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Abstract

A series of tests were performed to study the mechanical properties of granite subjected to triaxial cyclic loading—unload-
ing compression under hydro-mechanical coupling. The results show that the damage and permeability evolution of rock
are interrelated, and the permeability is closely related to the microfracture propagation during the damage process. The
cyclic load magnitude has a controlling effect on the fatigue behavior of the material. When different loading magnitudes are
selected, the specimens show different correlation between permeability and residual strain. The correlation analysis between
volumetric residual strain and permeability evolution shows that cyclic load not only causes fatigue damage to rock, but
also has compaction effect. When confining pressure is larger, the effect of the cyclic load magnitude on the damage will be
relatively lower. The linear models of permeability, deformation modulus, radial-axial strain ratio, residual strain, and cyclic
load were established to analyze the sensitivity of each parameter to damage. The initial microfractures in granite specimens
increase after thermal cycling test, and the P-wave velocity first decreases and then tends to be stable in the whole process.
Scanning electron microscope observation shows that more microfractures develop along the axial direction of specimens,
which indicates that fatigue damage has directivity.

Highlights

e The larger the confining pressure, the smaller the influence of cyclic load magnitude on the damage.
e High-cycle fatigue behavior shows that rock permeability decreases and the compactness increases.

Keywords Fracture - Damage - Permeability - Hydro-mechanical coupling - Fatigue

1 Introduction Ning et al. 2021). In different hydro-mechanical coupling

environment, the material will also show different mechani-

Construction facilities are often subjected to periodic loads
(Jafari et al. 2004; Liu and He 2012; Hofmann et al. 2016).
The brittle materials such as rocks will exhibit fatigue behav-
ior under cyclic loading, and the compressive strength,
plastic deformation and fracture development will change
accordingly (Hoshino 1993; Jiang et al. 2006; Liu et al.
2011; Sun et al. 2017; Meng et al. 2020; Ju et al. 2021;
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cal characteristics (Ivars 2006; Li et al. 2014; Wang et al.
2018; Zhang et al. 2019). It is of great significance to study
the fatigue behavior of materials subjected to periodic loads
for understanding the fatigue life of constructions.

Many researchers have studied the mechanical properties
of rock subjected to periodic loads. Xiao et al. (2010) com-
pared six common methods for defining damage variables.
Residual strain was considered to be an ideal method due to
the description of degradation behavior and consideration
on the fatigue initial damage, but it is necessary to consider
the selection of data for calculating elastic modulus. Liu
et al. (2012) focused on the influence of different confining
pressures on the rock fatigue damage characteristics under
cyclic loading. The confining pressures had a significant
effect on the axial strain of rock specimens during fatigue
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failure, and the axial residual strain under cyclic loading was
described as three phases: initial phase, uniform velocity
phase, and accelerated phase. Wang et al. (2013) divided
the fatigue behavior of granite subjected to cyclic loading
under triaxial compression condition into three stages: the
volumetric compaction, volumetric dilation with strain-hard-
ening behavior, and volumetric dilation with strain-softening
behavior domains. Through triaxial cyclic loading—unload-
ing test, Meng et al. (2020) found that the post-peak strain-
softening characteristics occurred under the low confining
pressure (o3 <10 MPa), while the rock specimen demon-
strated brittle failure; under the effect of high confining pres-
sure (05> 10 MPa), the apparent yield platform (plastic flow
deformation) occurred after the peak. Yang et al. (2020) pro-
posed a new loading method for coupled static and dynamic
cyclic loading (CSDCL), and the relationships between
damage variables and permeability, uniaxial compressive
strength, young's modulus were established by fitting.
Fracture initiation and propagation caused by rock dam-
age will also have an impact on permeability (Xue et al.
2015, 2021; Ma and Haimson 2016; Figueiredo et al. 2017,
Yang et al. 2017). The permeability in brittle rocks increases
due to the propagation of microfractures (Zhang et al. 2013;
Shang et al. 2016, 2017; Li et al. 2020). Wang et al. (2012)
set up a conceptual model of rock permeability evolution and
a micro kinematics mechanism of micro-cracking, forecast
the peak permeability evolution of brittle rock. Liu et al.
(2016) investigated the permeability evolution of granite
gneiss during triaxial creep tests, and found that the perme-
ability remained stable and nearly constant in the steady
creep stage and increased rapidly in the accelerated creep
stage. Chen (2018) studied the permeability behavior of
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Fig. 1 MTS triaxial cyclic loading—unloading test system
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granite in the process of damage evolution subjected to com-
pressive stress condition, and found that the permeability
evolution was closely related to volume strain. Obviously,
rock damage and permeability evolution are an interrelated
process, but they are rarely studied uniformly. Therefore, it
is necessary to study the fatigue damage and permeability
evolution of fractured rock mass under hydro-mechanical
coupling. Establishing the relationship between rock damage
and permeability is helpful to improve the understanding of
permeability damage theory of hard rock, and is meaning
to know the service life of underground facilities such as
water-sealed oil storage caverns.

