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Abstract: This paper investigates experimentally and numerically the short- and long-term strength
and deformation behaviors of Beishan granite at room temperature. Single-stage creep, relaxation, and
conventional triaxial compression tests were performed on cylindrical rock samples. Its typical brittle
response is captured and the dependence of peak strength on confining pressure and time-dependent
response on deviatoric stress are revealed. For constitutive modeling, a unified micromechanics-
based plasticity-damage model is formulated based on the Mori–Tanaka method and the subcritical
cracking theory postulate, with the focus on simulating both instantaneous strain and time-dependent
deformation process over a broad range of time scales. Its unification is achieved by representing
the evolution of damage, which is strongly coupled with plastic deformation induced by frictional
sliding along closed cracks, as an internal variable that can be decomposed into instantaneous and
time-dependent parts. The performance of the model with analytical predictions is well validated
using the experimental results on Beishan granite.

Keywords: Beishan granite; triaxial compression tests; plasticity-damage coupling; analytical prediction;
time-dependent damage

1. Introduction

China has recently developed the program of deep geological disposal of high-level ra-
dioactive waste (HLRW), and Beishan granite is considered as the preferred host rock [1–4].
Similar to such HLRW project, many other deep-ground geotechnical engineering projects
such as tunnel building, oil and gas well-boring, and wellbore plugging and abandonment
are seeking for more accurate and comprehensive predictions of the long-term behav-
iors of host-surrounding rocks to ensure the stability and safety of the structures [5–8].
Thus, the time-dependent mechanical behaviors and deformation characteristics of vari-
ous potential host rocks have been extensively studied theoretically, experimentally, and
numerically [9–12]. Creep and relaxation tests are two of the main methods of evaluating
their time-dependent behaviors, and their function by maintaining either constant strain
or constant stress [13–16]. By parsing out instantaneous deformation and time-dependent
deformation, which are two key components of overall deformation in creep and relaxation
tests, we expect to describe properly and simulate in a unified way these time-independent
and time-dependent mechanical properties.

In the last few decades, extensive experimental research has utilized many different
methods to investigate the time-dependent behaviors of the rock [17–20]. For example,
Huang et al. [21] used multi-level loading triaxial-compression creep tests to study the
effect of strain history on the deformation of coal samples. Zhang et al. [22] adopted
creep and stress–relaxation tests to investigate the effect of asperity degradation on time-
dependent behavior, including higher creep and stress–relaxation rates of rock joints. Other
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researchers [23,24] have investigated the stress–relaxation behaviors of discontinuities
under cyclic loading via shear–relaxation tests. Others have proposed advanced techniques,
such as digital image correlation, for identifying damage and quantifying full-field strain at
various scales. For example, Hou et al. [25] studied the effects of initial damage state on the
time-dependent behaviors of sandstone by conducting a creep-test scheme with controlled
initial damage.

At the same time, constitutive models of the short- and long-term mechanical prop-
erties of multiple types of rock have also been widely studied, both theoretically and
numerically [26–29]. Pietruszczak et al. [30] and Shao et al. [31] presented a mathematical
framework for modeling creep in frictional materials, and assumed creep deformation to be
associated with progressive evolution of such materials’ micro-structures. Zhou et al. [32]
subsequently proposed a unified elastic-plastic and viscoplastic damage model capable
of describing instantaneous and time-dependent plastic deformations at various time
scales. More importantly, ongoing development of Zhou et al. [32]’s micro-mechanical
plastic-damage constitutive model has not only provided more accurate descriptions of
the time-dependent behaviors of rock, but has also laid an important foundation for future
studies and investigations.

In the present work, driven by the need of a more accurate and comprehensive de-
scription of the long term behaviors of the host rock to ensure the integrity and safety of the
deep-ground structures, the time-dependent behaviors of Beishan granite are first studied
experimentally, through conventional triaxial compression tests and single-stage creep and
relaxation tests at various levels of confining pressures and initial deviatoric stress. Then, a
unified micromechanics-based plastic damage (UMBPD) analytical model is formulated for
simulating instantaneous and time-dependent creep and relaxation behaviors. Specifically,
based on Mori–Tanaka homogenization, the representative elementary volume of Beishan
granite can be treated as a matrix-inclusion system composed of a solid matrix and ran-
domly oriented penny-shaped microcracks. Second, we will apply a unified plastic-yield
criterion to describe time-independent and time-dependent deformation under different
levels of high-deviatoric stress. Then, by studying long-term mechanical behaviors, the
researchers will ascertain an appropriate time-dependent criterion of Beishan granite for
damage due to subcritical cracking, which will be used to simultaneously simulate creep
deformation and stress relaxation; and lastly, the simulation results obtained from the
constitutive analytical model will be compared against our experimental results.

Throughout the paper, the following notion on tensorial product of any second order
tensors A and B will be taken: (A⊗ B)ijkl = AijBkl . By using the second order identity
tensor δ, the fourth order identity tensor I and the fourth order hydrostatic projector J
are expressed in the components form as Iijkl =

(
δikδjl + δilδjk

)
/2 and Jijkl = δijδkl/3,

respectively. The fourth order deviatoric projection tensor K is then introduced.

