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Abstract

Naturally cooled granite specimens pretreated at 800 °C were separately subjected to conventional triaxial compression
tests and triaxial confining pressure unloading tests under a constant deviatoric stress. Via these tests, the deformation
characteristics of granite at different confining pressure unloading rates were explored. The research results showed that
the granite specimens were more easily damaged at an intermediate unloading rate than at a high or low unloading rate.
The strain—confining pressure compliance results quantitatively revealed that rock failure during unloading was caused by
intense radial deformation and volumetric dilatancy. With the increase in the unloading rate, the strain—confining pressure
compliance first increased and then decreased. In the confining pressure unloading process, initially, the elastic modulus of
the rocks linearly decreased with the decreasing confining pressure. In the case that the confining pressure was unloaded to
the critical point where rock failure occurred, the elastic modulus of the rocks dramatically decreased. Additionally, Pois-
son’s ratio gradually decreased with the reduction in confining pressure. However, approaching the critical point where rock
failure occurred during unloading, Poisson’s ratio remarkably decreased. Afterwards, Poisson’s ratio increased to 0.5 and
then remained unchanged until the specimens became damaged.

Keywords Granite - Triaxial confining pressure unloading test - Unloading rate - Deformation characteristics - Deformation
parameters

Introduction

Since entering the 21st century, the development of deep
underground resources and space (including geothermal
utilization, coal mining, oil and gas drilling, and disposal
of nuclear wastes) has frequently involved rocks in high-
temperature environments (Feng et al. 2012). By tak-
ing the disposal of nuclear wastes as an example, nuclear
energy is widely used in industrial production and scien-
tific research as an efficient clean energy source, resulting
in a large number of different types of radioactive nuclear
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waste. Researchers are also exploring methods for safely
and permanently disposing nuclear wastes while utilizing
nuclear energy. At present, people generally prefer to utilize
deep rock chambers (e.g., in granite) buried 500-1000 m
underground as permanent repositories. Numerous tests and
studies have verified that radioactive elements in nuclear
wastes release a great amount of heat during disintegration.
Generally, this heat will increase he temperature of the rocks
surrounding the repository, and the physical and mechanical
properties of rocks change at a high temperature. For exam-
ple, Aversa and Evangelista (1998), Chaki et al. (2008), Yu
et al. (2015), and Popov et al. (016) suggested that the elastic
modulus and mechanical strength of rocks can decrease due
to the influence of high temperatures. The change in the
physical and mechanical properties of rocks likely results
in serious problems related to the deformation and stability
of the geological bodies around the nuclear waste reposito-
ries (Hashemi et al. 2015). Therefore, exploring the strength
and deformation characteristics of granites treated at a high
temperature has been an important topic for investigating
the long-term stability and safety of the rocks surrounding
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nuclear waste repositories. Vazquez et al. (2015), Nguyen
etal. (2011), Zhang et al. (2016), and Yin et al. (2016) car-
ried out various experiments on the mechanical properties
of rocks at a high temperature. On this basis, they found that
various mechanical properties (including the elastic modu-
lus, failure strength, and deformation characteristics) of
rocks are all affected by temperature. To investigate changes
in the microstructure morphologies of granite, individual
crystals, and the porosity of rocks at a high temperature,
Zhang et al. (Zhang et al. 2018) performed a series of experi-
ments after heating and rapid cooling of granite samples and
found that as the temperature increased, the elastic modulus
and cohesion of the granite decreased significantly and that
the rate of decrease became slower as the confining pressure
increased. Lonnqvist and Hokmark (2016) and Yao et al.
(2016) revealed that changing temperatures result in a com-
plex stress distribution in crystalline rocks due to thermal
expansion of the minerals. After summarizing the relation-
ship between the strength and temperature of rocks, Wong
(1982) suggested that the strength of most rocks decreases
with increasing temperature and that the reduction trend is
related to the type of rock. Heueckel et al. (1994) attained
the deformation mechanism of rocks by using clays as rep-
resentative materials. Chen et al. (2012) and Liu and Xu
(2014) investigated the physical and mechanical properties
of granites under uniaxial compression after conducting
thermal treatments at different temperatures. Du et al. (2004)
carried out a uniaxial test to explore the mechanical proper-
ties of granites after being treated at different temperatures.
Fang et al. (2016) analyzed the splitting failure modes of
granites after being treated at different temperatures by
conducting a Brazilian disc test on granites subjected to
high-temperature treatment. Zhu et al. (2018) revealed the
change in the physical and mechanical properties of granites
with temperature after the high-temperature granites were
cooled with water. By carrying out conventional triaxial tests
on granites treated at high temperatures, Xu et al. (2014)
presented that temperature is the primary factor influencing
the mechanical properties of granites. Numerous remarkable
achievements have been made on the mechanical properties
of rocks treated at high temperatures. However, a majority
of studies are conducted under uniaxial compression or con-
ventional triaxial compression conditions, mainly aiming at
the mechanical properties of high-temperature rocks under
these loading conditions.