In this study, a series of tests were performed to study
the triaxial cyclic loading—unloading fatigue damage under
hydro-mechanical coupling. The fatigue damage charac-
teristics of granite specimens subjected to different confin-
ing pressures and cyclic axial stresses were analyzed, and
the evolution of permeability, residual strain, deformation
modulus and radial—axial strain ratio during the tests was
discussed. In addition, P-wave velocity tests and scanning
electron microscope (SEM) investigation were performed to
reflect the rock damage degree at specific stages. The results
could finally serve as references for the stable and low-cost
operation of large water-sealed oil storage caverns.

2 Experimental Scheme and Pretreatment
2.1 Equipment

The triaxial cyclic loading—unloading test is performed using
Rock Mechanics Test System 815 (MTS-815) (Fig. 1). The
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MTS controller consists of hardware components and software
applications that provide a closed-loop control of the servo-
hydraulic test equipment. This test equipment consists of the
following four parts: a compression loading frame, an axial
dynamic loading system, a confining pressure supply system
and a data acquisition system. The axial dynamic loading
system can perform static and dynamic compression tests on
rock and concrete specimens under uniaxial and triaxial condi-
tions. It can provide axial pressure up to 4600 kN, pull up to
2300 kN, and lateral confining pressure up to 140 MPa. The
load frame assembly includes a fixed crosshead mounted on
two rectangular columns bolted to the base plate, creating an
extremely rigid yet free-standing frame. Integrated in the base
plate is a single-ended, double-acting actuator with a 100 mm
(4 in.) stroke for tests requiring large displacements. The frame
assembly includes two feedback transducers: a differential
pressure transducer and an internal linear variable differential
transformer (LVDT) that provides control and measurement of
actuator displacement. The triaxial compression test units can
simulate dynamic in-situ stress and fluid pressure, and moni-
tor loads, stresses, strains, displacements, fluid pressure, and
flow rate in multiple directions using a data acquisition system
(6 kHz sampling rate and 16-bit resolution).

2.2 Material Preparation

To serve the project, the in-situ material is selected as the
experimental object. The granite specimens used in the tests
are the native rock from the underground water-sealed oil stor-
age caverns in the eastern coast of China (Wang et al. 2015;
Liu et al. 2018; Li et al. 2019). The main mineral composi-
tions are potassium feldspar, quartz, biotite, and plagioclase.
It is observed that the mass ratios of the elements observed
is 2.5% C, 45%0, 1.6% Na, 10% Al, 30% Si, 10% K, and less
than 1% Cl, respectively. According to the recommendations

Table 1 Physical and mechanical parameters of granite specimens

of the International Society for Rock Mechanics (ISRM), the
rock is processed into cylinders with approximately a height
of 100 mm and a diameter of 50 mm (Ulusay and Hudson
2007). After measuring, the average diameter of all granite
specimens is 49.6 mm. The physical and mechanical param-
eters are shown in Table 1, and the integrity is good.

The site selection conditions determine the high integrity
and low permeability of the surrounding rock. After observa-
tion and measurement, it is found that the selected granites
have few natural fractures and extremely low permeability. It
is susceptible to measurement error if directly used in perme-
ability test. To strengthen the test effect, reduce the propor-
tion of error and enlarge the rule of test, thermal cycling pre-
treatment is performed on granite specimens to increase the
number of internal microfractures (Xu and Karakus 2018).
As shown in Fig. 2, during the thermal cycling test, the high-
est heating temperature is set at 300 °C. After the temperature
reaches the default value, the specimens are kept at a constant
temperature for 2 h in the heating oven to ensure uniform
temperature inside and outside the specimens. After that, the
specimens are taken out and quickly put into 10 “C water, and
the water is quickly changed for 3—4 times. After soaking in
water for 2 h, the internal and external temperature of the
specimens is stable. After drying the specimens, they are put
into the heating oven again to prepare for the next cycle. A
total of ten thermal cycles are performed.

