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Abstract: It is essential to study the mechanical properties of saturated rock under different loading
and unloading paths for strength calculation, safety assessment and disaster prevention; however,
current literature rarely mentions conventional triaxial loading and unloading conditions. To analyze
the mechanical properties, strain energy evolution characteristics and failure mode, a series of
conventional triaxial unloading tests (with axial loading rate va of 0.06–6 mm/min and circumferential
unloading rate vu of 0.1–10 MPa/s) and conventional triaxial compression tests were carried out on
saturated granite. The test results showed that the damage sources of specimens in the conventional
triaxial unloading test were mainly related to circumferential deformation, while in the conventional
triaxial compression test, it was related to the axial deformation. Under the same va, the confining
pressure and axial stress at the failure point decreased with the increase of vu, and the stress coordinate
of the failure point was located outside the conventional triaxial compression envelope of σ1–σ3.
As vu increases, except for the variation of circumferential strain energy ∆Uc decreasing slowly, the
trend of strain energy changes must be determined together with va. As va increases, the relationship
between the magnitude of each energy changes from ∆Ua > ∆U > ∆Ud > ∆Ue > ∆Uc to ∆Ud > ∆Ua

> ∆U > ∆Ue > ∆Uc, while the change of dissipated energy is dominated by vu and va together to
become dominated by va. In addition, with the increase of vu and va, the damage pattern of the
specimen also changes from shear damage in a single shear plane to mixed damage with tensile strain
failure and shear plane during which the dilation angle of the specimen increases in total except for
vu = 10 MPa/s, va = 0.6 mm/min and 6 mm/min.

Keywords: saturated granite; loading and unloading tests; failure mode; energy evolution; dilatancy angle

1. Introduction

With the expansion of granite mining to deeper mines and the construction of large
hydropower stations with high slopes, the stability of granite excavation under high stress
has become an essential issue in engineering [1–4]. The final failure state of granite depends
not only on the stress state of the rock, but also on the stress path and loading rate as well
as geothermal, groundwater and other environmental factors [5–8]. There are apparent
differences in the mechanical properties of granite under the loading and unloading paths,
which is one of the crucial reasons for the lack of uniformity in the laws obtained from the
current unloading test studies [9,10]. Since the underground deposits are excavated and
unloaded, studying the rock damage under the unloading path may seem more meaningful
than relying on the loading test [11].

The excavation of underground rocks is divided into blasting or mechanical crush-
ing [12–14]. Accordingly, the rocks are damaged under different unloading rates. Many
scholars have studied the mechanical properties, failure modes, and energy dissipation
characteristics of rocks under different unloading rates, and the specific objects and stress
paths are shown in Table 1. This paper mainly discusses the conventional triaxial rather
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than the true triaxial [15]. In [16], the author first proposed the virtual uniaxial compressive
strength considering the unloading problem. He found that the Hoek–Brown material
parameters of the rock specimens before the peak load after unloading changed more than
the loading test. The virtual uniaxial compressive strength increased, and the Hoek–Brown
material constant m decreased. Before the peak load, a larger unloading rate responds
to a smaller axial strain and cohesion c and a larger lateral strain and a slight increase in
the angle of internal friction ϕ. In contrast, the deformation modulus increases gradually
after the peak load and decreases rapidly with the increasing unloading rate [13,14]. The
stress adjustment hysteresis mainly affected the unloading rate, and additional unloading
stress affects the rock strength, c and ϕ values. Higher unloading rates may lead to more
dramatic damage. The Hoek–Brown criterion can predict the damage-confining pressure
when the rock is unloaded laterally at lower unloading rates but may overestimate the
stress value at higher unloading rates [17]. In addition, some authors [18–21] have also
further analyzed the damage evolution law of rocks under unloading conditions after high
temperatures. Furthermore, it is worth mentioning that some researchers [22–25] have
employed theoretical or numerical methods to evaluate the characteristics of deeply buried
rock masses.

During the triaxial unloading test, the rock’s two failure modes are the tensile–shear
failure and the shear failure, and the volume strain changes from compression to expan-
sion [9]. In addition, the higher the initial confining pressure, the more severe the failure of
the specimen at the same unloading stress path, and the degree of rupture of the specimen
becomes more complicated as the unloading rate increases [26]. The failure evolution
characteristics vary for different types of rock [27–29]. For example, shale [27] exhibits
obvious elastic–plastic characteristics under conventional triaxial compression tests, while
it shows apparent elastic–brittle features under triaxial unloading tests, and the brittle
failure characteristics increase with the increase of unloading rate and initial confining
pressure. Columnar jointed rock masses [30] exhibit strong volume expansion during un-
loading, which becomes more severe and the damage pattern becomes more complex with
an increasing unloading rate, while unloading relaxation can be observed by decreasing
the unloading rate. The later the inflection point of negative volume strain growth occurs
when the unloading level is closer to the peak load, the damage caused by tensile cracking
in the specimen is more severe than the damage caused by compression shear during un-
loading. In general, the corresponding expansion rate decreases with increasing confining
compression at the same axial stress and increases with increasing axial stress at the same
confining compression [10]. The expansion boundary of the unloading test starts from the
unloading point, which is different from the expansion rate of the uniaxial and triaxial
compression tests. Rapid unloading promotes the growth of cracks, and larger inelastic
strains appear at lower unloading rates [31,32], which will increase the permeability of
the rock [33–36]. In addition, the response of the ratio of height to diameter [37] and the
acoustic emission behaviour [38] are also investigated, and the damage process can be
observed by CT technique [39] and nuclear magnetic resonance technique [40,41].