The reduction in the confining pressure of rocks as
a result of the excavation of a rock mass is the key cause
of the failure of rocks in deep underground engineering.
In the aforementioned process, rocks are mainly under an
unloading stress path and show an essential difference in
mechanical properties compared to those of rock masses
under loading conditions (Wu and Zhang 2004; Xie and He
2004; Peng et al. 2019a, b). Li et al. (2014) investigated
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the influence of the stress path on the unloading response
during excavation. Chen et al. (2018) suggested that with
the decrease in deformation modulus during the confining
pressure unloading process, the damage variable gradually
increases, indicating that confining pressure unloading is a
process of damage accumulation and strength degradation.
Qiu et al. (2012) carried out a triaxial confining pressure
unloading test (TUTCP) on deeply buried marble under dif-
ferent initial damage levels and unloading paths and further
proposed new parameters for describing the mechanics of
a rock mass under unloading conditions. Li et al. (2019)
conducted a series of triaxial prepeak unloading limiting
pressure tests at different initial limiting pressure levels.
Based on the results of the unloading testing, the effect of
the unloading stress path on the dilatancy characteristics of
sandstone was analyzed, and the unloading stress was sum-
marized. The variation law of the dilatancy angle under the
path was established by a linear fitting method using confin-
ing pressure and postpeak plastic shear strain as the inde-
pendent variables. Lu et al. (2009) described the degradation
law of the mechanical parameters of granites during unload-
ing. The above achievements mainly reveal the mechanical
properties and failure characteristics of rocks under different
initial unloading levels. Furthermore, a constitutive model
for rock failure under unloading conditions is established.
However, research on the mechanical properties of rocks
undergoing thermal damage under unloading conditions is
scarce. Li et al. (2011) and Cai et al. (2015) separately pre-
sented the mechanical properties and deformation and fail-
ure characteristics of sandstones and granites under triaxial
unloading conditions treated at high temperatures. In the
confining pressure unloading testing of rocks, the unloading
rate of the confining pressure also shows a certain influence
on the change in the mechanical properties of the rocks. By
contrast, research on the control of the unloading rate on
the deformation characteristics of rocks subjected to ther-
mal treatment during the unloading of confining pressure is
scarcely reported.

Thus, unlike the currently available research using uni-
axial compression or conventional triaxial compression tests
to study the mechanical properties of granite subjected to
high temperature, this paper mainly uses triaxial unloading
and confining pressure to treat granite samples subjected
to 800 °C and then naturally cooled. Triaxial unloading
mechanical tests with different unloading rates were carried
out, and the unloading method was used to maintain a con-
stant deflection stress. By changing the unloading rate of the
confining pressure, the influence of the unloading conditions
on the mechanical properties of the granites that underwent
high-temperature treatment was explored, and the influ-
ence of different confining pressure unloading rates on the
mechanical properties of granites subjected to thermal dam-
age was analyzed. The research results provide theoretical
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guidance for revealing the deformation mechanism and
formulating prevention measures for disasters induced by
unloading in deep underground rock engineering projects
in high-temperature conditions.

