Environmental Earth Sciences (2023) 82:53
https://doi.org/10.1007/512665-022-10656-7

ORIGINAL ARTICLE q

Check for
updates

Mechanical properties of thermally treated granite subjected
to different multi-stage unloading paths

Peng Kang' - Zhang Jing? - Liu Hao? - Gao Xicai® - Zheng Chunshan*

Received: 1 August 2021 / Accepted: 22 October 2022 / Published online: 9 January 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

The aim of this study is to investigate deformation characteristics of thermally subjected granite at different rates of unload-
ing confining pressure. For this purpose, by using a RTX-3000 high-temperature and high-pressure triaxial rock testing
machine, a conventional triaxial compression test and a triaxial unloading confining pressure test under constant deviatoric
stress were conducted on granite after being heated to 800 °C and cooled naturally. The results show that, compared with the
conventional triaxial compression test, the stress—strain curve in the unloading confining pressure test showed an obvious
yield platform, in which points of obvious stress drop were observed and rock had obvious characteristics of brittle failure.
In the initial stage of unloading confining pressure, volumetric strain increased slightly, and then it rose rapidly till the rock
samples were damaged as confining pressure was reduced to a certain extent. In this process, the dilatancy angle of the rock
samples rapidly increased with the decrease of confining pressure, followed by a sharp drop immediately after reaching a
certain value. Strain-pressure compliance of the rock samples changed slightly in the first three stages in each group of the
tests and rapidly rose from the fourth stage. Different from the conventional triaxial compression test, tangent modulus of
the rock samples rapidly decreased at the beginning of unloading and then attenuated with leaps. Elastic modulus and Pois-
son’s ratio of the rock samples changed slightly at the beginning of unloading and rapidly reduced with the further decrease
of confining pressure till the rock samples were damaged. This study results elucidate the mechanical properties of rocks
affected by high temperatures and provide theoretical support to clarify the stability of rocks in deep rock formations after
heat exposure.

Keywords Granite - High temperature - Unloading in different stages - Strain-pressure compliance - Mechanical properties

Introduction

Rock, as a natural material with various defects (such as
primary micro-fractures), is commonly used in different
engineering applications, especially for water conservancy
and hydropower, civil engineering and underground mining
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that involves rock and coal (Zou et al. 2021, 2022a, b; Kim
et al. 2021; Dou et al. 2021; Dong et al. 2021). Widespread
acceptance in rocks, there are primary defects, such as
joints, microcracks and pores. At high temperature, due to
anisotropy and inhomogeneity of thermal expansion of vari-
ous mineral compositions in all geomaterials, the internal
structure of geomaterials will change, such as the increase,
propagation and coalescence of microcracks. In rocks, elas-
tic modulus and mechanical strength decrease (Witherspoon,
2011; Witherspoon et al. 2006; Tsang et al. 2005; Aversa
et al. 1998; Chaki et al. 2008; Liu et al. 2014; Yu et al. 2015;
Popov et al.2016; Kayabasi et al.2003), while permeability
increases (Cevik et al. 2011; Dobson et al. 2002; Vazquez
et al. 2015; Yu et al. 2016; Hashemi et al. 2015), thermal
expansion degrades mechanical properties of rock to some
extent. These changes of rock may lead to instability and
failure (Hashemi et al. 2015; Brotons et al. 2013; Liu et al.
2021a, b). Numerous scientists have carried out relevant
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experimental researches on changes of mechanical proper-
ties of rock after high-temperature treatment. By performing
a mechanical test under uniaxial compression on the ther-
mally subjected granite at 20—-600 °C, Xu (2000) concluded
that 75 °C is the threshold temperature for compressive
strength of granite, while 200 °C is the threshold tempera-
ture for elastic modulus under uniaxial compression. Houp-
ert (1979) and Wong (1982) considered that different rock
shows different peak strengths under each temperature, and
peak strength of most of rock reduces at higher temperature.
Lau (1995) studied the change laws of some mechanical and
deformation parameters of granite with temperature under
low confining pressure. Many scholars have studied physi-
cal and mechanical properties of rock after being subjected
to high-temperature treatment; however, existing research
mainly focuses on loading paths in uniaxial compression,
while the conventional triaxial loading is rarely researched,
let alone in unloading path.

In fact, rock mass mainly undergoes unloading stress
paths during underground excavation and failure of support
structures, and its mechanical behaviors are greatly different
from those under conventional loading (Wu et al. 2004; Xie
et al.2004; Ranjan et al.2021; Liu et al. 2021a, b; Zou et al.
2022c, a, b). Lau (2004) put forward that mechanical param-
eters under loading paths cannot be used to describe unload-
ing behaviors and it is proper to use the unloading mechani-
cal parameters. Chai (2011) conducted an experimental
research on effects of different unloading rates on deforma-
tion parameters and failure modes of rock and found that,
with rising the unloading rate, the elastic modulus of the
rock and the damage of the rock decrease, and the unloading
amount of confining pressure increases. Under rock failure,
the larger the magnitude of unloading of confining pres-
sure, the more sharply the rock is damaged and the more
intensely the energy is released. Yang (2017) conducted an
unloading test of rock under different initial confining pres-
sures by using an MTS815 servo-controlled testing machine,
and analyzed the characteristics of deformation and energy
changes. Based on this, they obtained that the increase rates
of energy and stress of the rock samples before peak rise
with the initial confining pressure, while those after peak are
hardly affected by the initial confining pressure.