From the view of energy conversion, the energy changes from the three principal
stress directions in the test acted together to damage the rock. Wang [42] conducted triaxial
unloading tests and post-test CT scan analysis on fine-grained marble and found that the
specimens’ total energy, elastic energy and dissipated energy almost all increased with the
increase of deformation, and the elastic energy and dissipated energy decreased slightly
before increasing again. After the unloading point, the dissipated energy increased sharply,
and the elastic energy increment rate lowered; the crack pattern and energy dissipation and
release in CT images depend on the unloading rate and time. The strain energy absorbed
in the axial direction of the rock is mainly transformed into circumferential dilation to
consume strain energy [43]. The degree of dilation is: reduce axial stress and confining
pressure > maintain axial stress and reduce confining pressure > increase axial stress and
reduce confining pressure. In contrast, it is transformed into less dissipated energy, and the
dissipated energy increases significantly only near the time of destruction. The dissipation
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energy is significantly influenced by the unloading path and the initial confining pressure.
The initial confining pressure has a considerably more significant influence on the axial
strain energy, the circumferential expansion strain energy and the elastic strain energy than
the unloading path; all of them increase approximately linearly with the increase of the
initial confining pressure. This also indicates that the dissipated strain energy determines
the damage during the unloading test. In contrast, the damage during the triaxial compres-
sion test is mainly determined by the released elastic strain energy [44–46]. In addition, the
magnitude of the initial confining pressure and the unloading rate have significant effects
on the strain energy conversion, rock burst and limited storage energy [11], while at the
same initial confining pressure and unloading rate, the variation of the axial stress has little
effect on the ultimate storage energy of the rock. The higher the unloading rate, the smaller
the ultimate storage energy.

As one of the most common rocks in underground rock engineering, granite is usually
saturated in deep water-bearing environments. However, the existing literature mainly
focuses on studying specimens in their natural state. This study conducted conventional
triaxial tests with different loading and unloading paths on the saturated granite. The
unloading rate varies between 0.1–10 MPa/s to study the mechanical properties and
the evolution of strain energy of the surrounding rock under blasting excavation and
static excavation in underground tunnels. It is of great significance for understanding the
mechanism of unloading rockburst occurrence in high-stress rock masses and even the
permeability characteristics of the engineering surrounding rock masses.

Table 1. Summary of the conventional triaxial unloading tests.

Rock Type Stress Path σ3 (MPa) Unloading Rate vu
(MPa/s) Reference

Sandstone

1. Increase σ1, unload σ3

4–19 0.02–0.14 [47]
4–10 0.05 [48]
5–30 0.005 [49]
15–30 0.05, 0.1, 0.2 [50]
15–45 2 [51]

2. Keep σ1, unload σ3 15–30 0.0003–0.1667 [52]
1. Increase σ1, unload σ3

2. Keep σ1, unload σ3
10–30 0.1, 0.5 [53]

3. Unload σ1, σ3 10–30 0.0008 [33]

Marble

1. Increase σ1, unload σ3 40 0.05 [37]

2. Keep σ1, unload σ3
20 0.01–0.2 [40,42]

10–60 0.01–1 [54]

3. Unload σ1, σ3
20–60 0.05 [55]
20–40 0.1–10 [11]

1. Increase σ1, unload σ3
3. Unload σ1, σ3

20–40 0.26-1.28 [26]

Granite

1. Increase σ1, unload σ3
5–30 0.0017–0.0333 [56]

30–60 0.05 [57]

2. Keep σ1, unload σ3
10 0.005–0.0115 [19]

10–30 0.1 [17,58]
1. Increase σ1, unload σ3

3. Unload σ1, σ3
10–60 0.2 [45]

1. Increase σ1, unload σ3
2. Keep σ1, unload σ3

3. Unload σ1, σ3

10–30 - [43]

Mudstone 1. Increase σ1, unload σ3
6-15 0.05, 0.1, 0.2 [50]

10–50 0.005–0.5 [59]
Limestones 2. Keep σ1, unload σ3 15 0.0217 [39]