To characterize the influence of the thermal cycling test
on the specimens, a nonmetallic supersonic instrumentation
ZBL-U520 is used to measure the P-wave velocities of satu-
rated specimens. Before each P-wave velocity test, the speci-
mens are saturated with water subjected to negative pressure.
Macrofractures appeared on the surface of specimen 1-2. Fig-
ure 3 shows the variation of the axial and radial P-wave veloc-
ities of some specimens in thermal cycling test. It can be seen
that the P-wave velocity of specimens decreases non-linearly
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with the increase of cycle number. When the thermal cycles
exceed six times, the P-wave velocity tends to be basically
stable, indicating that the fracture development is basically
stable. The effect of thermal cycling test on the P-wave veloc-
ity in the axial direction is more obvious than that in the radial
direction, which indicates that the microfracture propagation
caused by thermal cycling has a certain directivity. Next, the
thermally cycled specimens will be used to perform cyclic
loading—unloading test. Damage caused by thermal treatment
is not included in damage caused by cyclic loading.

2.3 Experimental Procedure

In this study, triaxial cyclic loading—unloading compression
tests are performed. To simulate the real gravity stress in
the actual project (about 200 m depth), two different con-
fining pressures are set: 5 MPa and 7.5 MPa. As shown in
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(a) Axial P-wave velocity

Fig. 4, after the confining pressure is applied, a hydrostatic
pressure of 2 MPa is applied to both sides of the specimen
to simulate the hydrostatic environment. The whole test
process includes preloading stage, permeability measure-
ment stage and cyclic loading—unloading stage. The cycle
loading—unloading stage is non-gradient cycle, 100 times in
total. Permeability tests are performed using a transient per-
meability system after every 10 loading—unloading cycles
(Wu and Pruess 2000; Selvadurai et al. 2005), and the
hydrostatic pressure at the lower side is increased to obtain
a 2 MPa pressure difference. The permeability is calculated
by monitoring the dissipation of pressure difference. The
transient permeability equation is as follows:
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(b) Radial P-wave velocity

Fig. 3 Variation of P-wave velocity in granite specimens during thermal cycling test

Transient permeability
>

St > Deviatoric stress Confining pressure Equal hydrostatic pressure at
TESS $ R i both sides of the specimen
S e Hydrostatic pressure at Hydrostatic pressure at
< $ the bottom of the specimen the top of the specimen
&, v . 0
§/Q~ A loading-unloading cycle
Load upper limit |--}--------- - I | | |
1 | 1 | | 1
1 I 1 | | |
1 I 1 | | |
I 12\ = | | ] ]
1 | 5 ] ] | |
I IS = ] ] | |
1 . i @ | | ] ]
Permeability 1 1 ] ]
measuremehtfstage ! ! ! !
%% 1 1 1 I | 1
Confining pressure |- -&~— ! 1 | 1 1
$ 1 | 1 ] 1 | |
Hvd . A I | I I
ydrostatic pressure . _| H--) !
Load lower limit === — ! v v ! ! y ! y ! Time
Preloading Cyclic loading-unloading stage Permeability
stage measurement stage
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where k is permeability, y is viscosity of fluid, f is compress-
ibility of fluid, V is the reference volume of MTS enhancers,
V=V,=V,=175 cm® in this test, AP is the pressure differ-
ential between the two sides of the specimen through which
the liquid passes, i—g is ratio of initial pressure differential

to final pressure differential, Az is the duration of the test, Ly
is specimen length, Ag is specimen cross-section area. Fig-
ure 5 is a schematic of the transient permeability system,
where Dy is specimen diameter. Permeability measurements
are also performed before the first cycle and after the last
cycle of loading—unloading.

The triaxial compression strength test is performed
before the triaxial cyclic loading—unloading test to obtain
the triaxial compression strength of granite specimens under
different confining pressures (Li et al. 2017). The average
triaxial compression strength is 208.4 MPa under 5 MPa
confining pressure, and that is 346.9 MPa under 7.5 MPa
confining pressure. These are estimated values of the triaxial
compression strength of the specimens used in the cyclic
loading—unloading test (Kong and Shang 2018). The lower
limit of cycle deviatoric stress is set at 10 MPa (offsetting
the hydrostatic pressure inside the specimen), and the upper
limit is 50%, 65%, and 80% of the estimated values of the
triaxial compression strength (Table 2).

3 Experimental Results and Analysis
3.1 Test Under 7.5 MPa Confining Pressure
The load peakes applied in the cyclic loading—unloading
are 125 MPa, 160 MPa, and 200 MPa, respectively. Under

7.5 MPa confining pressure, the specimens have been dam-
aged to varying degrees, but no damage has occurred. In

Reference volume 1

T &

5 Pressure
Intensifier,

1 QK

Reference volume 2

Fig.5 Simplified schematic of transient permeability system

the whole triaxial cyclic test process, the preloading stage
corresponds to the preloading stage of granite specimen, and
the cyclic loading—unloading stage corresponds to the cyclic
load damage stage.

