the unload-
ing direction.

The effect of pore water pressure on the internal crack
characteristics after unloading of samples was shown in
Fig. 11. In relation to the sample under 90% ASL, it can be
observed that the crack area also increases with the P from
the cross sections of sample, and the crack pattern changes

@ Springer



150 Page 100f 13

Bulletin of Engineering Geology and the Environment (2024) 83:150

from a “Y” type to an “X” type. From the longitudinal sec-
tions of samples under different Ps, the crack angle with the
horizontal direction increases from 62° to 84° for the applied
P increasing from O to 1.2 MPa. It indicates the increase of
pore water pressure promotes the development of internal
cracks, while restricting the lateral expansion phenomenon
of samples. It is because the pore water pressure was applied
along the axial direction, the higher water pressure will lead
to more cracks generated along the axial direction. As such,
the crack orientation is more inclined to the axial direction
under higher applied P.

In addition, the increase magnitude of the crack area
of samples with the increasing P is less than that with the
increase of ASL. It suggests the effect of the ASL on the
internal crack development is greater than that of the P. This
is because the increase of 30% ASL can provide at least an
additional 30 MPa axial stress. However, if the ASL is lower,
the axial crack is few during the loading and unloading pro-
cess, and the axial water pressure is difficult to interact with
the internal cracks. As such, the 1.2 MPa water pressure only
forces on the sample surface under lower ASL, the influence
of only 1.2 MPa axial stress provided by water is smaller
than the 30 MPa axial stress provided by the increase of ASL.

Effect of unloading and pore water pressure
on the rock damage

In order to analyze damage effect during the unloading pro-
cess of rock samples, Zhang et al. (2021) pointed out the
traditional unloading damage parameter D; as follows:

D; = 3)

where o is the peak strength of the rock sample obtained in
triaxial unloading condition, and o is the peak strength of
the same sample under the triaxial loading process.

In order to further study the effect of P and ASL on the
damage degree of the sandstone samples during the unload-
ing process, a novel method, based on the unloading strength
and the strength parameters obtained by loading tests, is spe-
cially improved for evaluating the damage effect caused by
P and ASL as follows:

(G'1 -6y
D=———x100 “

6/1 = 0, X tan’ <45° + %) +2cx tan<45° + %) 3)

where D is the developed unloading damage coefficient; o,
is the peak axial stress obtained in the unloading test; G/I
is the theoretical peak strength calculated by the confining
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stress at the failure of unloading test, and the shear strength
parameters obtained by the loading test; ¢ and ¢ are the
cohesion and friction angle obtained by the triaxial loading
tests. The larger the D is, the more serious the damage to the
rock sample during the unloading process.

For the traditional and the improved methods, the dam-
age degrees during the unloading of the rock sample can be
divided into two parts: (a) the damage degree caused by the
unloading of confining stress, labeled as D,; (b) the damage
degree caused by the pore water pressure, labeled as D,,. The
D, can be directly obtained by the unloading tests without
applying the pore water pressure. It is assumed that the effect
of unloading is the same under the same ASL; then, the Dp
of samples with an ASL and different Ps can be calculated
by D,=D-D,.

Combined with the experimental data obtained in this
paper, the effect of unloading and the pore water pressure
on the damage of samples are analyzed and compared by
the use of the improved method and the traditional method
proposed by Zhang et al. (2021).

Effect of unloading on the damage of sandstone

Figure 12 shows the damage degree caused by the unload-
ing of confining stress D, of samples during the unloading
process obtained by the traditional and improved methods.
The D, values of samples decrease with the increase of
ASL. Tt indicates the damage degree of the sample during
the unloading is higher under smaller ASL, due to the sample
suffering a larger unloading amount, as revealed from the
internal crack distributions. The D, reaches 65-70% when
the applied ASL is 30%, and the D, reduces to only 3—10%
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60 L N Traditional method

50 +

40 |

20

Damage degree caused by
the unloading of confining pressure D (%)

0 1 1 1 1
30 50 70 90

Axial stress level ASL (%)

Fig. 12 Damage degree of samples caused by the unloading of con-
fining stress
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for the 90% ASL case. It demonstrates the influence of ASL
is great for the damage of samples caused by the unloading.

In comparison to the results obtained by the traditional
method, the D, obtained by the improved method is lower.
However, the differences in D, values of samples calculated
by the two methods under the same ASL are only 5-7%,
suggesting they can be both used for evaluating the damage
degree of rock caused by the unloading of confining stress.

