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To investigate mechanical characteristics of rocks under different unloading conditions, triaxial tests are carried out with initial
confining pressures of 10, 20, and 30MPa and unloading rates of 0.05∼1MPa/s in three stress paths. Results show that the increment
of axial strain is far less than that of the lateral strain. The unloading rates of confining pressures have less influence on variation of
strain and lateral increment in path I.The variation of axial increment strain in the same time is slightly larger than the variation of
lateral increment; D-value is influenced by unloading rates of confining pressures in path II.The variation of axial strain increment
decreases firstly and then increases with the variation of confining pressures. The relation decreases and then increases with
unloading rates increases in path III. The dilatancy angle decreases with initial confining pressures increases. The vary rates of
dilatancy angle from initial point of dilatancy angle to peak point of dilatancy angle increase with the unloading rates of confining
pressures. In the same rates, the vary rates of dilatancy angle from the initial point of the dilatancy angle to peak point of the
dilatancy angle in path I are greater than those in path II.

1. Introduction

Rock masses at depth are under a triaxial stress equilibrium
state before an excavation. Excavating an opening disturbs the
original in situ stress field, which will lead to stress redistri-
bution around the excavation. With the increase of mining
depth, the excavation becomes more and more serious and
the stability of the surrounding rock get weaker and weaker
[1, 2]. It would lead to severe rock failure, such as rockburst,
spalling, collapse, and other geological disasters [3–5]. These
behaviors have been observed in hard rock mines and in
deep civil tunnels around the world [6]. Many studies have
shown that, during the excavation of deep-buried tunnels
and caverns, the surrounding rockmasses undergo unloading
process [7–9].

However, investigations indicated that rock behavior
under unloading is different from that under loading [10–12].
To achieve a clear understanding of the rock behavior under
unloading, many experimental studies have been carried out.
R. Q. Huang and D. Huang [13] obtained the determination
of Poisson’s ratio of rock material by changing the axial stress
and unloading lateral stress test. Huang et al. [14] reveals that

rock bursts during tunneling in a high in situ stress area could
be controlled or reduced by lowering the excavation speed or
applying precautionarymeasures to control the displacement
of surrounding rocks. Li et al. [15] studied the fatigue damage
behavior of sandstone after high temperature under triaxial
unloading.

Many experts and scholars have made great effects on the
research of factors such as anisotropy, size effect, shear, and
rheological behavior, which have great influence on mechan-
ical characteristics of unloading rock. Besides the above
factors, unloading rates of rocks and unloading paths also
have a significant impact on the mechanical characteristics
of unloading rock. About stress path, Li et al. [5, 6] discussed
the influence of stress path on excavation unloading response
by PFC and obtained the characteristics of the unloading
process of rocks under high initial stress. Cai [16] studied
the influence of stress path on tunnel excavation response—
numerical tool selection and modeling strategy. Guo et al.
[17, 18] studied mechanical properties of Jintan mine rock
salt under complex stress paths and found that the strength
of rock salt was only slightly affected by loading strain rate,
which is different from other brittle rocks. And it also made
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some effects on unloading rate. Qiu et al. [19] carried out true-
triaxial unloading tests on granite specimens and obtained
the degree of violence during failure and the associated AE
energy release in the strain burst process are dependent on
the unloading rate. Gang et al. [1] reported the deformation
and strength characters of jointed rockmass under unloading
stress states. Qiu et al. [20] studied characteristics of strength
of rocks under different unloading rates and indicated that
the strength of the rock will increase as the unloading rate is
higher.

These theoretical studies help us to understand the
influence of the unloading rate and unloading path on the
excavation stability. However, the influence of the unloading
rate and unloading path on mechanical characteristics has
not been studied systematically in these tests. It can be
seen from the review above, different unloading rates and
different unloading paths were not considered together to
researchmechanical characteristics of unloading rocks.Thus,
experimental studies are needed to provide new insight into
the influence of unloading rates and unloading paths on
mechanical characteristics of rocks.

In this paper, the specimens are studied in the present
study by means of conventional triaxial unloading tests
at different unloading paths and different unloading rates.
The progressive stress-strain curves and the characteristic
deformation behavior were studied.The experimental results
have important significance for reasonable excavation and
support scheme.