3.1.1 Stress—Strain Relationship

Figure 6 shows the relationship between the deviatoric stress
and the axial strain of the granite specimen under 7.5 MPa
confining pressure, in which the axial strain is positive
with compression. Because of the heterogeneity, the axial
strain of the preloading stage is different. It can be found
that during the initial cyclic loading—unloading period, the
specimens 1-1 and 2—3 are almost elastic deformation, with
little plastic deformation. With the increase of cycle num-
ber, the specimens accumulate plastic deformation and pro-
duces irreversible axial strain. Judging from the slope of the
stress—strain curve, obvious plastic deformation occurred in
specimen 3-3 at the initial cycle stage.

Figure 7 shows the relationship between deviatoric stress
and radial strain of granite specimen under 7.5 MPa con-
fining pressure, in which the radial strain is positive with
stretching. Due to the heterogeneity, the radial strain in the
preloading stage is different. Under the action of confining
pressure, the radial strain is initially negative, while under
the action of cyclic load and confining pressure, the radial
strain circulates between positive and negative, and the hys-
teretic loop is clearly observed. With the increase of cycle
number, the position of the hysteretic loop moves, indicat-
ing that the specimen produces irreversible radial strain.
The moving speed of the hysteretic loop can also reflect the
amount of plastic deformation at a stage. The irreversible
radial strain occurrs with the increase of the cycle number,
and the irreversible radial strain accumulation rate gradually
increases.

Figure 8 shows the relationship between deviatoric stress
and volumetric strain of granite specimens under 7.5 MPa
confining pressure, in which the volumetric strain is posi-
tive with compression. Due to the heterogeneity, the volume
strain of the preloading stage is different, and its magnitude
is related to the number and opening of the initial fracture
inside specimen. With the increase of the cycle number,
irreversible volumetric strain occurrs, and the irreversible
volumetric strain accumulation rate gradually decreases.

3.1.2 Relationship Between the Strains

Figure 9 shows the relationship between axial strain and
radial strain of granite specimen under 7.5 MPa confining
pressure. In the preloading stage, the axial strain and radial
strain are negatively correlated, and this proportional coeffi-
cient can represent the dominant dip angle of the initial frac-
ture. When the dominant dip angle is closer to 90°, the radial
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Table 2 Triaxial cyclic loading—

. ; Group Confining
unloading compression of

Estimated values of triaxial

Loading—unload- Specimen number/load peak

: ; pressure compression strength (MPa) ing cycle number (MPa)
granite specimens (MPa)
50% 65% 80%
1 5 208.4 100 5-2/105 1-2/135 3-1/165
2 7.5 246.9 100 1-1/125  3-3/160  2-3/200
0.25 0.25 Confining pressure: 7.5MPa;
Cycle number: 100;
< 02 < 02 Cycle deviatoric stress:
=¥ . % 10 MPa-160 MPa.
©) Preloading stage: Z 015 Preloading stage
%015 the axial strain is 0.00033. g0 :
s © axal prram s e the axial strain is 0.00033,
S 0.1 2 01
5 Confining pressure: 7.5MPa; §
.§ 0.05 Cycle number: 100; -E 0.05
8 Cycle deviatoric stress: 8
0 10 MPa-125 MPa. 0
0 0.001 0.002 0.003 0.004 0.005 0 0.001 0.002 0.003 0.004 0.005
Axial strain Axial strain
(@) (b)
0.25
9‘3 0.2
% Preloading stage:
#0.15 | the axial strain is 0.00025.
7
2 01 -
5 Confining pressure: 7.5MPa;
.g 0.05 Cycle number: 100;
é’ ’ Cycle deviatoric stress:

0 0.001

10 MPa-200 MPa.

0.002 0.003 0.004 0.005
Axial strain

(c)

Fig.6 Relationship between the deviatoric stress and the axial strain under 7.5 MPa confining pressure: a 125 MPa load peak, b 160 MPa load

peak, ¢ 200 MPa load peak

strain will be relatively large. If the dominant dip angle is
closer to 0°, the axial strain will be relatively large. With the
increase of the cycle number, the specimens have obvious
irreversible radial strain, which is manifested as the stress
hysteresis loop in Fig. 9 moves downward with the increase
of the cycle number.

Figure 10 shows the relationship between axial strain and
volumetric strain of the granite specimen under 7.5 MPa
confining pressure. With the increase of the cycle number,
the specimens have obvious irreversible volume strain,
which is manifested as the stress hysteresis loop moves
upward with the increase of the cycle number.

3.1.3 Damage Characteristics of Cyclic Loading-Unloading
Residual strain is a strain when cyclic deviatoric stress

reaches the minimum in the test, including axial residual
strain, radial residual strain, and volume residual strain.