Above studies on mechanical properties under unloading
do not take the influences of high-temperature damages to
rock. Recently, Meng (2018) realized the importance of this
problem, and carried out conventional triaxial UCP tests on
sandstone at different temperatures from 20 to 150 °C, and
obtained valuable research results. Previous studies have
deepened the understanding of high-temperature mechani-
cal properties and unloading law of rock, but in most of the
previous studies, only the relationships of high temperature
and unloading with mechanical properties of rock are inde-
pendently researched, and both aspects are rarely considered
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at the same time. Therefore, the purpose of this research is
to study the mechanical properties and changes of deforma-
tion parameters of the granite samples thermally subjected
at 800 °C and naturally cooled at different unloading rates.
To this end, the granite samples were tested in five stages
with different unloading rates (different unloading rates in
different stages) after being heated, so as to analyze change
characteristics of mechanical properties and change laws
of deformation parameters. The study results elucidate the
mechanical properties of rocks that are affected by high
temperatures, providing theoretical support to clarify the
stability of rocks that are affected by high temperatures in
deep ground.

Rock sample preparation and test
procedures

Rock sample preparation

Granite in this research was taken from Xincheng Vil-
lage, Laizhou City, Shandong Province, China. Owing to
the diameter of a drilled core was 65 mm, the rock core
obtained from a borehole could not be reprocessed. For this
reason, the rock samples were obtained from a large intact
rock without obvious cracks or fractures at the elevation
of — 1,080 m. The rock samples were 100 mm high and
50 mm in diameter, and categorized as fine-grained single-
crystal granite bearing biotite, as shown in Fig. la. Field
observation showed that granite had good integrity and
dense texture. SEM test results demonstrated that the sam-
ples were uniform and almost free of microcracks, as shown
in Fig. 2a and b. According to the standard requirements
(Franklin et al. 1979) of the International Society for Rock
Mechanics, the samples were tested to control their parallel-
ism within +0.05 mm and surface flatness within +0.02 mm.
A SRX2-4-10 high-temperature box type resistance furnace
(Fig. 3) was used for heating the samples using wire coils,
with rated power, voltage and temperature of 2.5 kW, 220 V
and 1000 °C. The rock samples were kept for 6 h at constant
temperature after raising the temperature to 800 °C at the
rate of 10 °C/min to uniformly heat the rock samples and
then they were taken out after being naturally cooled to room
temperature in the furnace. The rock samples changed from
offwhite to white after high-temperature treatment, as shown
in Fig. 1b and sizes and physical properties of four groups
of rock samples are listed in Table 1.

To study changes of microstructures of the rock sam-
ples due to high-temperature treatment, scanning elec-
tron microscope (SEM) analysis was performed on the
rock samples at room temperature and thermally sub-
jected at 800 °C. The EM-30AX Plus SEM with resolu-
tion of 5 nm was used. A small number of microcracks
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Fig. 1 Comparisons of the granite samples before and after high-temperature treatment: a the rock samples at room temperature; b the rock sam-
ples after high-temperature treatment at 800 °C; ¢ Xincheng Village, Laizhou City, Shandong Province

Fig.2 SEM test of the rock
samples. a, b The granite sam-
ples at room temperature; ¢ and
d The granite samples thermally
subjected at 800 °C

(Fig. 2a, b) were observed on the rock samples without
being thermally subjected, which meant that the granite
samples showed almost intact microstructures in their
initial states. Crack propagation divided many crystals
into small pieces (Fig. 2c, d), while gradual failure of
microstructures finally changed macroscopic physical and
mechanical properties of rock.

Test equipment

An RTX-3000 high-temperature and high-pressure triaxial
rock testing machine produced by the GCTS Company in
the United States was used in the tests. Maximum allowable
axial load by the system was 3000 Kn (Fig. 4a). In the test
process, circumferential deformation of the rock samples
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Fig.3 The SRX2-4-10 high temperature box type resistance furnace

Table 1 Basic parameters of the granite samples

Rock sample  Diameter/mm  Height/mm  Mass/g  Density/
(g-em™)

A 50.18 100.00 523.82 2.65

B 49.16 99.56 503.30  2.66

C 49.88 99.64 52148  2.68

D 49.98 99.68 519.64  2.66

was measured by a ring extensometer linked with chains
installed in the middle of the samples, while the axial defor-
mation was measured by using two axial extensometers, as
displayed in Fig. 4b. In this test, loading and unloading tests
were conducted by controlling deviatoric stress. In other
words, deviatoric stress (6,-6;) was kept constant in the
test. Displacement control mode for loading was used in the
triaxial loading stage and axial pressure was loaded at the
rate of 0.02 mm/min, while stress control mode was adopted
in the unloading stage. The test process was controlled by a
computer and test data were automatically collected.