Shale
1. Increase σ1, unload σ3 20–60 0.4–1.0 [27]

2. Keep σ1, unload σ3 20–60 0.4 [27]
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Table 1. Cont.

Rock Type Stress Path σ3 (MPa) Unloading Rate vu
(MPa/s) Reference

Basalt 1. Increase σ1, unload σ3 3–12 0.008 [60]
3. Unload σ1, σ3 3–12 0.008 [60]

Coal 1. Increase σ1, unload σ3

30 0.001–0.005 [34]
4–8 0.012–0.024 [35]

4–10 0.02–0.14 [47]
Dacite 2. Keep σ1, unload σ3 5–15 0.0083 [44]

Rock salt 2. Keep σ1, unload σ3
15–25 0.005 [10]

23 0.001–0.5 [31]
Mudstone 2. Keep σ1, unload σ3 8–20 0.05 [61]

3. Unload σ1, σ3 8–20 0.05 [61]
Rock-Like 2. Keep σ1, unload σ3 4–8 0.0083–0.0333 [30]

2. Materials and Methods
2.1. Specimen Preparation

As shown in Figure 1, all the granite specimens were taken from a quarry in Mianning
district, Sichuan Province, China, about 400 km from the capital of Sichuan Province. The
dimensions of the specimens were ϕ50 mm × h100 mm, and all specimens were drilled and
cut in the same direction from a single rock mass to ensure minimum variability between
different specimens. In addition, the specimens were carefully smoothed to meet the
requirements of the International Society of Rock Mechanics (ISRM) [62], and the specimens
were soaked in tap water for 48 h to reach a saturated state. Meanwhile, all operations were
performed at room temperature. The XRD test result indicated that mineral compositions of
the specimens in nature are quartz (49%), potassium feldspar (35%), black mica (8%), white
mica (5%), apatite (2%) and others (1%). The SEM test demonstrated the specimens had a
dense microstructure. The physical parameters were particle size ranging from 0.05–4 mm,
average dry density of 2630 kg/m3, the average saturated density of 2635 kg/m3 and
average p-wave velocity of 4027 m/s. The basic mechanical parameters were: uniaxial
compressive strength was 104.93 MPa, Brazilian tensile strength was 4.53 MPa, cohesion
was 21.83 MPa, and internal friction angle was 49.82◦.

Figure 1. Geographical location and microstructure of the specimens: (a) specimens; (b) SEM image.

2.2. Test Scheme

As shown in Figure 2, the test was performed by the MTS815 testing machine, and the
test path was generally divided into three paths, Path-I, Path-II and Path-III. As shown in
Table 2, for Group-I, i.e., Path-I, conventional triaxial compression test, we first loaded σ1
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and σ3 at 0.5 MPa/s to the corresponding initial hydrostatic pressure O’ with the help of
the confining pressure system in Figure 2a. Four confining pressures of 0, 10, 30 and 50 MPa
were selected to obtain the failure envelope under the conventional triaxial compression test.
The specimen was then loaded in the axial direction at a 0.12 mm/min rate along the O’A
path until the specimen was destroyed. For Group-II, the conventional triaxial unloading
test, which includes Path-II and Path-III, the initial confining pressure was selected as
50 MPa, which corresponds to the ground stress at a burial depth of about 2000 m, and
the difference from Group-I was that the confining pressure started unloading when the
axial load reached 80% (O”) of the triaxial compression strength, the unloading rates were
selected as 0.1, 1, 5 and 10 MPa/s, respectively. Meanwhile, the axial loading of different
specimens was carried out at a rate of 0.06, 0.6, and 6 mm/min, until the specimen failed.

Figure 2. Test machine and scheme: (a) MTS815 test machine; (b) unloading paths.

Table 2. Conventional triaxial loading and unloading test scheme.

Test Scheme Specimen Number Initial Confining
Pressure (MPa) Axial Loading Rate Unloading Rate of σ3

Group-I TC-0 0

0.12 mm/min

-
TC-10 10 -
TC-30 30 -
TC-50 50 -

Group-II G-0.06-X * 50 0.06 mm/min 0.1 MPa/s,
1 MPa/s,
5 MPa/s,
10 MPa/s

G-0.6-X 50 0.6 mm/min

G-6-X 50 6 mm/min

* X is the value of the axial loading rate.