@ Springer

When the deviatoric stress is reduced to the minimum in
a cycle, the elastic strain part of total strain is reversible,
and the remaining irreversible part is the residual strain.
When calculating the radial—axial strain ratio and deforma-
tion modulus, the calculated value of a loading segment in
a loop is selected.

Figures. 11a—c shows the residual strain of the speci-
men in triaxial cyclic test. When the load peak is 125 MPa
and 160 MPa, the axial residual strain of specimen 1-1
and specimen 3-3 increases first and then becomes stable
with the increase of cycle number, while the radial residual
strain increases first and then decreases. When the load peak
is 200 MPa, the axial residual strain of the specimen 2-3
increases first and then decreases, and the radial residual
strain increases first and then becomes stable. Due to the
low cyclic deviatoric stress, volumetric residual strain of
the specimen 1-1 increases first and then becomes basi-
cally stable, and the specimen is in volume compression
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Fig.7 Relationship between the deviatoric stress and the radial strain under 7.5 MPa confining pressure: a 125 MPa load peak, b 160 MPa load

peak ¢ 200 MPa load peak

state. The volume residual strain of specimens 3-3 and 2-3
increases first and then decreases, and the specimens are
in volume compression state and volume expansion state.
The conclusions are as follows: (1) the cyclic load size and
initial integrity are the main factors affecting the fatigue life
of granite specimen, (2) when the cyclic stress is large or
the specimen has been damaged to a certain extent, with
the increase of the cycle number, the axial and radial resid-
ual strain will soon pass the cumulative increase stage and
begin the decline stage, (3) the small cyclic stress makes the
specimen dense and the volume shrinks. When the cyclic
stress is large (more than 50% of the triaxial compression
strength), the specimen is damaged greatly, becomes loose,
and expands after volume compression.

Figure 11d—f shows the fatigue damage of the specimen
in triaxial cyclic test: radial-axial strain ratio, deformation
modulus, and permeability. It should be noted that influ-
enced by the thermal cycling test and the system error in
preloading stage, the first group of data are outliers. When
analyzing evolution of radial—axial strain ratio, deforma-
tion modulus, and permeability, the first group of data is
ignored and analysis is started from the second group. For
example, the first group of radial-axial strain ratio data
(cycle number is 0) in Fig. 11d are not considered. With
the increase of the cycle number, the deformation modulus

of the specimens decreases gradually, and the deformation
modulus of the specimen 3-3 is the smallest due to the het-
erogeneity. The three specimens show different characteris-
tics of radial-axial strain ratio: The strain ratio of specimen
1-1 first decreased to O, then became negative, increased,
and gradually stabilized. The strain ratio of specimen 3-3
changed obviously during the whole test. The strain ratio
of specimen 2-3 reached the minimum at about 15 cycles,
and then began to increase. When the cycle stress is small,
the permeability decreases with the increase of the cycle
number. But when the cycle stress is large, the permeabil-
ity gradually increases. The conclusions are as follows: (1)
fatigue damage reduces rock strength, (2) when the damage
degree is large, the radial-axial strain ratio will increase, and
fatigue failure may happen, (3) when the cyclic load is small,
the damage degree is small, the compactness increases, and
the permeability reduces. However, when the cyclic load is
large, the damage is obvious, the compactness decreases,
and the permeability increases. This is consistent with
Chen's (2018) research conclusion.

3.1.4 Permeability Evolution During Fatigue Damage

In cyclic loading—unloading test, the physical parameters
of specimen evolve when being damaged. Six parameters

@ Springer



1400 Z.Ning et al.
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Fig. 8 Relationship between the deviatoric stress and the volumetric strain under 7.5 MPa confining pressure: a 125 MPa load peak b 160 MPa
load peak ¢ 200 MPa load peak
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Fig.9 Relationship between axial strain and radial strain under 7.5 MPa confining pressure: a 125 MPa load peak, b 160 MPa load peak, ¢
200 MPa load peak
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Fig. 10 Relationship between axial strain and volumetric strain under 7.5 MPa confining pressure: a 125 MPa load peak, b 160 MPa load peak, ¢

200 MPa load peak

are selected: deformation modulus, radial-axial strain ratio,
axial residual strain, radial residual strain, volumetric resid-
ual strain, and permeability, and these parameters are inter-
related. The relationship between permeability and other five
parameters is compared emphatically. Figure 12 shows the
scatter diagram of the relationships between permeability
and other parameters in the test under 7.5 MPa confining
pressure. According to the dispersion and trend of scatters
in each group, the correlation between permeability and a
parameter can be judged.