(a)

Computer

4
Confining pressure controller

Test procedures

Different stress paths can be selected to unload confining
pressure. According to the changes of deviatoric stress
during UCP, stress paths for UCP of rock can be classified
into the following categories, as shown in Fig. 5. In the
figure, OA represented the stress path in the conventional
TC test, that is, under constant confining pressure, axial
pressure was continuously loaded till the samples were
damaged (the dotted line in the figure was the hypotheti-
cal nonlinear strength criterion). OB indicated the stress
path when axial pressure was increased while UCP till
the samples were damaged; OC suggested the stress path
that confining pressure was unloaded under constant axial
pressure till the samples were damaged. Moreover, OD
represented the stress path under which confining pres-
sure was unloaded till the samples were damaged under
constant deviatoric stress. To unload confining pressure
under unchanged deviatoric stress was in essence to unload
axial and confining pressures equivalently. In existing
researches, most of scholars have studied paths OB and
OC, while there were few researches under constant devia-
toric stress (path OD). Deng (2017) studied the relation-
ship between unloading characteristics of sandstone and
pore water pressure under constant deviatoric stress. Dif-
ferent test laws could be obtained under different loading
paths and unloading stress paths, which was one of the
important reasons for obtaining non-uniform laws in exist-
ing unloading tests. Under the above three stress paths, the
main difference was the changes of axial pressure during
UCP, while the UCP test under constant deviatoric stress
was rarely studied at present. Therefore, the effects of rate
of UCP on mechanical properties of granite under unload-
ing were investigated by selecting the stress path that con-
fining pressure was unloaded under unchanged deviatoric
stress (OD in Fig. 5).

Fig.4 Test equipment (Peng et al. 2019). a The RTX-3000 high-temperature and high-pressure triaxial rock testing system; b Strain gauge
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Fig.5 Sketch map of different stress paths for UCP

The test scheme was discussed as follows: firstly, the con-
ventional triaxial test under confining pressure of 10 MPa
was conducted to determine the peak strength of the samples
after being heated at 800 °C and naturally cooled. Then, the
test at different unloading rates in different stages was car-
ried out for determining mechanical properties of rock and
the design schemes are displayed in Table 2. The steps for
the UCP test of the rock samples at different unloading rates
in different stages were presented as follows:

1. By using stress control mode, confining pressure and
axial pressure were loaded to the preset value of 10 MPa
and increase rates thereof were both kept at 2 MPa/min
during loading.

2. After applying confining pressure to the preset value,
the displacement control mode was used to continuously
apply axial load at the loading rate of 0.02 mm/min to
60% of ultimate bearing capacity of the rock samples
under such a confining pressure. Then, stress of the sam-
ples was stabilized for 5 min.

3. Under constant deviatoric stress, confining pressure was
removed by unloading in different stages.

4. The unloading of confining pressure was stopped imme-
diately after stress in the rock samples sharply dropped.
Under the condition, the rock samples were completely
damaged and the test was over.

Test results

Characteristics of stress—strain curves of the rock
samples under the conventional TC

Figure 6 shows the deviatoric stress—strain curves of the
thermally subjected granite samples under the conventional
triaxial loading when confining pressure is 10 MPa. Figure 7
illustrates comparisons of stress—strain curves during the
conventional triaxial loading test and UCP test under con-
stant deviatoric stress on the rock samples when initial con-
fining pressure is same (10 MPa). In the figures, the mode
for loading confining pressure on the rock samples is shown
as follows: after increasing confining pressure to the preset
value of 10 MPa through mechanical pressurization, confin-
ing pressure keeps unchanged and axial pressure is loaded
by using stress control mode at the rate of 2 MPa/min. It can
be seen from Fig. 6 that when confining pressure is constant,
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Fig.6 Stress—strain curves of the granite under the conventional tri-
axial loading

Table 2 Test schemes for

A Test group Axial pres-  Confining pres- Rate of UCP/(kPa-s™!)
unloading in different stages on sure/MPa sure/MPa
the granite samples Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
A 125 10 1.5 3.0 7.5 9.5 11.5
B 125 10 11.5 9.5 7.5 3.0 1.5
C 125 10 1.5 3.0 7.5 3.0 1.5
D 125 10 11.5 9.5 7.5 9.5 11.5
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Fig. 7 Stress—strain curves of the granite under two stress paths

stress—strain curve of the thermally subjected granite sam-
ples under TC undergoes four stages, i.e., compaction, elas-
tic, yield and failure stages. Short course of compaction
stage, and the stress—strain curve is slightly concave. The
reason is that under the action of high temperature, part of
water in the rock evaporates and the air expands. Moreover,
the existence of confining pressure compacts or in rock, thus
the rock is compressed. In the obvious elastic stage, before
axial strain reaches the peak, the relationship between stress
and strain is approximately linear, showing elastic character-
istics of the rock samples. Before the stress reaches the peak,
stress shows a nonlinear relationship with strain and elastic
modulus of the rock samples constantly decreases with the
increase of strain, presenting yielding phenomenon. After
stress reaches the peak, axial strain is maximized, and frac-
tures in the rock samples coalesce and form macrocracks,
so that the rock samples lose bearing capacity and the stress
decreases. Therefore, the rock samples demonstrate charac-
teristics of brittle failure. As shown in Fig. 6, in the conven-
tional TC test, volumetric strain begins to recover at 60%
of peak stress. Therefore, it is determined that deviatoric
stress in the UCP test under constant deviatoric stress should
remain unchanged at 60% of peak stress in the conventional
TC test of the rock samples.