3. Results and Discussion
3.1. Mechanical Characteristics
3.1.1. Stress–Strain Curve

Figure 3 shows the relationship between the axial strain εa, the circumferential strain
εc, the body strain εv and the principal stress σ1 for the saturated granite in the triaxial
unloading test. In the unloading stage, the change rate of strain values increased signifi-
cantly with the increase of the unloading rate, even though there was not much correlation
with the final strain value, while the change of axial stress values was closely related to the
axial loading rate va and the unloading rate vu. When va = 0.06 mm/min, the principal
stress σ1 decreased gradually with the εa increase in the unloading stage. In particular, the
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unloading rate obviously affected the strain value; the strain value of the specimen changed
rapidly when vu > 0.1 MPa/s. At va = 0.6 mm/min, σ1 gradually increased with εa except
for vu = 0.1 MPa/s and then gradually decreased with the increase of vu at the rest of vu;
at va = 6 mm/min, σ1 gradually increased with the increase of εa, and the magnitude of
increase increased with the increase of vu. The increased range decreased with the increase
of vu. until vu = 10 MPa/s. When it was converted to σ1,, σ1 increased first and then
decreased with the increase of the εa. In addition, the εc-σ1 and εv-σ1 curves have the same
trend as the εv-σ1 curve.

Figure 3. Stress−strain curves of saturated granite under a conventical triaxial unloading test with
different vu: (a−d) va = 0.06 mm/min; (e−h) va = 0.6 mm/min; (i−l) va = 6 mm/min.
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3.1.2. Strength Characteristics

Figure 4 illustrates the variation of σ1–σ3 of all specimens before damage in the
unloading test, in which the red scribed line is the conventional triaxial compression
strength fitting line of saturated granite specimens under 0, 10, 30 and 50 MPa confining
pressure. Combined with Table 3, it can be seen that in the triaxial unloading test, all the
failure points (σ1, σ3) fall to the left side of the fitting line of the triaxial loading test except
for G-0.6-1. This indicates that the bearing capacity of the specimen was improved to some
extent under the unloading test, and this phenomenon is more obvious in Path-III. The
main reason is that during the unloading test, the circumferential of the rock specimen has
a significant expansion. When the stress change rate of the unloading rate is greater than
that of the axial loading, for example, G-0.06-10, the confining pressure decreases quickly.
The axial pressure decreases at a rate lower than the amount of the confining pressure;
therefore, a smaller σ3 and a relatively larger σ1 are obtained. When the change rate of σ3
is less than σ1, for example, G-6-0.1, the specimen is loaded at a relatively larger rate in the
axial direction. This disguisedly increases the specimen’s strength. Only when the rate of
stress change due to the unloading rate is similar to that of axial loading, i.e., G-0.6-1, is the
axial loading rate of the specimen lower than the rate of conventional triaxial compression.
Therefore, the strength is less than the conventional triaxial compression strength fitting
line value.

In addition, when the ratio of axial loading rate to unloading rate a ≤ 0.001 mm/MPa,
the test paths correspond to Path-III, i.e., keep σ1 reducing σ3. When the ratio of the axial
loading rate to the unloading rate a ≤ 0.02 mm/MPa, the test paths are corresponding to
Path-II and are closer to Path-III, when a > 0.1 mm/MPa, the test paths are corresponding
to Path-II and are closer to Path-I. This phenomenon is more and more significant with the
increase of a.

Figure 4. σ1–σ3 curves of saturated granite during an unloading test.
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Table 3. Saturated granite’s physical and mechanical parameters under conventional triaxial loading
and unloading tests.

Test
Scheme

Specimen
No.

Dry Density
(kg/m3)

Saturated Density
(kg/m3) σ3

0 (MPa) σ3
f (MPa) σ1

f (MPa)
E

(GPa) ν

Group I TC-0 2637.49 2644.55 0 0 104.93 43.04 0.10
TC-10 2631.32 2637.24 10 10 202.99 42.67 0.10
TC-30 2635.72 2641.16 30 30 361.84 53.96 0.11
TC-50 2635.67 2639.43 50 50 480.32 50.57 0.12

Group II G-0.06-0.1 2635.13 2638.36 50 34.42 390.08 51.4 0.10
G-0.06-1 2637.42 2641.45 50 25.53 358.82 58.04 0.28
G-0.06-5 2635.50 2641.38 50 21.06 361.00 51.71 0.11

G-0.06-10 2638.97 2643.01 50 18.77 354.14 62.64 0.18

G-0.6-0.1 2632.97 2637.00 50 44.48 470.63 58.39 0.17
G-0.6-1 2651.75 2655.78 50 28.83 398.89 59.08 0.23
G-0.6-5 2638.89 2642.93 50 21.81 378.21 59.03 0.21

G-0.6-10 2636.85 2640.88 50 23.47 384.67 56.05 0.20

G-6-0.1 2632.28 2636.32 50 49.31 508.61 60.45 0.24
G-6-1 2602.96 2606.98 50 43.97 465.05 56.32 0.18
G-6-5 2620.01 2624.07 50 32.07 400.16 62.90 0.18

G-6-10 2592.90 2596.95 50 27.74 412.31 53.09 0.26

3.1.3. Strain Characteristics

Table 4 lists the strain axial strain εa
0, circumferential strain εc

0 and body strainεv
0 of

the specimen at the unloading point and the strain axial strain εa
f, circumferential strain