In contrast, the radial-axial strain ratio has little correla-
tion with permeability. The results show that when the cyclic
load is small, the permeability decreases with the decrease
of deformation modulus, and decreases with the increase
of residual strain. However, when the cyclic load is large
(80% of the triaxial compression strength), the permeabil-
ity decreases with the increase of the axial and volumetric
residual strains, while the permeability has no obvious rela-
tionship with the deformation modulus and radial residual
strains.

3.2 Test Under 5 MPa Confining Pressure

The load peakes applied during cyclic loading—unloading
test under 5 MPa confining pressure are 105 MPa, 135 MPa,
and 165 MPa respectively. When the load peak is 165 MPa,
the failure of specimen 3—1 happens at the 5th cycle. In

addition, according to experimental data, the damage of
specimen 1-2 is serious, which is close to fatigue failure.

3.2.1 Damage Characteristics of Cyclic Loading-Unloading

Figure 13 shows the fatigue damage of triaxial cyclic load
test under 5 MPa confining pressure. The first group of data
in Fig. 13d—f is still ignored in the analysis.

(1) When the load peak is 105 MPa, the residual strain
of specimen 5-2 basically stops increasing after about
40 cycles. The total decrease of deformation modu-
lus is not obvious, indicating that the material strength
is little damaged. The overall permeability shows a
downward trend, indicating that the damage of speci-
men under this triaxial stress condition is less than the
preloading degree, which makes the specimen denser,
the fracture closes and the permeability decreases.

(2) When the load peak is 135 MPa, residual strain, the
deformation modulus and the radial-axial strain ratio
of specimen 1-2 all change obviously. The specimen
underwent initial stable damage stage, accelerated
damage stage, and pre-peak stable damage stage. The
acceleration of residual strain increases first and then
decreases, while the reduction rate of deformation
modulus increases first and then decreases. The 30-50
cycles are the stage with the most obvious changes in
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Fig. 11 Fatigue damage of triaxial cyclic load test under 7.5 MPa
confining pressure: a Relation between axial residual strain and cycle
number, b Relation between radial residual strain and cycle number,
¢ Relation between volumetric residual strain and cycle number, d

parameters, and after 50 cycles, it enters the stage of
stable accumulated damage. The deformation modulus
of the specimen decreases from 44 to 22 GPa. Although
the specimen does not happen failure, it can be judged
from fracture development degree that the specimen is
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about to reach the threshold of fatigue failure. The per-
meability of the specimen increases obviously, and the
fastest increase is at 3050 cycles. It indicates that the
strength of the damaged granite decreases obviously,
the internal water channels increase.



Damage Characteristics of Granite Under Hydraulic and Cyclic Loading-Unloading Coupling...

1403
12 12
A125MPa load peak A 125MPa load peak
10 M160MPa load peak ° 10 M 160MPa load peak Py
. ©200MPa load peak L - ® 200MPa load peak o
E 8 £ 8
L &
S i} = a]
= 6 = 6
2 a ‘ ° £ : . 9
= = 5]
) 2 \d "
g ke . g o oun %
E . $ - $
& 2 Mi & 2 an . 4
A, A
A
A
0 2 . A
30 325 35 375 40 425 45 -0.05 -0.025 0 0.025 0.05 0.075 0.1
Deformation modulus/GPa Radial-axial strain ratio
(a) (b)
12 12
A 125MPa load peak A 125MPa load peak
10 ° W 160MPa load peak 10 W 160MPa load peak ®
& ° © 200MPa load peak o ® 200MPa load peak ®
g s 5 s
S o = =
= 6 3 6
z “ = £ = ‘
= ° 2} = Ny ® <]
B B
S 4 ‘ : g 4 I == o‘.
: : : s
& 2 is B 2 4 da
A 4
0 r 0 :
0 0.0002 0.0004 0.0006 0.0008 0.001 00012 0.0005 0.0004 0.0003 0.0002 0.0001 0 -0.0001 -0.0002

Axial residual strain

(c)

Radial residual strain

(d)

12
A 125MPa load peak
10 B 160MPa load peak °
] ©® 200MPa load peak ®
E s
(‘U
S B
=, 6
=
= [ ] 8 =] ® :
= i)
g 4 & = . ’:
9
|5 A @
) A AA
A
Py
0 !
-0.0001 0.0001 0.0003 0.0005 0.0007

Volume residual strain

(e)

Fig. 12 Scatter diagram of the relationships between permeability
and other parameters under 7.5 MPa confining pressure: a Relation
between deformation modulus and permeability, b Relation between
radial-axial strain ratio and permeability, ¢ Relation between axial