Figure 7 demonstrates characteristic stress—strain curves
of the rock samples in the conventional TC test and UCP test
under constant deviatoric stress. It can be observed from the
figure that compared with conventional TC test, stress—strain
curves in the UCP test under constant deviatoric stress show
basically same deformation characteristics before reaching
the peak, while deformation in the peak areas is significantly
different. In the process of keeping deviatoric stress constant
and gradually reducing confining pressure, there is no obvi-
ous peak point, while an obvious yield platform appears.
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With decreasing the confining pressure, the slope of the
curve decreases and the strain increases, so that the curve is
appropriately flat. In this process, the volume expands and
the deformation increases sharply until it breaks.

Characteristics of stress—strain curves under UCP
in different stages at different rates

As illustrated in “Characteristics of stress—strain curves of
the rock samples under the conventional TC”, volumetric
strain begins to rotate at about 60% of peak strength, and
deviatoric stress is 115.2 MPa. In order to facilitate analysis
and operation, the deviatoric stress values 115 MPa in the
test process. Therefore, the initial axial stress under UCP
in this study is about 60% of peak strength in the TC test.
Figure 8 demonstrates the curves of the relationship between
deviatoric stress and strain of granite after being subjected
at high temperature and cooled naturally in the triaxial UCP
test in different stages at different unloading rates. It can be
seen from Fig. 8 that the stress—strain curves can be divided
into the following three stages according to change trend of
deviatoric stress—strain curve.

1. Confining pressure loading stage, namely compaction
stage. In this stage, strain increases obviously. When
confining pressure is loaded from 0 to 10 MPa, cir-
cumferential strain constantly rises and the deviatoric
stress—strain curve is downwardly concave. This shows
that increase rate of strain decreases, that is, the increase
rate of circumferential strain is large in the initial stage
of loading confining pressure and decreases as confining
pressure approaches to 10 MPa. In this stage, axial strain
and volumetric strain show a same change trend with
circumferential strain, all shown as decreased increase
rate of strain, which results from closure of fractures in
the rock samples. After high-temperature treatment, the
water evaporation of the rock samples and the dehydra-
tion of minerals lead to the decrease of water content,
the increase of the porosity, and the compaction of the
pores and fractures during loading process. In the three
test groups, radial strains are slightly different when con-
fining pressure rises to 10 MPa.

2. Axial pressure loading stage, namely elastic stage. When
confining pressure is constant at 10 MPa and axial pres-
sure is continuously applied to 60% of peak strength in
the TC test, axial strain constantly rises, while radial
strain decreases slightly. It can be observed from Fig. 6
that deviatoric stress—strain of the granite in this stage
is nearly linear, so elastic modulus can be regarded as
a constant and rock deformation shows obvious elastic
deformation. In this stage, irrecoverable deformation of
rock has not appear yet.
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Confining pressure unloading stage. Yield stage of
rock is obvious in the process of keeping deviatoric
stress constant and gradually reducing confining pres-
sure. Deviatoric stress—strain curve is almost flat and
axial deformation changes relatively slowly while
radial deformation rapidly increases, and the rock sam-

Fig. 8 Stress—strain curves under UCP at different rates in different stages. a Test group A; b Test group B; ¢ Test group C; d Test group D

ples show irrecoverable plastic deformation. With the
decrease of confining pressure, original cracks in the
samples propagate and coalesce or new cracks initiate,
and finally coalesced cracks sufficient to damage the
whole rock samples are formed. In this process, rock
volume expands and deformation of rock increases
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sharply after the confining pressure decreases to a cer-
tain extent, during which points of obvious stress drop
can be observed.

Discussion

Effects of different unloading rates
on the relationship between confining pressure
and strain

Figure 9 illustrates the curves of the relationship between
confining pressure and volumetric strain during UCP on
granite. In this research, because confining pressure begins
to be unloaded at different moments in each test group,
strains of the rock samples change in different groups at
the same moment. In order to facilitate the analysis of the
change trend between confining pressure and volumetric
strain, the relationships between confining pressure and
strain in unloading stage of the four test groups are nor-
malized, so that strain at the starting point of unloading is
same. Such processing is equivalent to shifting the curve of
the relationship between confining pressure and volumetric
strain leftwards or rightwards in the figure, which does not
change the variation trend of confining pressure with volu-
metric strain under different unloading modes in different
stages. Chai (2011) conducted an experimental research on
effects of different unloading rates on deformation param-
eters and failure modes of rock and found that, with rising
the unloading rate, the elastic modulus of the rock and the
damage of the rock decrease, and the unloading amount of
confining pressure increases. As shown in Fig. 9, in the ini-
tial stage of UCP, volumetric strain increases slightly, so the