Experimental materials and scheme
Rock specimen preparation

The rock specimens were taken from an intact horizon-
tally oriented granite block buried 930 m underground in
the Xincheng gold ore (Xincheng village, Jincheng Town,
Laizhou, Shandong Province, China). To ensure the homo-
geneity and comparability of rock specimens, the rock speci-
mens were collected from adjacent positions in the same
large intact rock block. After eliminating the rock speci-
mens with significant defects (including joints or cracks),
the rest of the rock specimens were cored, cut, ground, and
processed into cylindrical specimens 100 mm in height
and 50 mm in diameter in the laboratory. The machining
accuracy of such specimens should reach the standard in
Code for Rock Tests of Hydroelectric and Water Conserv-
ancy Engineering (SL264-2001). The unevenness of the end
face of the specimens was within +0.02 mm, and the end
face was perpendicular to the axis of the specimens, with an
allowable deviation no greater than 0.25°. The specimens
were heated by employing an SRX?2-4-10 high-temperature
box-type electric resistance furnace with a rated power,
voltage, and temperature of 2.5 kW, 220 V, and 1000 °C,
respectively, in which the electric furnace heating wire was
used for heating, as shown in Fig. 1. The rock specimens
were heated to 800 °C at a rate of 10 °C/min and then kept at
800 °C for 6 h so that they were uniformly heated. Then, the
specimens were removed from the furnace after being natu-
rally cooled to room temperature. The basic parameters of
the rock specimens used for the test are displayed in Table 1.

Fig.1 SRX2-4-10 high-temperature box-type electric resistance fur-
nace

Table 1 Basic parameters of the rock specimens

Serial number of Diameter/mm Height/mm Mass/g Density/
rock specimens (gem™)
A 50.18 100.00 523.82  2.65
B 49.16 99.56 503.30 2.66
C 49.88 99.64 521.48 2.68
D 49.98 99.68 519.64 2.66

After being subjected to high-temperature treatment, the
color of the rock specimens changed from grayish white to
white, and images of rock specimens before and after being
subjected to high-temperature treatment are shown in Fig. 2.

Test equipment

An RTX-3000 high-temperature and high-pressure triaxial
testing machine for rocks produced by the GCTS Cor-
poration in the United States was used in this work. The
maximum axial load that can be applied by the system was
3000 kN. The circumferential deformation of rock speci-
mens during the test was measured by using a chain-linked
circumferential extensometer, and the chain was installed
around the middle part of the specimens. The axial deforma-
tion of the rock specimens was measured by utilizing two
axial extensometers, as shown in Fig. 3. During the experi-
mentation, loading and unloading tests were conducted by
controlling the deviatoric stress, that is, the deviatoric stress
(0,—05) remained unchanged during the test. In the triaxial
loading stage, the displacement was controlled during the
loading, with an axial pressure loading rate of 0.02 mm/min.
In the unloading stage, the stress was controlled. The test
was controlled via full-digital computer control, and the test
data were automatically collected.

Test scheme

In the confining pressure unloading process, different stress
paths arise. According to the change in deviatoric stress in
the confining pressure unloading process, the stress paths
in the unloading process of the confining pressure of rocks
can be divided into the following kinds, as shown in Fig. 4.
In the figure, OA denotes the conventional triaxial compres-
sion test, that is, when the keeping confining pressure is
kept constant, the axial pressure is constantly applied until
the rock specimen becomes damaged (the imaginary line
in the figure refers to the assumed nonlinear strength cri-
terion); OB denotes the increase in axial pressure while
unloading the confining pressure until the rock specimen
becomes damaged; OC represents unloading the confining
pressure while maintaining the axial pressure until the rock
specimen becomes damaged; OD refers to unloading the
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(2)

(b)