Effect of pore water pressure on the damage
of sandstone

To study the effect of P on the damage degree of the
sandstone, the damage degree caused by the pore water
pressure D, of samples under different ASLs and Ps, by

Improved method Traditional method

B [oading O 30% axial stress level
50 @ 30% axial stress level  ©  50% axial stress level

® 30% axial stress level 70% axial stress level
B ox 30% axial stress level 90% axial stress level
401 30% axial stress level

Damage degree caused by
the pore water pressure D, (%)
(3]

0 —

5 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Pore water pressure P (MPa)

Fig. 13 Effect degree of pore water pressure on the damage of sam-
ples
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Fig. 14 a—c Schematic diagram of internal damage during loading

and unloading (the red arrows represent the crack direction of sam-
ples in loading condition and unloading condition with higher ASL;

Axial stress level
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Pore water pressure

(b) unloading under lower ASLs

removing the portion caused by the unloading, are shown
in Fig. 13. By adopting the improved method, the D), of
samples increases linearly with the P under all ASL con-
ditions. It indicates that the increase of P promotes the
damage of samples and leads to a higher damage degree
during the unloading process. This is because the applied
pore water pressure acts on the generated cracks caused
by the unloading and accelerates their development. This
phenomenon is the same as that observed in the NMR
images under different Ps, while it is different from the
results obtained by the traditional method, demonstrating
the proposed improved methods can be used for evaluat-
ing the damage caused by the P while the traditional one
cannot.

The increment magnitude of D, with the P is larger for
a higher ASL case, indicating the P has a more signifi-
cant effect on the damage of the sample under a higher
ASL. And the damage degrees caused by the P of samples
under unloading with higher ASLs (i.e., 70% and 90%)
are the same as those under triaxial loading conditions.
It is because the cracks mainly develop along the direc-
tion of axial stress for the sample under loading condi-
tion (Fig. 14a) and unloading condition with higher ASL
(Fig. 14c), same as the description in the NMR images.
While the internal cracks direction of the sample under
lower ASL is more inclined to the direction of confining
stress (Fig. 14b), due to a more significant lateral expan-
sion deformation caused by a larger unloading amount.
The pore water pressure applied from the bottom of the
samples has a greater effect on the development of cracks
along the axial stress direction than the confining stress
direction, leading to more significant damage for sam-
ples in loading conditions and unloading conditions with
higher ASLs.

Axial stress level

crack crack
< |
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Unlc;a@ng Unloading § ) Unloaqmg
confining confining -2 confining
pressure pressure ?‘; ' pressure
&
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Pore water pressure

(c) unloading under higher A4SLs

the blue arrow represents the crack direction of samples in unloading
condition with lower ASL)
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Damage degree of sandstone during unloading
process

As shown in Fig. 15, the damage degrees of sample obtained
by the improved method is lower than those obtained by the
traditional method under lower P, while it is inverse under
higher P. It is because the traditional method cannot be used
for evaluating the effect of P on the damage of samples accu-
rately. However, the improved method can overcome this
disadvantage, for accurately evaluating the damage degree
of samples, not only caused by the unloading of stress, but
also caused by the pore water pressure.

Under the combined influence of ASL and P, the dam-
age degree of sandstone increases with the ASL and P, and
the increment magnitude of D with the ASL is larger than
that with the P. It indicates the increase of ASL and P both
promote the damage of sandstone during the unloading pro-
cess, and the influence of ASL is greater than the P. This is
because the damage of samples during the unloading process
is mainly caused by the unloading of confining stress.

Conclusions

In this paper, triaxial loading and unloading tests were car-
ried out for studying the combined influence of pore water
pressures and axial stress levels on the unloading mechanical
properties and internal crack development of sandstone. A
novel method was improved on the basis of the unloading
strength and the strength parameters obtained by loading
tests, for evaluating damage degree caused by the pore water
pressure and the unloading of confining stress during the
unloading process. The following conclusions were drawn:
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(a) Improved method

2)

3)

4)

During the loading process, with the increase of the P,
the peak strength and the shear strength parameters of
sandstone decreases, and the failure mode changes from
brittle failure to plastic failure. The effect degree of pore
water pressure on the ¢ is the same as that on the ¢ of
sandstone.

During the unloading process, with the increase of the
applied ASL and P, the peak deviatoric stress and the
unloaded amount of the sandstone decrease, while the
axial strain confining stress compliance increases. It
indicates that the higher applied P and ASL promotes
the damage of samples, leading to a weakened bearing
capacity and a larger deformation of samples.

The increase of P and ASL both promote the develop-
ment of internal cracks during the unloading process,
and the effect of ASL is greater. Moreover, the devel-
opment orientation of the crack is more inclined to
the unloading direction for a sample under lower ASL
and P, showing a more significant lateral expansion
of samples.

The damage degree of samples caused by the unload-
ing of confining stress is higher under smaller ASL.
The damage degree of samples caused by the pore
water pressure increases with the P, and the effect
of P is greater under higher ASLs. The increase of
ASL and P both promote the damage of sandstone
during the unloading process, mainly caused by the
unloading of confining stress. It demonstrates that
the developed method can be used for evaluating the
damage degree of rocks during the unloading, espe-
cially for the damage caused by the pore water pres-
sure, while the traditional method cannot.
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Fig. 15 a, b The damage degree of samples during the unloading process under different axial stress levels and pore water pressures
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Notation list ASL: Axial stress level; P: Pore water pressure; o5: Con-
fining stress; o,: Axial stress; €,: Axial strain; F: Increment of devi-
atoric stress; d: Unloading amount of confining stress; Agl : Axial
strain confining stress compliance; D;: Traditional unloading damage
parameter; D: Developed unloading damage coefficient; D,: Damage
degree caused by the unloading of confining stress; D,,: Damage degree
caused by the pore water pressure
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