L GrowpA} |
| Group B |
Group C
6 GroupDR-— ¢
=
a
0 I S S
©
2 R
0 R
1 1 1 i 1
4 3 2 -1 0 1

Volumetric strain (%)

Fig.9 Curves of the relationship between confining pressure and vol-
umetric strain in unloading stage of the rock samples

@ Springer

rock samples are still in the linearly elastic stage. With the
further reduction of confining pressure, volumetric strain
and confining pressure do not show the linear relationship
any more, suggesting that irrecoverable plastic deformation
of the rock samples begins to appear. After confining pres-
sure decreases to a certain degree, volumetric strain rapidly
rises. In this process, cracks in the rock samples gradually
initiate, propagate, coalesce and finally form cracks run-
ning through the whole rock sample, resulting in failure of
the rock. It can be qualitatively observed from Fig. 9 that
such a deformation law of the rock is similar under different
paths. However, it is noted that the curve of the rock sam-
ples under stress path in test group C is located at the top,
and the confining pressure decreases least. This indicates
that in comparison with the other three groups of UCP tests
in different stages, the thermally subjected granite samples
are most easily to be damaged under the UCP stress path in
different stages in group C. As we all know, failure of the
rock samples during UCP is caused by rapid expansion of
volume, which suggests that the rock samples expand the
largest and are most likely to be damaged under the stress
path in the group C.

Table 3 lists variations of confining pressure and strain in
each stage under different stress paths. It can be obviously
seen from the table that the rock samples in the test groups
A, B and D are all damaged in the fifth stage, while those
in the test group C are damaged in the fourth stage, which
again indicates that the rock samples are most easily dam-
aged under stress path in this test group.

Therefore, the decrease rate Ac; of confining pressure at
failure in unloading is defined to reflect difficulty of failure
and with rising the value, the damage degree of the rock
increases.

po= =% ()

)

where o, and o5 represent the confining pressures in the ini-
tial unloading stage and at failure, respectively.

Table 4 illustrates the maximum and minimum principal
stresses and decrease rates of confining pressure at failure
in unloading in each test group. It can be quantitatively con-
cluded from the maximum and minimum principal stresses
at failure of the rock samples in unloading test in Table 4 that
the confining pressure of the rock samples decreases least
(to 87%) in the group C. This indicates that the thermally
subjected rock samples are most likely to be damaged under
the UCP path in this stage. In addition, it can be seen that
among the volumetric strain increments corresponding to the
four test groups, the volumetric strain increment in the test
group C is the largest. This means that the granite expands
most intensely under the stress path in this test group and
the magnitude of unloading required to achieve failure is the
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Table 3 Variations of strain and confining pressure in different unloading stages

Test group Parameter Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
A Magnitude of unloading of confining pressure (MPa) 0.45 0.9 2.25 2.85 3.28
Axial strain increment (10~) 0.004 —0.003 —0.004 0.029 0.562
Radial strain increment (1073) —-0.013 —0.037 —0.125 —0.318 —5.747
Volumetric strain increment (10~) —0.022 - 0.076 —-0.25 —0.596 — 10.768
B Magnitude of unloading of confining pressure (MPa) 3.45 2.85 2.25 0.9 0.24
Axial strain increment (107) —-0.023 0.004 0.058 0.114 0.583
Radial strain increment (1073) —0.223 —0.397 —-0.773 —1.253 —17.781
Volumetric strain increment (107) —0.459 —-0.774 — 1.456 —2.346 — 14.751
C Magnitude of unloading of confining pressure (MPa) 0.9 1.8 4.5 1.5 -
Axial strain increment (107) 0.032 0.005 —-0.023 3.267 -
Radial strain increment (107) —0.066 —-0.169 —1.135 —12.733 -
Volumetric strain increment (10~) —0.096 —0.328 —2.251 —21.855 -
D Magnitude of unloading of confining pressure (MPa) 23 1.9 1.5 1.9 2.29
Axial strain increment (107) —-0.018 —0.001 0.006 0.027 0.472
Radial strain increment (107>) —0.133 —0.181 —0.193 —-0412 —5.458
Volumetric strain increment (10~) —0.278 —0.357 —0.375 —0.783 —10.295
TaAbI.e 4 The.ma.lximum and Test group  Initial confining Atfailure  Atfailure  Volumetric strain  (65/0y) (%)  Ad3 (%)
mlnl.mum principal strt?sses pressure 6, (MPa) o5 (MPa) 6, (MPa) increment (107%)
at failure under unloading
conditions A 10 0.27 115.27 11.730 27 97.3
B 10 0.31 115.31 19.786 3.1 96.9
C 10 1.30 116.30 24.530 13.0 87.0
D 10 0.11 115.11 12.388 1.1 98.9

least. Under other paths, the expansion is relatively stable
and confining pressure is unloaded completely.