Fig.2 Granite specimens before and after high-temperature treatment; a granite specimens before high-temperature treatment; b granite speci-

mens after high-temperature treatment

Fig.4 Different stress paths of unloading confining pressure

@ Springer

confining pressure until the rock specimen becomes dam-
aged while maintaining the deviatoric stress. Unloading the
confining pressure while maintaining the deviatoric stress
is equivalent to unloading the axial pressure and confining
pressure. In previous studies, a majority of scholars have
carried out research aimed at stress paths OB and OC. By
contrast, there are few studies in which the deviatoric stress
was held constant (path OD). Deng et al. (2017) investigated
the relationship between the characteristics of sandstones
during unloading and pore water pressure in the case that
the deviatoric stress remained unchanged. Under different
loading and unloading stress paths, different test laws can be
attained, which is also one of the important reasons why the
laws obtained through unloading tests vary at present (Qiu
et al. 2012). For the aforementioned three stress paths, the
main distinction lies in the change in axial pressure during
unloading of the confining pressure. At present, research on
unloading tests of confining pressure while maintaining the
deviatoric stress is rarely reported. Therefore, the influence
of the confining pressure unloading rate on the mechanical
properties of rocks under unloading conditions was explored
under the stress path (OD in Fig. 4) of unloading the confin-
ing pressure while maintaining the deviatoric stress.

The test scheme is described as follows: first, by conduct-
ing a conventional triaxial tests with a confining pressure of
10 MPa, the peak strengths of the naturally cooled speci-
mens treated at 800 °C were determined. Afterwards, tests
were carried out to detect the mechanical properties of the
rocks at different unloading rates, and the design scheme
is displayed in Table 2. The steps of the confining pressure
unloading testing of the rock specimens at different unload-
ing rates are as follows: (1) the confining pressure and axial
pressure were loaded to the preset value of 10 MPa by con-
trolling the stress. During loading, the rates of increase in the
confining pressure and axial pressure were both maintained
at 2 MPa/min. (2) After the confining pressure reached the
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Table 2 Test scheme with different confining pressure unloading rates

Number Axial pres-  Confining pres- Confining pres-
sure/MPa sure/MPa sure unloading rate/
(kPas™"
A 125 10 5.0
B 125 10 7.5
C 125 10 9.5
D 125 10 11.5
c,-o, (MPa)
Axial strain
—— Radial strain
Volumetric strai
L " 1 ]
4 3 2 -1 0 1 2

Strain (%)

Fig.5 The deviatoric stress—strain curves of granites undergoing
high-temperature treatment in the conventional triaxial compression
test

preset value, the axial load was continuously applied at the
loading rate of 0.02 mm/min through displacement control
until reaching 60% of the ultimate bearing capacity of the
rock specimens under the confining pressure. In this case,
the stress on the rock specimens stabilized for 5 min. (3)
When the deviatoric stress remained unchanged, the confin-
ing pressure of the rock specimens was unloaded at differ-
ent unloading rates. (4) The confining pressure unloading
immediately ceased after the rock specimens were subjected
to a dramatic stress drop. In this context, the rock specimens
were completely damaged, and the test was ended.

Results

Characteristics of the deviatoric stress-strain curves
under conventional triaxial loading conditions

Figure 5 shows the deviatoric stress—strain curves of the rock
specimens under conventional triaxial loading conditions
under a confining pressure of 10 MPa. The confining pres-
sure of rocks was first loaded to the preset value of 10 MPa
under hydrostatic pressure conditions. Afterwards, in the

case of maintaining the confining pressure, the axial load
was continuously applied until the rock specimen became
damaged. It can be seen from the figure that under loading
conditions with a constant confining pressure, the granite
specimens treated at high temperatures exhibited a short
compaction stage of axial strain. This occurred because at
a high temperature, some of the water in the rocks evapo-
rated, resulting in air expansion. Moreover, the addition of
the confining pressure led to the compaction or narrowing
of the fractures in the rocks. Therefore, the compactness
of the rock was increased. Before the axial strain reached
the peak strain, the elastic stage was significant, and the
stress was approximately linearly correlated with the strain.
In this stage, the growth rates of the radial strain and volu-
metric strain decreased. When the axial strain reached its
maximum, the postpeak stress rapidly dropped, and the rock
specimen underwent brittle failure.

Characteristics of the deviatoric stress—strain curves
at different confining pressure unloading rates

The stress under which the volume recovered was taken as
the initial axial stress during the confining pressure unload-
ing test. According to the stress—strain curves from the
conventional triaxial compression test in Fig. 5, the rock
specimens started to recover from the volumetric strain
when reaching approximately 60% of the peak strength. In
this case, the deviatoric stress was 115.2 MPa. For the con-
venience of operation, the deviatoric stress was 115 MPa in
the test. Thus, the initial axial stress during the confining
pressure unloading test was approximately 60% of the peak
strength from the triaxial compression test.