εc
f and body strain εv

f at the failure point, and the difference in body strain ∆εv
f between

the failure and unloading points. The difference in circumferential strain ∆εc and body
strain ∆εv between the failure point and unloading points are shown in Figure 5. It was
found that the axial strain of the specimen in conventional triaxial compression was the
leading cause of specimen failure. Specifically, the axial strain difference ∆εa = εa

f − εa
0

of the specimen gradually increased with the increase of confining pressure, while the
circumferential strain difference ∆εc = εc

f − εc
0 did not change much. The body strain

difference ∆εv = εv
f − εv

0 gradually increases with increasing circumferential pressure,
except for uniaxial compression. Where ∆εa/∆εc = 15.94%, the specimen mainly occurs
in circumferential tensile strain failure. Under confining pressure, ∆εa/∆εc gradually
increases with increasing circumferential pressure from 21.12% to 50.24%. At this time,
the confining pressure has a good restraint effect on the circumferential deformation. The
circumferential deformation is the leading cause of specimens’ damage in the triaxial
unloading test. At the axial loading rate of 0.06 mm/min, the maximum value of ∆εa/∆εc
is only 33.37% (G-0.06-5), and the minimum value of ∆εa/∆εc is 4.23%, i.e., G-0.06-1, which
is the minimum value in all the tests. At the axial loading rate of 6 mm/min, the axial
loading rate is five times the loading rate of the conventional triaxial compression test,
which causes the axial deformation of the specimen to be significantly enhanced, with the
maximum value of ∆εa/∆εc even reaching 35.69% at G-6-10.

The stress state achieved by unloading the confining compression is equivalent to
superimposing a circumferential tensile stress on the original stress state, resulting in a
significant circumferential expansion of the specimen. In plasticity theory, the dilatancy
angle ψ is usually used to characterize the inelastic volume change. As suggested by
Vermeer [63], the dilatancy angle ψ can be expressed as Equation (1):

ψ = arcsin

(
∆ε

p
v

∆ε
p
v − 2∆ε

p
a

)
(1)

where ∆εa
p and ∆εv

p are the axial and volumetric plastic strain increments, respectively,
and can be calculated by Equations (2)–(4).
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εe
a =

σ1 − 2νσ3

E
(2)

εe
v =

(1 − 2ν)σ1 − 2(1 − ν)σ3

E
(3)

ε
p
a = εa − εe

a, ε
p
v = εv − εe

v (4)

Table 4. Strains at the unloading point and the failure point of saturated granite specimens.

Specimen
No.

σ3
0

(MPa)

Unloading Point Failure Point
∆εv

f

(×10−3)εa
0

(×10−3)
εc

0

(×10−3)
εv

0

(×10−3)
εa

f

(×10−3)
εc

f

(×10−3)
εv

f

(×10−3)

TC-0 0 2.19 −0.14 1.91 2.92 −2.43 −1.94 −3.85
TC-10 10 3.55 −0.49 2.57 4.53 −2.81 −1.09 −3.66
TC-30 30 5.17 −0.97 3.23 7.38 −3.70 −0.02 −3.25
TC-50 50 8.16 −1.84 4.48 10.24 −3.91 2.42 −2.06

G-0.06-0.1 50 7.14 −1.22 4.70 9.06 −4.55 −0.05 −4.75
G-0.06-1 6.26 −2.30 1.67 6.89 −9.75 −12.60 −14.27
G-0.06-5 7.07 −1.28 4.51 9.88 −5.49 −1.09 −5.60

G-0.06-10 6.12 −1.24 3.64 6.67 −5.66 −4.65 −8.29
G-0.6-0.1 50 6.55 −2.24 2.07 9.90 −8.39 −6.88 −8.95
G-0.6-1 6.56 −2.07 2.42 8.43 −9.84 −11.25 −13.67
G-0.6-5 6.53 −2.04 2.46 7.94 −7.16 −6.37 −8.83

G-0.6-10 6.78 −3.86 −0.94 7.34 −6.44 −5.53 −4.59
G-6-0.1 50 6.46 −1.99 2.49 9.85 −7.35 −4.84 −7.33
G-6-1 6.74 −1.95 2.85 10.59 −10.05 −9.50 −12.35
G-6-5 6.19 −2.25 1.68 7.20 −11.92 −16.63 −18.31
G-6-10 7.23 −1.43 4.38 9.15 −4.12 0.91 −3.47
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The evolution of the dilatancy angle ψ with the normalized plastic shear strain incre-
ment ∆γp/∆γp

max from the beginning of unloading to the ultimate bearing strength under
different unloading rates is given in Figure 6. For the influence of the loading rate on the
dilatancy angle at the axial loading rate va = 0.06 mm/min, the change in the dilatancy angle
ψ of the specimens was not significantly related to the unloading rate at ∆γp/∆γp