(3) Due to the heterogeneity, when the load peak is
165 MPa, the failure of specimen 3—1 happens at the
Sth cycle, and the residual strains increase sharply in

residual strain and permeability, d Relation between radial residual
strain and permeability, e Relation between volumetric residual strain
and permeability

the first 4 cycles. After the first loading cycle, the defor-

mation modulus is directly reduced from 44 GPa to less
than 25 GPa.
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Fig. 13 Fatigue damage of triaxial cyclic load test under 5 MPa con-
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3.2.2 Permeability Evolution During Fatigue Damage

Figure 14 shows the scatter diagram of the relationships
between permeability and other parameters in the test
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under 5 MPa confining pressure. The permeability evolu-
tion of specimen 1-2 shows correlation with other param-
eters, which is due to the obvious damage. According to
the results, the permeability is positively correlated with
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Fig. 14 Scatter diagram of the relationships between permeability
and other parameters under 5 MPa confining pressure: a Relation
between deformation modulus and permeability, b Relation between
radial-axial strain ratio and permeability, ¢ Relation between axial

the radial-axial strain ratio, axial residual strain, radial
residual strain, and volumetric residual strain, and nega-
tively correlated with the deformation modulus. However,

(e)

residual strain and permeability, d Relation between radial residual
strain and permeability, e Relation between volumetric residual strain
and permeability

the experimental results of specimen 5-2 show the opposite
law, and the damage is not obvious. Damage degree has
obvious effect on permeability evolution law.
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(b)

Fig. 15 Fatigue damage of specimen 1-2: a before test, b after test

3.2.3 Fatigue Damage

Figure 15 shows the specimen 1-2 used in test under
135 MPa load peak and 5 MPa confining pressure. After 100
cyclic loading—unloading, the specimen produce observable
macrofractures, but failure does not occurred. The distribu-
tion of fractures is not uniform, and microfractures further
expand to form macrofractures. It is observed that the fatigue
damage behavior of the specimen is obvious, and it can be
judged from the change of deformation modulus and residual
strain that there are many microfractures in the specimen.

3.2.4 Fatigue Failure

Figure 16 shows the specimen 3-1 used in test under
165 MPa load peak and 5 MPa confining pressure. Fatigue
failure occurrs to the specimen in the loading stage after four
cycles. It can be seen that the specimen has multiple frac-
ture failure, and the rock fatigue failure is the simultaneous
fracture failure of multiple damage fractures.

3.3 Result Analysis After the Test
3.3.1 Fitting Under Different Confining Pressures

Figure 17 compares the relationship between the average of
various parameters and load peak. Linear models are fitted
for the conditions of 5 MPa and 7.5 MPa confining pres-
sures. Due to the failure of specimen 3—1, the permeability
data are not obtained, so the fitting effect is poor. In addition,
the fitting effect of the axial and radial residual strains under
7.5 MPa confining pressure is poor, which can be explained

@ Springer

Fig. 16 Fatigue failure of specimen 3-1

by the heterogeneity. According to the results, permeabil-
ity is not only affected by cyclic load, but also confining
pressure conditions.When the confining pressure is small,
the cyclic load magnitude has a greater correlation with the
radial—axial strain ratio and residual strain, and the effect of
cyclic load magnitude on these parameters will be reduced
with the increasing confining pressure.

3.3.2 Microstructure Investigated in SEM

The SEM consists of a vacuum system, an electron beam
system and an imaging system, which can realize the micro-
scopic observation of rock slices after several times mag-
nification (Xue et al. 2018). The specimens are drilled and
cored, and the cores are sliced to obtain circular slices with
a 6 mm diameter and a 2 mm thickness, at an angle of 0°,
45°, and 90°, respectively. To compare the damage before
and after cyclic loading—unloading test, one side of the cyl-
inder specimen with a height of about 10 mm is cut before
the test. The slices taken from this 10 mm cylinder are the
slices before the test (Fig. 18a, b). The remaining original
cylinder specimen of about 90 mm is cored for the slices
after the test (Fig. 18c—f).

The surface microstructure of the slices is observed.
Microstructure of the specimen slices under SEM before and
after cyclic loading—unloading test is shown in Fig. 18. After
comparison, it is found that many microfractures developed
inside the specimen after triaxial cyclic loading—unloading
tests. The internal microstructure of the specimen is gen-
erally broken, and the microfractures are distributed in all
directions. The fracture width observed is about 0.3-3 pm,
with low penetration and poor water permeability. Such rock
masses are still weakly permeable.
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Fig. 17 Fitting relationship between cycle stress and the average
of parameters: a Relation between load peak and permeability, b
Relation between load peak and radial-axial strain ratio, ¢ Relation