Influences of different unloading rates
on deformation parameters

In the stress—strain curve of the uniaxial compression test,
the tangent modulus of initial load generally characterizes
elastic characteristics of the materials under very low stress.
This modulus (expressed as E,)) is determined by inclination
of the tangent line at the starting point of the stress—strain
curve of the uniaxial compression test, which is used to ana-
lyze the effects of loading modes on performance of granite
in this study. The confining pressure unloading rate has lit-
tle influence on the elastic modulus of rock samples at the
initial stage of confining pressure unloading, but has obvious
influence on rock failure (Chai and Li 2011). The changes of
tangent modulus at initial load in the whole unloading test in
different stages of the four groups are shown in Fig. 10a—d.
It can be found form the four figures that the change trends
of tangent moduli at initial load are same and the value
increases all the time in the stage of loading confining
and axial pressures. When beginning to unload confining

pressure, the value of tangent moduli sharply drops and then
attenuates with leaps with the constant decrease of confin-
ing pressure. Under conditions of using different unloading
modes in different stages, distinct forms of attenuation with
leaps can be observed. Figure 10e demonstrates changes of
tangent moduli at initial load in the failure process under
UCP and conventional TC. It can be observed from Fig. 10e
that tangent moduli at initial load of the thermally subjected
rock samples change differently in the failure process under
conventional TC and UCP. In the UCP test, the value rises to
the maximum in the loading stage, followed by a sharp drop
when confining pressure begins to be unloaded, and then it
attenuates with leaps with unloading of confining pressure.
In the conventional TC test, the value firstly rises and then
reduces: it gradually decreases as the test proceeds after ris-
ing to a certain value. This indicates that such a change trend
of stress has greater influences on mechanical performance
of the granite during the UCP test compared with the con-
ventional TC test.

In addition to tangent modulus at initial load, there are
another two important mechanical parameters for the rock,
i.e. elastic modulus and Poisson’s ratio. Elastic modulus in
rock mechanics is generally calculated in elastic stage in
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Fig. 10 Change characteristics of tangent moduli during unloading of confining pressure

uniaxial or TC test, while calculation of deformation param-
eters during unloading of confining pressure should com-
prehensively considers effects of stress and strain in each
direction. In accordance with the generalized Hooke’s law,
it is assumed that each stress and deformation point on the

@ Springer

stress—strain curve of the rock during unloading damage
and failure still confirms to the general Hooke’s law. Based
on this, Huang (2010) solved deformation parameters dur-
ing deformation and failure in the unloading process, so as
to understand weakening laws of deformation parameters
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during unloading. The formula for solving deformation
parameters through the generalized Hooke’s law is shown
as follows:

_ 01— 2o,

E= B @)
_ (B61 - 0'3) 3

H [032B 1) — 5| )
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B = g 4)

Figure 11 demonstrates change characteristics of elastic
modulus with confining pressure during unloading of confin-
ing pressure. As shown in Fig. 11a, the initial elastic moduli
under unloading in the four test groups are different, while
change trends thereof are basically same in various groups
at UCP rates in different stages, shown as linear decreases
of deformation parameter in the initial unloading stage with
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Fig. 11 Change characteristics of elastic moduli during unloading of
confining pressure

the reduction of confining pressure. When unloading to the
failure point, deformation parameter dramatically decreases.
In order to compare differences in changes of elastic mod-
uli during unloading of confining pressure in the four test
groups, the initial elastic moduli of the four curves are ren-
dered same through normalization without changing change
trends of each curve, as shown in Fig. 11b. By comparing
change curves of elastic moduli under different modes of
UCP in different stages in Fig. 11b, elastic modulus changes
more obviously and decrease rate of elastic modulus in the
initial unloading stage (among the three stages) in the test
group C is larger than those in the other three test groups.
This indicates that the rock changes largely in parameter of
elastic modulus and is most easily damaged under such a
UCP mode in different stages.

Change curves of Poisson’s ratio of the granite with con-
fining pressure during unloading of confining pressure are
demonstrated in Fig. 12. In the figure, during unloading of
confining pressure under the path without changing devi-
atoric stress, Poisson’s ratio of the rock samples changes
gently (basically from 0.4 to 0.45) and decreases in the ini-
tial period. However, when the unloading-induced failure is
about to occur, it decreases rapidly and exponentially. The
reason for such changes of Poisson’s ratio is that when con-
fining pressure is unloaded under constant deviatoric stress,
axial deformation changes slowly, while radial deformation
continuously varies from positive strain to negative strain.
Poisson’s ratio is shown as the effects generated by radial
strain in axial direction, so it continuously reduces with the
decrease of confining pressure in the test process.