2. Testing Apparatus

The study was conducted at the geomechanical test center,
on the MTS815 compression machine, under strict test
conditions incorporated into the test program.The tester is a
rigidmachine thatMTSCo. Ltd. (USA) produced specifically
for versatile rock testing. The machine incorporates electro-
hydraulic servo control with automatic pressure relief, as well
as axis servo control and the measurement system.

3. Specimen Preparation

The rock specimens used in this test were drilled from one
rock block sampled in a gold mine. The material of the
investigated rock specimens is granitic rock. Cylindrical rock
specimens were cored by a drill with an inner diameter of
50mm along a direction perpendicular to the smooth rock
surface; thus, the diameter of the samples ranges between
49 and 49.5mm. The specimens were cut into pieces 110mm
in height and showed no apparent cracks or fractures.
Then, both ends were finely ground until they measured
between 99.5 and 100mm. The machining accuracy of the
specimens was in accordance with the International Society
for Rock Mechanics (ISRM) recommended methods [21].
The allowable variations of the end flatness and the devi-
ation from perpendicularity to the longitudinal axis of the
specimens were less than 0.02mm and 0.001 rad, respectively.
Rock specimens were granitic rock measuring 𝜑 50mm ×
100mm. The specimens had a longitudinal wave velocity of

Table 1: Initial geostress condition of various rock samples.

Paths Number 𝜎

3
𝜎

1
V
𝜎3

V
𝜎1

(MPa) (MPa) (MPa⋅s−1) (MPa⋅s−1)

I

x0-0 10 201.52 0.05 0
x1-0 20 265.22 0.05 0
x2-0 30 301.10 0.05 0
y0-0 10 201.52 0.1 0
y1-0 20 265.22 0.1 0
y2-0 30 301.10 0.1 0
z0-0 10 201.52 0.5 0
z1-0 20 265.22 0.5 0
z2-0 30 301.10 0.5 0
b0-0 10 201.52 1.0 0
b1-0 20 265.22 1.0 0
b2-0 30 301.10 1.0 0

II

x0-1 10 201.52 0.05 −0.05
x1-1 20 265.22 0.05 −0.05
x2-1 30 301.10 0.05 −0.05
y0-1 10 201.52 0.1 −0.1
y1-1 20 265.22 0.1 −0.1
y2-1 30 301.10 0.1 −0.1
z0-1 10 201.52 0.5 −0.5
z1-1 20 265.22 0.5 −0.5
z2-1 30 301.10 0.5 −0.5
b0-1 10 201.52 1.0 −1.0
b1-1 20 265.22 1.0 −1.0
b2-1 30 301.10 1.0 −1.0

III

x0-2 10 201.52 0.05 0.05
x1-2 20 265.22 0.05 0.05
x2-2 30 301.10 0.05 0.05
y0-2 10 201.52 0.1 0.1
y1-2 20 265.22 0.1 0.1
y2-2 30 301.10 0.1 0.1
z0-2 10 201.52 0.5 0.5
z1-2 20 265.22 0.5 0.5
z2-2 30 301.10 0.5 0.5
b0-2 10 201.52 1.0 1.0
b1-2 20 265.22 1.0 1.0
b2-2 30 301.10 1.0 1.0

3200∼3800m/s, a density of 2.5 g/cm3, and a uniaxial com-
pressive strength of 80MPa.

4. Testing Methodology

The specimens are put into three schemes for being tested
under different initial conditions as listed in Table 1. The
axial pressure which is 80% of triaxial strength is applied
in a strain-controlled way. The initial confining pressure is
set to be three levels, 10, 20, and 30MPa, respectively. The
unloading rate is set to be four levels, 0.05MPa/s, 0.1MPa/s,
0.5MPa/s, and 1MPa/s. The test steps are as follows.
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(1) Using hydrostatic pressure, the axial stress 𝜎
1
is

increased to the initial lateral stress 𝜎
3
, maintaining

𝜎

1
= 𝜎

3
.

(2) The axial stress 𝜎
1
is increased to 80% of the peak

intensity, maintaining a constant 𝜎
3
.