max < 0.2,
while at ∆γp/∆γp

max ≥ 0.2, the dilatancy angle ψ increased slowly overall with the increase
of ∆γp/∆γp

max. The size of the dilatancy angle was closely related to the initial dilatancy
angle and less related to the unloading rate. Finally, the dilatancy angle exhibits a small de-
crease as the plastic shear strain ∆γp/∆γp

max approaches 1. At va = 0.6 mm/min, the ψ of
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the specimen slowly decreases with the increase of plastic shear strain when the unloading
rate vu is 10 MPa/s and increases first before ∆γp/∆γp

max = 0.45, then decreases when vu
is 0.1 MPa/s. It slowly increases with the increase of plastic shear strain at the unloading
rate of 1 MPa/s and 5 MPa/s. From the late stage of damage, the ψ of the specimen will
gradually increase with the increase of the vu except for G-6-10. When the axial loading
rate va = 6 mm/min, the ψ of the specimen increases slowly with the increase of the plastic
shear strain, except for vu = 10 MPa/s. At this time, a higher unloading rate will correspond
to a larger ψ of the specimen. At vu = 10 MPa/s, the ψ of the specimen decreases rapidly
with the increase of the plastic shear strain. It is noteworthy that at an unloading rate of
1 MPa/s, the ψ of the specimen decreases with an increasing axial loading rate, while at an
unloading rate of 5 MPa/s, the ψ of the specimen increases with an increasing axial loading
rate. This also indicates that slight plastic damage in the unloading process can cause a
high expansion process, which is the reason for the expansion deformation in the annulus
caused by the unloading stress path.

Figure 6. The evolution of the dilatancy angle ψ under triaxial unloading tests: (a) va = 0.06 mm/min;
(b) va = 0.6 mm/min; (c) va = 6 mm/min.
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3.2. Energy Evolution Characteristics

The total energy U, axial strain energy Ua, circumferential strain energy Uc, elastic
energy Ue and dissipation energy Ud of the specimen during the tests can be calculated
from the following Equations (5)–(8) [43], and the calculated results are presented in Table 5.

U = Ua + Uc = Ue + Ud (5)

Ua =
∫ εt

a

0
σ1dεa =

n

∑
i=1

1
2

(
σi

1 + σi+1
1

)(
εi+1

a − εi
a

)
(6)

Uc = 2
∫ εt

c

0
σ3dεc =

n

∑
i=1

(
σi

3 + σi+1
3

)(
εi+1

c − εi
c

)
(7)

Ue =
1

2Et
u

[
σ2

1 + 2σ2
3 − 2µt

u

(
2σ1σ3 + σ2

3

)]
(8)

where n is the total number of segments of the stress–strain curve, i is the segmentation
points, and the segment interval time is 0.1 s; Eu

t and µu
t are the unloaded elastic modulus

and Poisson’s ratio at time t, respectively.

Table 5. Energy under conventional triaxial loading and unloading test (unit: MJ/m3).

Specimen
No.

σ3
0

(MPa)
Unloading Point Failure Point

Ua
0 Uc

0 U0 Ue
0 Ud

0 Ua
f Uc

f Uf Ue
f Ud

f

TC-0 0 - - - - - 0.16 - - 0.13 0.03
TC-10 10 - - - - - 0.91 0.03 0.94 0.55 0.39
TC-30 30 - - - - - 2.55 0.14 2.70 1.74 0.95
TC-50 50 - - - - - 4.88 0.24 5.11 3.35 1.77

G-0.06-0.1 50 1.66 −0.06 1.60 1.32 0.28 2.44 −0.19 2.25 1.47 0.79
G-0.06-1 1.43 −0.11 1.32 1.02 0.29 1.68 −0.34 1.34 0.73 0.60
G-0.06-5 1.63 −0.06 1.56 1.30 0.26 2.69 −0.17 2.51 1.56 0.96

G-0.06-10 1.46 −0.06 1.39 1.11 0.28 1.67 −0.16 1.50 0.97 0.53
G-0.6-0.1 50 1.53 −0.11 1.42 1.08 0.34 3.02 −0.40 2.62 1.59 1.53
G-0.6-1 1.51 −0.10 1.40 1.11 0.30 2.27 −0.37 1.90 1.11 1.51
G-0.6-5 1.53 −0.10 1.43 1.10 0.32 2.08 −0.24 1.84 1.19 1.53

G-0.6-10 1.57 −0.19 1.37 0.96 0.41 1.79 −0.26 1.52 1.11 1.57
G-6-0.1 50 1.51 −0.10 1.41 −0.34 1.74 3.07 −0.36 2.71 −1.34 1.51
G-6-1 1.57 −0.10 1.47 1.16 0.31 3.31 −0.46 2.85 1.58 1.57
G-6-5 1.44 −0.11 1.33 1.01 0.32 1.90 −0.45 1.45 0.67 1.44