3.3.3 Comparison of P-Wave Velocities Before and After
Triaxial Cycle Test

As shown in the Table 3, the P-wave velocity of the
specimens is measured again after the triaxial cyclic test.
The results show that the P-wave velocity decreased by
0.3-0.5 km/s after triaxial cyclic test. Damage variables
range from 0.15 to 0.30 except for the specimens 1-2 and
3—1. The P-wave velocity of specimen 3—1 are not obtained
after failure in the test, and the axial and radial P-wave
velocities of specimen 1-2 decrease sharply. The damage
variables represented by axial and radial P-wave velocities

(e)

between load peak and axial residual strain, d Relation between load
peak and radial residual strain, e Relation between load peak and vol-
umetric residual strain

are 0.897 and 0.993. It indicates that obvious fracture propa-
gation occurred inside the specimen, which is also consistent
with the previous test results.

It should be pointed out that the purpose of the cyclic load-
ing—unloading test is to investigate the damage and seepage
evolution of saturated granite under different stress conditions,
establishing the relationship between damage and permeabil-
ity. Due to the test cycle number is small, the relationship
between cycle number and damage is not discussed. Research
on the correlation between fatigue damage and cycle number
(fatigue life) will be performed through high-cycle fatigue
tests and engineering applications in the future.

@ Springer



1408

Z.Ning et al.

y mag = det HV WD urr
127 pm |1000x ETD 20.00kV 13.3mm 0.13nA

HPW mag det H <urr

\ 25.4pm |5000x ETD 10.00kV 13.8mm 92 pA

Fig. 18 Microstructure of granite slices before and after cyclic load-
ing—unloading test under SEM: a specimen 2-3: 0°-1000 times-
before test, b specimen 5-2: 90°-2500 times-before test, ¢ specimen

4 Conclusions
In this study, triaxial cyclic loading—unloading tests of

granite specimens were performed. The fatigue damage and
permeability evolution subjected to different triaxial stress
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2-3: 0°-1000 times-after test, d specimen 2—3: 45°-5000 times-after
test, e specimen 5-2: 0°-5000 times-after test, f specimen 5-2: 90°—
2500 times-after test

conditions were discussed. The conclusions are as follows:

(1) With the increase of the thermal cycle number, the
axial and radial P-wave velocities of the specimens decrease
significantly. After O cycle, 3 cycles, 6 cycles, and 10 cycles,
the average axial P-wave velocities of all granite specimens
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Table 3 Comparison of P-wave

e Specimens P-wave velocities before test P-wave velocities after test Damage vari-
velocities before and after test able D
Axial (km/s) Radial (km/s) Axial (km/s) Radial (km/s) Axial Radial
1-1 4.068 3.472 3.405 2.907 0.299 0.299
1-2 3.790 3.205 1.218 0.275 0.897 0.993
2-3 3.934 3.289 3.429 2.717 0.240 0.318
3-1 3.811 3.224 Failure 1 1
3-3 3.810 3.311 3.331 3.049 0.236 0.152
5-2 3.929 3.472 3.532 3.165 0.192 0.169

are 4.642 km/s, 4.088 km/s, 3.965 km/s, and 3.924 km/s, and
the average radial P-wave velocities of all granite specimens
are 4.180 km/s, 3.409 km/s, 3.307 km/s, and 3.179 km/s.
After 4~5 thermal cycles, the P-wave velocity gradually
become stable, indicating that the evolution rate of microf-
ractures inside the specimen also tends to stop.

(2) With the performance of triaxial cyclic load-
ing—unloading tests, different degrees of fatigue deformation
and damage occur to granite specimens, which are reflected
in the evolution of residual strain, radial-axial strain ratio,
deformation modulus, and permeability. The cyclic load
magnitude and the content of initial fractures in rock mass
are the main controlling factors affecting the fatigue life of
specimens. It can be seen from the test results that the cyclic
load can not only cause rock damage and expand the speci-
men volume, but also compaction the specimen to make it
denser. The change of permeability depends on the domi-
nant one of this two effects. The larger cyclic load has a
greater damage to specimen, and the fracture expansion is
greater than the compaction, so the permeability increases,
and the deformation modulus usually decreases significantly.
On the contrary, the smaller cyclic load increases the com-
pactness of specimen, but decreases the permeability, while
the reduction of deformation modulus is not obvious. In the
process of cyclic loading—unloading fatigue damage, several
parameters of specimen are related to damage, such as defor-
mation modulus, residual strain, and permeability.

(3) SEM observation results show that a large number
of microfractures from 0.3 um to 3 um width and different
lengths distributed in specimens. On the whole, the micro-
fractures observed in the 90° section are significantly more
than those observed in the slices from other angles. That
indicates that more microfractures are developed along the
axial direction of the specimen. The axial cyclic load has an
obvious directional effect on the rock damage.
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