Impacts of different unloading rates
on strain-pressure compliance

The change relationship between confining pressure and
volumetric strain during unloading of confining pressure in
different stages was analyzed in “Effects of different unload-
ing rates on the relationship between confining pressure and
strain”. It is obtained that in the four groups of unloading
tests in different stages, magnitude of unloading of confin-
ing pressure of the granite is the minimum in the test group
C and the rock samples in the group are most easily dam-
aged. Furthermore, unloading-induced failure of the granite
samples is caused by rapid volume expansion. The change
laws of deformation parameters of the thermally subjected
granite samples during failure under UCP were discussed
in “Influences of different unloading rates on deformation
parameters”. This and the following sections mainly dis-
cussed the interaction between confining pressure and strain
during unloading of the granite and change laws of expan-
sion characteristics of the rock samples in the unloading-
induced failure process.
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Fig. 12 Change characteristics of Poisson’s ratio during unloading of confining pressure

In order to analyze rock deformation during unloading,
this study introduced strain-pressure compliance proposed
by Qiu (2010) for description. The strain-pressure compli-
ance A¢g; refers to the ratio of strain increment caused by
UCP to decrease of confining pressure between the starting
point of UCP and the point of stress drop, which is expressed
as follows:

. _ Ag
ae= 3t )
where Ag; (i=1, 3, v) separately represent the axial, cir-
cumferential and volumetric strain increments. The strain-
pressure compliance A¢; is a physical quantity to measure
the change speed of each deformation increment under per
unit decrease of confining pressure, which better reflects
the effects of changes of confining pressure on deformation
during unloading and shows the response speed of internal
structure of the rock to change process of stress state. The
larger the strain-pressure compliance A¢g; is, the more sen-
sitive the deformation in a certain direction to decrease of
confining pressure.

In accordance with the test results, the axial, radial and
volumetric strain-pressure compliances of the granite sam-
ples from the starting point of unloading to failure of the rock
samples shown in Fig. 13 are calculated by using Formula
(5). Yang (2017) concluded that the peak stress increase rate
of the rock sample increases with the initial confining pres-
sure. Figure 13a—c demonstrates magnitudes of axial, radial
and volumetric strain-pressure compliances correspond-
ing to different unloading stages in the UCP process in the
four test groups. Figure 13d shows the magnitude of strain-
pressure compliance in the whole process from beginning
of unloading to the end of failure of the rock samples. As
illustrated in Fig. 13a—c, the three strain-pressure compli-
ances all rise as the unloading proceeds, and they change
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stably in the first three stages of unloading while increase
rapidly from the fourth stage till the samples are damaged. It
can be obviously seen that strain-pressure compliance of the
rock samples in the test group C sharply enlarges from the
third stage compared with the other three test groups and it
is more than ten times that of the rock samples in the other
three test groups in the same stage. Moreover, the rock sam-
ples in this group are damaged by only undergoing the first
four stages. Strain-pressure compliances in the test groups,
respectively, B and D group trials and the smallest one is
found in the test group A. This indicates that the samples
in the test group A are the least easily damaged under the
mode of changing UCP rates in different stages and that the
UCEP test in different stages under change modes of different
unloading rates exerts dissimilar influences on rock strength.
In practical engineering, deep rocks affected by high tem-
peratures are subjected to different stress perturbations. In
addition, different stress perturbations will produce different
unloading rates around the rock, which will cause different
failures to the rock. As illustrated in Fig. 13d, during UCP of
the granite, the UCP rate has obvious effects on axial, radial
and volumetric strains of the rock. Compared with radial and
volumetric strain-pressure compliances, axial strain-pressure
compliance is smallest. This means that different unloading
rates exert the smallest influences on axial deformation dur-
ing the whole UCP test of the rock; on the contrary, radial
and volumetric deformation responds more sensitively to
changes of confining pressure than axial deformation.

Change laws of expansion characteristics
of the granite

Analysis in the above sections reveals that the granite sam-
ples obviously expand in the UCP test. Li (1993) explained
such a phenomenon as the result of the superposition of a
lateral tensile stress on the original stress state under UCP
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Fig. 13 Strain-pressure compliance of the rock samples in the UCP stage

of the rock. Vermeer (1984) suggested to use dilatancy
angle y in the plastic theory to characterize inelastic vol-
ume change by utilizing Formula (6).

.p
&y

y = arcsin| ————
—2ef + ec

(6)

where éf and é'; represent the increments of axial and
volumetric plastic strains during UCP of the rock samples,
respectively.

Detournay (1986) proposed to take dilatancy angle y as
the function of plastic parameter and confining pressure
and the plastic parameter generally values plastic shear
strain, namely,

yh=el -l @

Therefore, this study also adopted the same method to
analyze change laws of dilatancy angle y with plastic shear
strain y”.
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Elastic constants refer to Young’s modulus E and Poisson’s
ratio v, which are generally obtained in the elastic deforma-
tion stage before unloading stage on the stress—strain curve.
According to characteristics of curves in Fig. 8, elastic con-
stants are calculated in the range of 70-85% of the maximum
deviatoric stress on the stress—strain curve. Assuming that
elastic constants are unchanged all the time during unloading
in the UCP test of the granite, elastic axial strain £f and elastic
volumetric strain &7 can be calculated according to the theory
of elastic mechanics. Furthermore, plastic shear strain is cal-
culated based on the following formula.

o, —2vo;

8? = T (8)

e (1 -2v)o; =2(1 = v)oy
h E

®
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The change curves of the dilatancy angle with plastic
shear strain increment during unloading in the four UCP
tests calculated according to the above Formulas (6-10)
are shown in Fig. 14. The following conclusions are made
according to Fig. 14.