(3) The axial stress and lateral stress are varied at different
unloading rates until the specimen is destroyed. In
this step, there are three schemes: Scheme I: main-
taining a constant for axial pressure while decreas-
ing confining pressure; Scheme II: increasing axial
pressure while decreasing confining pressure; Scheme
III: decreasing axial pressure and confining pressure.
Initial condition of various specimens is shown in
Table 1.

5. Test Results

5.1. Characteristics of Stress Strain Curves. Figure 1 shows
the relationship between the stress and strain of specimens
under unloading conditions. Observations from Figure 1 can
be summarized as follows.

(1) The axial strain increases slowly, and the lateral strain
increases rapidly. The increment of lateral strain is
4∼15 times than that of axial strain during the process
of unloading confining pressures in three paths. It
should be noted that the volume strain changed
into negative in Figure 1, which indicates that the
dilatancy of specimens occur. It shows the lateral
tension. The dilatancy of specimens in path II is not
obvious; this is because the deviatoric stress increased
in path II. It provides more energy to the specimens,
which accelerated the damage of rock, accelerated the
crack extension, and accelerated the macro failure of
specimens. In path III, the dilatancy of specimens is
most obvious. Because the unloading time in path III
is greater than that in path I and path II.

(2) The increment of axial strain decreases with unload-
ing rates of confining pressures increases. When
the unloading rate is 0.05MPa/s, 0.1MPa/s, and
0.5MPa/s in path III, the increment of axial strain
changes into negative. In addition, it can be seen
that the increment of axial strain decreases with
initial confining pressures increases. When the ini-
tial confining pressures are 20MPa and 30MPa,
the increment of axial strain reduced approximately
20% and 40% compared with 10MPa. This indicates
that the unloading rates of confining pressures and
initial confining pressures increases, the brittle failure
characteristics of specimens is more obvious.

5.2. Deformation Characteristics. To describe the deforma-
tion characteristics of specimens in the process of unloading,
it presents a description variable-variation of strain incre-
ment. The variation of the strain increment is the ratio of

strain increment at any time point and strain increment in
all process of unloading. They are defined below:

𝐷ax =
(Δ𝜀ax)𝑖
∑Δ𝜀ax
,

𝐷lat =
(Δ𝜀lat)𝑖
∑Δ𝜀lat
,

(1)

where 𝐷ax and 𝐷lat are the variation of strain increment of
axial and lateral, respectively; 𝜀ax and 𝜀lat are the axial and
lateral, respectively; and 𝑖 is any time point in the process of
unloading.

According to the equation mentioned above, the respec-
tive 𝐷ax and 𝐷lat are calculated, and then the evolution of
them is analyzed. Figure 2 shows the relationship between the
variation of unloading confining pressure 30MPa increment
and the two variables. As shown in Figure 2, the evolution of
variables may be summarized as follows.

(1) Firstly, the curve shows the linear steady evolution
stage, in which there are linear increases of the
variation of strain increment of axial and lateral
until the variation of unloading confining pressure
is between 0.5 and 0.6 in path I. Additionally, the
variation of strain increment of axial and lateral is
about 20% of the variation of total strain increment.
It indicates that the damage of specimens grows
slowly with the variation of unloading confining
pressure increases in this stage, suggesting that the
microcracks have initiated and increased steadily,
while no interaction has occurred among the cracks.
Then, the curve shows the nonlinear evolution stage.
About 80%of the variation of strain increment of axial
and lateral occurs in this stage. This indicates that
lots of microcracks are produced and opened rapidly,
resulting in fast increases of strain. Also, it can be seen
from the Figure 2, the unloading rates have a little
influence on the variation of strain increment of axial
and lateral in whole unloading process.

(2) The variation of strain increment of axial is slightly
larger than that of lateral at same time in path II. And
the difference between them is affected by unload-
ing rates. When the unloading rate increases from
0.05MPa/s to 1MPa/s, the difference between them
increases firstly and then decreases. Additionally,
about 60%∼80% of the variation of strain increment
occurs with the variation of unloading confining
pressure change from 0.8 to 1.0. Also, the variation
of strain increment increases with unloading rates
increases.