G-6-10 1.69 −0.07 1.62 1.32 0.30 2.49 −0.16 2.33 1.67 1.69

3.2.1. Evolution of Strain Energy in the Triaxial Compression Test

From the energy statistics in Table 5, it can be seen that the confining pressure σ3
performs positive work in the conventional triaxial compression test to stop the destruction
of the rock specimen, while in the conventional triaxial unloading test, the σ3 does negative
work to help the rock destruction. Meanwhile, Ua > Uc, and Ue > Ud. In the conventional
triaxial compression test, the relationship between energy and confining pressure is shown
in Equation (9), where Uc and Ud increase approximately linearly with the increase of the
confining pressure, while U, Ua and Ue increase quadratically with the increase of the
confining pressure.

U = 0.0007σ3
2 + 0.0646σ3+0.1831 r2= 0.9999

Ua = 0.0007σ3
2 + 0.0595σ3+0.1904 r2= 0.9996

Uc = 0.0049σ3 + 0.0085 r2= 0.9946
Ue = 0.0005σ3

2 + 0.0374σ3+0.1274 r2= 0.9999
Ud = 0.0341σ3 + 0.0185 r2= 0.9933

(9)
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3.2.2. Evolution of Strain Energy in a Triaxial Compression Unloading Confining
Pressure Test

The variation of each energy in the conventional triaxial unloading confining pressure
test is shown in Figure 7. It can be found that the relationship of each energy throughout the
test is Ua > U > Ud > Ue > Uc, while the change of energy after the unloading point becomes
more complicated.To explore the change characteristics, we define ∆Uα = Uα

f − Uα
0,

which represents different energy types, and thus obtain the relationship between different
unloading rates and the amount of energy change under the same axial loading rate as
shown in Figure 8. It can be found that when the axial loading rate is 0.06 mm/min and
0.6 mm/min, the relationship between various energy changes is roughly ∆Ua > ∆U >
∆Ud > ∆Ue > ∆Uc. When the axial loading is 0.6 mm/min, the relationship between
various energy changes is ∆Ud > ∆Ua > ∆U > ∆Ue > ∆Uc. The reason for this phenomenon
is that when the axial loading rate is 0.06 mm/min and 0.6 mm/min, except for the
unloading rate of 0.1 MPa/s and the axial loading rate of 0.6 mm/min, the σ1 of the
specimens is slowly reduced from the unloading point under the rest of the loading rate.
The confining pressure has been doing negative work from the unloading point, so ∆Ua
> ∆U > ∆Ud > ∆Ue > ∆Uc, due to the reduction of the confining pressure. The bearing
capacity of the specimen is gradually reduced, and part of the elastic energy Ue has been
transformed into dissipated energy; Ud1 was released. In addition, the dissipated energy
Ud2 released during the unloading process increases ∆Ud to a point greater than the change
of elastic energy ∆Ue. Furthermore, the circumferential strain energy Uc that has been
doing negative work enables Ua < Ud, and finally, the relationship between each energy
change amount is obtained by Equation (5). It is worth noting that at the axial loading
rate of 0.6 mm/min with the unloading rate of 5 MPa/s and 10 MPa/s, the relationship
of each energy change is consistent with that of the axial loading rate of 6 mm/min, i.e.,
∆Ud > ∆Ua > ∆U > ∆Ue > ∆Uc.

When the axial loading rate va is 6 mm/min, despite the unloading rate of the confining
pressure gradually increasing, the growth of σ1 slowly decreases, and σ1 gradually increases
overall, the axial stress increases rapidly, the confining pressure does negative work. As
a result, ∆Uc becomes the smallest, and the amount of change gradually decreases with
the increase of the unloading rate. The axial stress increases rapidly, the restriction of the
circumferential direction becomes smaller and smaller. The dissipation energy increases
sharply, and ∆Ud is the largest. From Figure 8c, it can be seen that the amount of change
of ∆Ud is not much on the whole, i.e., it is not much correlated with the unloading rate,
which also means that with the increase of the axial loading rate, the dissipation energy is
determined from the original by the unloading rate and the axial loading rate to the axial
loading rate alone. ∆Ua is slightly lower than ∆Ud, while the elastic energy change ∆Ue has
a slight increase. The ∆Ua and ∆U decrease gradually with an increasing unloading rate,
while ∆Uc decreases until the unloading rate is 1 MPa/s and increases slowly after that.