Figure 6 shows the deviatoric stress—strain curves of natu-
rally cooled granites subjected to high-temperature treatment
under TUTCP at different unloading rates. As shown in the
figure, at different confining pressure unloading rates, the
deviatoric stress—strain curves of the rocks treated at high
temperatures showed similar change characteristics. Accord-
ing to the change in the deviatoric stress—strain curve, the
following three stages can be identified:

1. Loading stage of confining pressure: The strain greatly
increased in the stage. When the confining pressure
increased from O to 10 MPa, the circumferential strain
continuously increased, and the deviatoric stress—strain
curve was concave. Moreover, the rate of increase in
the strain decreased, that is, the rate of increase in the
circumferential strain was high in the initial confining
pressure loading stage. The rate of increase in the cir-
cumferential strain decreased as the confining pressure
approached 10 MPa. In this stage, the change trends of
axial strain and volumetric strain were the same as that
of circumferential strain, all showing a reduction in the
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Fig.6 Deviatoric stress—strain
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rate of increase in the strain. The reason for this consist-
ency was that the fractures that formed in damaged gran-
ites due to being heated were compacted or narrowed in
the initial loading stage, thus resulting in the increase in
the axial and radial strains. Among the three groups of
tests, the radial strains exhibited an insignificant differ-
ence when the confining pressure increased to 10 MPa.
Loading stage of confining pressure: On the condition
that the confining pressure was kept at 10 MPa and the
axial pressure was continuously loaded to 60% of the
peak strength during the triaxial compression test, the
axial strain continuously increased while the radial strain
gradually decreased, with an insignificant variation. Fig-
ure 6 shows that the deviatoric stress—strain curve of the
granites was approximately linear and that these rocks
underwent significant elastic deformation in this stage.
In this stage, the rocks had not yet been subjected to
nonrecoverable deformation.

Unloading stage of confining pressure: When the devia-
toric stress was held constant and the confining pressure
was gradually unloaded, the yield stage of the rocks was
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significant, and the deviatoric stress—strain curve was
approximately horizontal. In this case, the axial defor-
mation occurred relatively slowly, while the radial defor-
mation rapidly increased. As a result, the rock specimens
were subjected to nonrecoverable radial plastic deforma-
tion. The primary cracks in the specimens propagated
and cut through the sample or new cracks initiated with
the reduction in confining pressure, thus eventually gen-
erating through-going cracks that enabled the overall
failure of the rock specimens. In this process, the volume
of the rocks expanded and the deformation of the rocks
dramatically increased after the confining pressure was
reduced to a certain level. In this context, an obvious
stress drop can be identified.
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Discussion

The influence of unloading rate on the confining
pressure-strain relationship

Figure 7 shows the relationship between confining pressure
and strain in the confining pressure unloading process of
the granites. During the confining pressure unloading test at
different unloading rates, the time when the confining pres-
sure was completely unloaded varied, the strains in the rock
specimens at the same time also varied. To conveniently
analyze the trend of the change in the confining pressure
with strain, the confining pressure—strain relationship curves
in the unloading stage for the four groups of tests were nor-
malized. Although the strains at the initial unloading points
were the same, this normalization did not affect the trends of
the changes in the confining pressure with strain at different
unloading rates. As shown in Fig. 7a, in the initial confin-
ing pressure unloading stage (to 50% of the initial confin-
ing pressure), the axial deformations at different unloading
rates remained nearly unchanged. This result indicated that
in the confining pressure unloading process, the unloading
of confining pressure insignificantly influenced the axial
deformation when the deviatoric stress remained unchanged.