(3) In path III, the variation of the strain increment of
axial decreases firstly and then increases with the
variation of unloading confining pressure increases.
And the rule decreases firstly and then increases with
the unloading rates increases. These results indicate
that the axial strain is rebound with the unloading
of axial in the initial stage. When the variation of
unloading confining pressure is larger than 0.4 or so,
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Figure 1: Complete stress-strain curves of rock under different paths and unloading rates of confining pressures.
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Figure 2: Continued.
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Figure 2: The evolution of variation of axial strain increment with unloading confining pressures.

the variation of strain increment of axial gradually
increases. It indicates that interaction has occurred
among cracks, resulting in rapid increases of strain,
and the dilatancy of specimens has occurred obvi-
ously in path III.

5.3. Analysis of Dilation Characteristics. In the theory of
rock mechanics, the dilatancy angle 𝜓 is usually used to
describe the dilation characteristics. Vermeer and de Borst
[22] defined the dilatancy angle as follows:

𝜓 = arcsin(
𝜀



V

−2𝜀



1
+ 𝜀



V
) , (2)

where 𝜀
1
and 𝜀V are the strain increment of axial and

volumetric, respectively.
Figure 3 shows the evolution of dilatancy angle𝜓with the

variation of strain increment lateral in process of unloading
confining pressures.

(1) From Figure 3, it can be seen that the initial confining
pressure has an important influence on the dilatancy
angle 𝜓, which decreases with the initial confining
pressure increases. This indicates that the initial con-
fining pressure hinders the dilatancy angle to extend.

(2) The evolution of dilatancy angle first increases slowly
to about 1.5 times of the initial dilatancy angle, then
maintain approximate the same dilatancy angle until
the rock failureswith 0.05MPa/s of unloading rate. As
the unloading rate adds up to 0.1MPa/s, the dilatancy
angle quickly enhances and reaches a limit value, then
decreases a bit, and ultimately reaches a fixed value.
When the unloading rate ranges from 0.5MPa/s to
1MPa/s, the dilatancy angle reaches a limit valuemore
rapidly that is 2∼5 times of the initial dilatancy angle,
then reduced to a fixed level until the rock failures.

(3) It is particularlyworth noting that the rate of dilatancy
angle from initial value to limit value increases with
the unloading rates increases, as shown in Figure 3.
It indicates that when the unloading rate is rapid,
the strain energy quickly releases, resulting in many

microcracks produced and expanded. It leads to an
increase of the lateral strains occur and propagate,
but the axial strains have less time to expanded,
generating the process of dilatancy angle increases
fast. Then, with the unloading, the strain energy is
consumed by extending of microcracks, the dilatancy
angle decreases slowly to a stable state until the rock
failures.

(4) Comparedwith the rate of dilatancy angle from initial
value to limit value in path I and path II, the rate
of dilatancy angle from initial value to limit value in
path I is greater than that in path II with the same
unloading rates. The result indicates that loading
of axial in path II provides more energy to rock,
some microcracks expanded rapidly, resulting in the
dilatancy angle increasing rapidly.

6. Conclusions

(1) The axial strain increases slowly, and the lateral strain
increases rapidly in the process of unloading; the dila-
tancy of specimens occurs. In path III, the dilatancy
of specimens is the most obvious. The unloading
rates of confining pressures and initial confining
pressures increase; the brittle failure characteristics of
specimens are more obvious.

(2) A description variable-variation of strain increment is
presented in this paper. According to the relationships
between variation of strain increment and variation
of the confining pressure, there are linear increases of
the variation of strain increment of axial and lateral
until the variation of unloading confining pressure is
between 0.5 and 0.6 in path I. The variation of strain
increment of axial is slightly larger than that of lateral
at same time in path II. The difference between them
is affected by unloading rates. In path III, the variation
of strain increment of axial decreases firstly and then
increases with the variation of unloading confining
pressure increases. The rule decreases firstly and then
increases with the unloading rates increases.
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Figure 3: The evolution of dilatancy angle with variation of lateral strain increment.

(3) According to the analysis of the evolution of dilatancy
anglewith the variation of strain increment lateral, the
initial confining pressure has an important influence
on the dilatancy angle 𝜓, which decreases with the
initial confining pressure increases. The rate of dila-
tancy angle from initial value to limit value increases
with the unloading rates increases. The rate of the
dilatancy angle from the initial value to the limit value

in path I is greater than that in path II under the same
unloading rates.
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