With the increase of vu, the variation of circumferential energy ∆Uc tends to decrease
slowly, independent of the axial loading rate. While the variation of the rest of the energy at
va = 0.06 mm/min and va = 0.6 mm/min shows inverted V-shaped and V-shaped changes,
respectively. Moreover, when va = 6 mm/min, except for the variation of total energy ∆U,
axial energy ∆Ua decreases with the increase of the unloading rate, and the variation of the
rest of the energy has increased in different degrees.
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Figure 7. Energy variation under a triaxial compression test with different unloading rates: (a–d) axial
loading rate 0.06 mm/min; (e–h) axial loading rate 0.6 mm/min; (i–l) axial loading rate 6 mm/min.
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Figure 8. Energy variation at different loading rates and different unloading rates: (a) axial loading
rate 0.06 mm/min; (b) axial loading rate 0.6 mm/min; (c) axial loading rate 6 mm/min.

3.3. Rock Failure Characteristics and Destruction Mechanism

The failure patterns of the saturated granite specimens under conventional triax-
ial unloading tests are shown in Figure 9. As you can see, at the axial loading rate of
0.06 mm/min, the failure surface of the specimen is a single shear failure plane, which
is similar to the failure pattern of the specimen under conventional triaxial compression.
At the axial loading rate of 0.6 mm/min, the failure surface of the specimen is complex,
with a form of multiple shear surface compound. However, when the axial loading rate
is 6 mm/min, the specimens show conjugate shear failure accompanied by a few tension
strain failure, indicating that before the axial loading rate is 0.6 mm/min, the failure form
of the specimen is mainly controlled by the axial stress, while after the axial loading rate of
0.6 mm/min, the failure mode of the specimen is controlled by both the axial stress and the
circumferential stress.
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Figure 9. Failure patterns of saturated granite specimens under a conventional triaxial unloading test
with different unloading rates.

Figure 10 shows the damage evolution process of the granite specimen. The damage
to the specimen is attributed to the combined effect of internal microcracks, axial stress
and circumferential stress. Due to many microcracks inside the granite specimen, the
microcracks have started to crack or tend to crack during the initial triaxial compression
stage. As the triaxial unloading test begins, σ1/σ3 gradually increases with the unloading
of the circumferential stress and the change of the axial stress. Meanwhile, the specimen is
gradually compressed in the axial direction. At the same time, the reduction of the lateral
constraint of the specimen provides help for the lateral deformation of the specimen. The
specimen tended to be compressed axially and expanded laterally. The internal microcracks
are cracked and expanded continuously, leading to penetration between step cracks and
crack penetration along the σ1 direction, which eventually leads to the specimen’s shear
failure and tensile strain failure.

Figure 10. Damage evolution process.

Although a series of unloading tests with different axial loading rates and circum-
ferential unloading rates have been successfully carried out on saturated granite, these
tests are all based on conventional triaxial test equipment, which still cannot achieve the
three unequal principal stresses in the underground space. Moreover, considering that the
explosion is completed instantaneously during blasting excavation, the unloading rate is
much larger than the unloading rate that can be achieved in the laboratory. Nevertheless,
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the damage to the surrounding rock results from the combined effect of axial and lateral
stresses after unloading. Our study also provides some references for understanding the
geological hazards such as rockburst in deeply buried tunnels. Subsequent research should
consider the geological discontinuity and diversity, including single or multiple cracks or
different materials included in one sample. Moreover, it is also meaningful to consider more
environmental factors such as thermal shock and to study the microscopic characteristics
and acoustic emission [64,65] characteristics of the fracture surface of the specimen using
SEM and other equipment.

4. Conclusions

(1) In the conventional triaxial unloading test, the circumferential deformation is the
leading cause of failure, and its strain is greater than that of conventional triaxial
loading. Under the same axial loading rate, the faster the unloading rate and axial
loading rate, the smaller the σ3

f and σ1
f at the time of failure, and the failure point

is outside the envelope of conventional triaxial compression tests. While under the
same unloading rate, a faster axial loading corresponds to a larger σ3

f and σ1
f.

(2) The variation of circumferential energy ∆Uc decreases with the unloading rate, and
∆Ud, ∆Ua, ∆U and ∆Ue showed inverted V-shaped and V-shaped va = 0.06 and
0.6 mm/min, respectively. When va = 6 mm/min, except for a slight increase in ∆Ua,
the rest of the variation of energy decreases with the increase of the unloading rate.
The variation of dissipation energy changes from being determined by the unloading
rate and the axial loading rate together to being determined by the axial loading rate
with the axial loading rate increasing.

(3) The failure modes of the specimens were mainly controlled by the axial stress and
showed a single shear crack before va = 0.6 mm/min, while it is influenced by both
axial and circumferential stress after the axial loading rate of not less than 6 mm/min,
and the failure surface is a conjugate shear failure and tensile strain failure.

(4) In the triaxial unloading test, the specimens were in the high expansion process most
of the time, and the dilatancy angle of the specimens showed an overall upward trend
except for vu = 10 MPa/s, va = 0.6 mm/min and 6 mm/min.
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