According to Fig. 6, the elastic modulus of the specimens
was maximized. Additionally, under the condition that the
unloading rate was 7.5 kPa/s, the rock specimens under-
went nonrecoverable plastic deformation before failure. At
large unloading rates (9.5 and 11.5 kPa/s), no significant
plastic deformation was observed before the failure of the
rock specimens. This result indicated that the rocks exhib-
ited remarkable brittle failure at a high confining pressure
unloading rate. It can be seen from Fig. 7 that during the
failure of the rock specimens, the confining pressure was
unloaded the least amount (the lowest confining pressure
was 0.97 MPa) at the unloading rate of 7.5 kPa/s, followed
by the unloading rates of 5.0 and 9.5 kPa/s, at which the
lowest confining pressures were 0.75 and 0.14 MPa, respec-
tively. At the unloading rate of 11.5 kPa/s, the confining
pressure was nearly completely unloaded. In this case, the
lowest confining pressure was 0.1 MPa.

Figure 7b, ¢ shows that in the initial confining pressure
unloading stage, the radial and volumetric deformations
insignificantly increased. In this context, the rock specimens
were still in a linear-elastic stage. However, with a further
reduction in the confining pressure, the radial and volumetric
deformations rapidly increased, no longer linearly increas-
ing with the confining pressure. This result indicated that
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the rock specimens were subjected to nonrecoverable plastic
deformation; cracks in the rock specimens gradually initi-
ated, propagated, and cut through, ultimately leading to the
failure of the rock specimens. It can be seen from the figures
that at different unloading rates, the change in the radial
strain with the confining pressure was similar to that of the
volumetric strain with the confining pressure. However, the
curve at the unloading rate of 7.5 kPa/s plotted above the
other curves, and the decrease in the confining pressure at
this unloading rate (7.5 kPa/s) was lower than those at the
unloading rates of 5.0, 9.5, and 11.5 kPa/s during the failure
of the rock specimens. This finding implied that the rocks
were more easily damaged when the confining pressure was
unloaded at a rate of 7.5 kPa/s.

Figure 7 shows that the decrease in the confining pressure
was the lowest at the unloading rate of 7.5 kPa/s. Compared
with the other three confining pressure unloading rates, at
this unloading rate (7.5 kPa/s), the rock specimens were
most easily damaged. This result indicated that both low
and high confining pressure unloading rates can inhibit the
failure of rock specimens in the confining pressure unload-
ing process. An intermediate confining pressure unloading
rate can promote the deformation of rock specimens in this
process.

The influence of unloading rate on strain—confining
pressure compliance

To analyze the deformation process of rocks in the unloading
process, the strain—confining pressure compliance proposed
by Qiu et al. (2010) was introduced. The strain—confining
pressure compliance Aé, refers to the ratio of incremental
strain induced by the unloading of the confining pressure to
the reduction in the confining pressure between the initial
point of confining pressure unloading and the stress drop, as
expressed as follows:

Ag Ag;
v (1)

where A¢; (i=1, 3, v) represent the incremental axial, cir-
cumferential, and volumetric strains, respectively. The
strain—confining pressure compliance A¢; is a physical
quantity displaying the rates of increase in the various
deformations when unloading a unit of confining pressure.
It favorably reflects the influence of changing the confin-
ing pressure on the deformation in the confining pressure
unloading process and reveals the speed of the response of
the internal structure of rocks to the change in stress state.
The larger the strain—confining pressure compliance Aé¢; was,
the more sensitive the deformation in a certain direction to
the reduction in confining pressure.
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Fig. 8 Relationship between the strain—confining pressure compliance
of granites and the unloading rate