1. At the end of elastic deformation stage and before
unloading, initial dilatancy angles in each group are
basically same. According to the test steps in “Test
procedures”, the loading modes for confining and axial
pressures and magnitudes of confining pressure are same
in the four test groups. Therefore, after the rock samples
experience loading stage, changes of dilatancy angle are
basically same.

2. The evolution process of dilatancy angle is basically
same regardless of the unloading mode of the confin-
ing pressure in different stages. The dilatancy angle
increases rapidly to a certain value in the initial stage of
unloading, which is about three times that of the original
value. Under different modes of UCP in different stages,
plastic shear strains with the dilatancy angle reaching
this value are approximately same, which undergoes
the first three stages. From the fourth stage, dilatancy
angles of the rock samples in different test groups show
distinct change trends, while the general trend is that
the dilatancy angle rises to the maximum and rapidly
drops with constant decrease of confining pressure. In
this case, the rock samples are damaged. Such a change
trend is inconsistent with the conclusion obtained by
Qiu (2010), that is, the dilatancy angle keeps unchanged
after reaching a certain value till the rock samples are

Dilatancy angle (°)

N ; ; ; ;
0 2 4 6 8
Plastic shear strain increment (%)

Fig. 14 Change laws of dilatancy angle of the granite during unload-
ing in the UCP test
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damaged. The main reason is probably that stress path
during unloading of confining pressure is not same with
that of Qiu. This study is based on the constant devia-
toric stress (o; — 03), while the test of Qiu is based on
unchanged o,. As to different evolution laws of dilatancy
angles under different stress paths, it remains to be fur-
ther studied.

3. By combining with Table 2, under UCP at a low rate
(test groups A and C), peak dilatancy angles are lower
than that under UCP at a high rate (test groups B and
D), which is consistent with the conclusion made by
Qiu (2010). In other words, under UCP at a low rate,
the dilatancy angle of the rock samples firstly reaches
the peak and then decreases. When the rock samples are
damaged, the dilatancy angle rapidly drops.

Conclusions

By utilizing the RTX-3000 high-temperature and high-
pressure triaxial rock testing machine, the conventional TC
test and triaxial UCP test were conducted under constant
deviatoric stress on the granite samples after being subjected
at 800 °C and naturally cooled. On this basis, the mechani-
cal properties of the granite during failure under UCP were
studied and the main conclusions are made as follows:

1. SEM analysis results of the granite samples thermally
subjected at 800 °C show that many intergranular cracks
appear in the rock samples and the microstructures are
damaged to some extent due to high-temperature ther-
mal stress. Compared with the conventional TC test,
there is no obvious peak point on the curve, while an
obvious yield platform appears and the curve is nearly
flat during the UCP test on the rock samples. With the
decrease of confining pressure, the original cracks in the
samples propagate and coalesce, or new cracks initiate.
Moreover, the rock expands and deformation dramati-
cally increases after confining pressure is reduced to a
certain degree. Therefore, the points of obvious stress
drop can be observed and the rock shows obvious char-
acteristics of brittle failure.

2. In the initial unloading stage of confining pressure on
the rock samples, volumetric strain rises slightly. With
the gradual decrease of confining pressure, the relation-
ship between volumetric strain and confining pressure
is not linear any more. As confining pressure is reduced
to a certain degree, volumetric strain rapidly increases
till the rock samples are damaged, and the rock samples
in the test group C show the largest expansion and are
most likely to be damaged. The dilatancy angle is used
to quantitatively describe such a volume expansion phe-
nomenon, shown as follows: the dilatancy angle rapidly
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rises with the reduction of confining pressure and then
immediately rapidly drops after reaching a certain value
during unloading of confining pressure under constant
deviatoric stress of the rock samples. The peak dilatancy
angle in the test group C is the smallest in the four test
groups, that is, it firstly reaches the peak.

3. The strain-pressure compliance of the rock samples in
the UCP test in different stages changes basically in a
same manner. The strain-pressure compliances of the
samples in the first three stages in each test group are
almost no change and rapidly increase from the fourth
stage till the rock samples are damaged. This indicates
that internal structure of the rock begins to respond to
the change of confining pressure from the fourth stage
during the UCP test of the granite samples, implying
that internal structure of the rock samples has not been
largely changed in the initial unloading stage. In com-
parison with the changes of axial strain-pressure compli-
ance, radial and volumetric strain-pressure compliances
are much larger, which reflects that radial strain is more
sensitive to the changes of confining pressure.

4. Different from the phenomenon that tangent modulus
of the rock samples firstly increases and then decreases
in the conventional TC test, the tangent modulus in
the UCP test in different stages rapidly reduces at the
beginning of unloading and then attenuates with leaps
as confining pressure is decreased. Elastic modulus and
Poisson’s ratio of the rock samples show a same change
trend during unloading of confining pressure and change
slightly in the initial unloading stage. As confining pres-
sure is reduced further, they rapidly reduce till the rock
samples are damaged. The elastic modulus and Poisson’s
ratio in the test group C firstly drop, the confining pres-
sure of rock samples in group C has been reduced by
87%, suggesting that the rock samples in this test group
are most likely to be damaged under UCP (unloading
rate firstly rises and then reduces) in different stages.
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