According to the test result, the axial strain—, radial strain—,
and volumetric strain—confining pressure compliances between
the starting and end points in the confining pressure unloading
process at different rates are shown in Fig. 8. By comparing
the three curves in Fig. 8, it can be found that in the confining
pressure unloading process of granites, the confining pres-
sure unloading rate exhibited a significant influence on the
axial, radial, and volumetric strains in the rocks. Additionally,
compared with radial strain— and volumetric strain—confin-
ing pressure compliances, the axial strain—confining pressure
compliance was always lower. This implied that in the whole
confining pressure unloading process of rocks, the influence
of the unloading rate was the lowest on the axial deforma-
tion. In contrast, the radial and volumetric deformations were
more sensitive than the axial deformation was to the chang-
ing confining pressure. According to the changes in the axial
strain—confining pressure compliance (Aé,) at different con-
fining pressure unloading rates shown in Fig. 8, the confining
pressure unloading rate insignificantly affected the axial defor-
mation. The axial strain—confining pressure compliance curve
changed gently with increasing unloading rate. Additionally,
with the increase in the unloading rate, the axial strain—confin-
ing pressure compliance first increased and then decreased.
The maximum axial strain—confining pressure compliance
(1.20%) was observed for the unloading rate of 7.5 kPa/s. This
result indicated that both a high and a low confining pressure
unloading rate showed an inhibitory effect on axial deforma-
tion. With increasing unloading rate, the axial strain—confining
pressure compliance gradually decreased. Moreover, the rate
of decrease in the axial strain—confining pressure compliances
when the unloading rate increased from 7.5 to 9.5 kPa/s was
larger than that when the unloading rate increased from 9.5 to
11.5 kPa/s. This finding implied that the inhibition effect of a
large confining pressure unloading rate on the axial deforma-
tion was weakened by increasing the unloading rate.
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In Fig. 8, at different unloading rates, the trends of the
change in the radial strain—confining pressure compliance
(Aé€5) with the unloading rate conformed to those of the volu-
metric strain—confining pressure compliance (A¢,). With the
increase in the confining pressure unloading rate, the radial
strain— and volumetric strain—confining pressure compliances
both first significantly increased and then decreased. At the
unloading rate of 7.5 kPa/s, the radial and volumetric deforma-
tions were more sensitive to changing confining pressure, with
variations in the radial strain— and volumetric strain—confining
pressure compliances of 11.60 and 21.99%, respectively. With
an increasing confining pressure unloading rate, the sensitiv-
ity weakened, implying that both a high and a low unloading
rate showed an inhibition effect on the radial and volumet-
ric deformations. When the unloading rate of the confining
pressure increased from 7.5 to 9.5 kPa/s, the variations in
the radial strain— and volumetric strain—confining pressure
compliances were 5.35 and 9.98%, respectively. In contrast,
when the unloading rate increased by the same value from
9.5 to 11.5 kPa/s, the variations in the corresponding radial
strain— and volumetric strain—confining pressure compliances
were 1.73 and 3.10%, respectively. This further validated that
the inhibition effect of a high unloading rate on the radial and
volumetric deformations decreased with increasing unload-
ing rate.

The influence of the unloading rate
on the deformation parameters

In rock mechanics, the elastic modulus is generally calculated
according to the elastic stage results of uniaxial or triaxial
compression tests. However, when calculating deformation
parameters for the confining pressure unloading process, it
is necessary to comprehensively consider the influences of
the stresses and strains in different directions. According to
the generalized Hooke law, it is supposed that each stress and
deformation point along the stress—strain curve of a rock in the
process of rock failure caused by unloading conforms to the
generalized Hook law. By applying this assumption, Huang
and Huang (2010) solved the deformation parameters in the
deformation and failure process of rocks due to unloading to
appropriately grasp the weakening law of the deformation
parameter during unloading. The formula for calculating the
deformation parameters based on the generalized Hook law is
expressed as follows:

E = (0, —2uocy) /e,
n=(Bo, - 63)/[63(28 -1)- 61] . )
B=¢;3/¢,

Figures 9 and 10 show the changes in the deformation
modulus E and Poisson’s ratio u, respectively, with the
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Fig.9 The characteristics of the change in the deformation modulus
in the confining pressure unloading process
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Fig. 10 The characteristics of the change in Poisson’s ratio in the con-
fining pressure unloading process

unloading rate for four unloading rates (5.0, 7.5, 9.5, and
11.5 kPa/s).

As shown in Fig. 9, the initial elastic modulus in the
unloading process increased with the unloading rate. The
elastic modulus of the rocks basically showed the same
change trend at different confining pressures unloading
rates, suggesting that the deformation parameters linearly
decreased with decreasing confining pressure in the initial
unloading stage. When the confining pressure was unloaded
to the point where rock failure occurred, the deformation
parameters dramatically decreased. By comparing the
change curves of the deformation parameters at different
unloading rates shown in Fig. 9, it can be found that the
reduction in the deformation parameters during confining
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pressure unloading at the unloading rate of 7.5 kPa/s was
70% of the initial deformation modulus. The reductions were
greater than 70% at the other three unloading rates, which
indicated that rock failure was more likely to occur at the
confining pressure unloading rate of 7.5 kPa/s.

It can be seen from Fig. 10 that in the confining pres-
sure unloading process under the condition of an unchanged
deviatoric stress, the Poisson’s ratio of the rock specimens
slightly varied for some time after unloading, showing a
decreasing trend. However, when the confining pressure
was unloaded to the critical point where rock failure was
about to happen, the Poisson’s ratio of the rock specimens
dramatically decreased, with an exponential change. After-
wards, Poisson’s ratio increased and stabilized at 0.5 until
rock failure occurred. As shown in Fig. 6, the Poisson’s ratio
results showed such a change because in the confining pres-
sure unloading process for the case of an unchanged devia-
toric stress, the axial deformation slowly changed while the
radial deformation constantly varied from a positive strain
to a negative strain. Moreover, the Poisson’s ratio response
reflected the effect of the radial strain in the axial direction.
Therefore, in the test process, the dynamic Poisson’s ratio
recorded by the testing machine constantly decreased with
a decreasing confining pressure, and Poisson’s ratio rapidly
increased to 0.5 after the specimens were damaged. It can be
seen from the figure that the larger the unloading rate was,
the more rapid the change in Poisson’s ratio. The reason
why the deformation parameters of the rocks exhibited such
a change can be summarized as follows: due to the high-
temperature treatment, the microcracks in the rocks dilated,
and the volume of the dilatated pores remained unchanged
during the cooling process. Under the loading effect, the
dilatated pores absorbed the radial deformation generated
under the axial load to some extent so that Poisson’s ratio
decreased macroscopically.

Conclusions

In this paper, the naturally cooled granite specimens treated
at 800 °C were separately subjected to conventional tri-
axial compression test and TUTCP under the condition of
an unchanged deviatoric stress by utilizing the RTX-3000
high-temperature and high-pressure triaxial testing machine
for rocks. On this basis, the deformation characteristics of
granites were explored at different unloading rates of confin-
ing pressures. Furthermore, the following conclusions were
drawn:

1. The variations in the deformation of all the specimens
present similar tendencies. The radial and volumetric
deformations insignificantly increased at the initial
confining pressure unloading stage. With the gradual

@ Springer

reduction in confining pressure, the increments in radial
and volumetric deformations rapidly increased, causing
nonrecoverable plastic deformation. The reduction in
confining pressure at an intermediate unloading rate was
lower than those at lower and higher confining pressure
unloading rates, indicating that an intermediate unload-
ing rate can promote the deformation of rocks.

2. The strain—confining pressure compliance was used
to reflect the impact of the change in confining pres-
sure on the deformation during the unloading process.
The strain—confining pressure compliance of the gran-
ite specimens first increased and then decreased with
increasing confining pressure unloading rate. Compared
with an intermediate confining pressure unloading rate,
both a lower and a higher unloading rate showed an
inhibitory effect on the deformation of rocks. The inhi-
bition effect of a higher unloading rate on the radial and
volumetric deformations weakened with the increase
in the unloading rate. Additionally, compared with the
axial strain, the radial and volumetric deformations were
more sensitive to the change in confining pressure.

3. The effect of different unloading rates on the deforma-
tion parameters of granite was elaborated in this paper.
The trends of the change in the elastic modulus of the
rocks were basically the same at different confining pres-
sure unloading rates, and the reduction in the deforma-
tion parameter was the lowest at the confining pressure
unloading rate of 7.5 kPa/s. Rock failure was more likely
to occur at this confining pressure unloading rate than at
the other tested rates. Poisson’s ratio gradually decreased
with decreasing confining pressure. The Poisson’s ratio
of the rock specimens was insignificantly changed in
the initial unloading stage, while it was exponentially
reduced when rock failure was about to occur during
later unloading. This trend continued until the rock spec-
imens were damaged; then, Poisson’s ratio suddenly rose
and stabilized at 0.5.
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