2. Experimental Study
2.1. Sample Preparations and Testing Procedures

The Beishan granite specimens that are prepared for the triaxial compression test and
single-stage creep and relaxation test are quarried from the borehole #BS28 at the Xin-
chang Site of the underground research laboratory [33]. The dimensions of the cylindrical
specimen are 50 mm of diameter and 100 mm of height. The dry bulk density of these
specimens are measured by the saturation method and are reported as 2.72 g/cm3. The
maximum confining pressure and peak deviatoric stress are taken based on the in situ
stress gradient that obtained from the literatures [34–36]. Several intermediate stress levels
are selected from ambient to the maximum stress to test the creep behaviors’ dependency
on the stress levels. By using the rock servo-controlled triaxial testing machine shown in
Figure 1, the prepared samples are tested at nine different confining stress levels (0, 1, 2, 5,
10, 15, 25, 30, and 40 MPa) at room temperature.The uniaxial compressive strength (UCS)
are obtained from the zero confining stress level and its average value is reported as 128
MPa. The single-stage creep and relaxation tests are carried out at the confining pressure
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of 15 MPa. The deviatoric stress levels in creep and relaxation tests are different. In the
creep test, the three applied deviatoric stress levels are 225.7 MPa, 228 MPa, and 232.5 MPa.
In the relaxation test, the three applied deviatoric stress levels are 171 MPa, 199 MPa, and
221 MPa.

The testing procedures start by loading the specimen to a prescribed hydrostatic stress
state at a loading rate of 3 MPa/min. The deviatoric stress is then applied in the axial
direction in a displacement-controlled mode at a fixed rate of 0.02 mm/min. Once the
deviatoric stress arrives the pre-determined value, creep or relaxation test can be started by
either maintaining the deviatoric constant and measuring the strain change or maintaining
the axial strain constant and measuring the deviatoric change. In both cases, the evolution
of strain and stress is measured and recorded by the automatic data collection system
equipped by the rock servo-controlled triaxial testing machine.

Figure 1. Servo-controlled rock triaxial testing system.

2.2. Experimental Results

According to the traditional sign convention in geomechanics, the compressive stress
is considered here as a positive value. The conventional triaxial compression tests are
conducted firstly and the deviatoric stress versus the axial and lateral strains under different
confining stresses are shown in Figure 2a. The Young’s modulus can be determined from
the linear part of the axial strain and deviatoric stress curve as Em = 45 GPa and the
Poisson’s ratio can be calculated from the ratio of lateral strain over the axial strain as
υm = 0.15. Figure 2b presents the curves of the deviatoric stress σ1 − σ3 versus volumetric
strain εv = ε1 + 2ε2 of Beishan granite under different confining pressures. The transition
from compressibility to dilatancy, as well as its dependence on confining pressure are
observed on macroscopic scale [37].

The experimental results of single-stage creep tests are shown in Figure 3. A clear
trend is observed that creep failure occurs at shorter timeframe when the deviatoric stress is
higher. When the deviatoric stress (q) is 225.7 MPa, the creep failure occurs at around 110 h
after the deviatoric stress is applied. When the deviatoric stress is increased to 228 MPa,
the creep failure occurs at 64 h; as the deviatoric stress increased to 232.5 MPa, the creep
failure occurs at around 1.7 h after the deviatoric stress is applied. It is thus concluded
that the creep failure time is very sensitive to the levels of the deviatoric stress. When
the deviatoric stress is increased by 3%, the creep failure time is reduced by 98%. If we
calculate the axial strain rate and use it as the second y axis in the same plot as shown in
Figure 3, clear boundaries of three typical creep stages (primary creep stage, steady creep
stage, and accelerated creep stage) can be observed in all tested cases with different levels
of deviatoric stresses. As summarized in Table 1, in all three tests, the accelerated creep
stage has the highest strain rate in both axial (εA) and lateral (εL) directions, whereas the
steady creep stage has the lowest strain rate. It is noted that, while the lower deviatoric
stress case is one where q is equal to 225.7 MPa, the axial strain rates in all three stages
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are lower than the axial strain rate in the higher deviatoric stress case where q is equal to
232.5 MPa.
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Figure 2. The curves of deviatoric stress versus strain for Beishan granite specimens under triaxial
compression with different confining pressures. Note that in the case of 15 MPa, the samples was
experiencing a post-peak failure which leads to the sudden lateral strain drop at the strain range
around −1.4%. (a) Axial and lateral strain; (b) Volumetric strain.

Table 1. Comparison of single-stage creep test results between Beishan granite.

Deviatoric Stress q Stage εA(%) εL(%) υA(% · h−1) υL(% · h−1)

225.7 MPa
I 1.0 × 10−3 2.1 × 10−3 4.3 × 10−2 2.1 × 10−2

II 6.9 × 10−4 1.8 × 10−3 7.1 × 10−4 2.0 × 10−3

III 1.3 × 10−3 4.0 × 10−3 5.9 × 10−2 3.1 × 10−1

228 MPa
I 9.6 × 10−4 1.9 × 10−3 1.8 × 10−1 2.2 × 10−1

II 6.1 × 10−4 1.5 × 10−3 1.9 × 10−3 6.2 × 10−3

III 1.2 × 10−3 3.7 × 10−3 4.3 × 10−1 2.1

232.5 MPa
I 8.6 × 10−4 1.1 × 10−3 1.1 1.4
II 3.5 × 10−4 9.7 × 10−4 1.0 × 10−1 2.8 × 10−1

III 8.0 × 10−4 2.4 × 10−3 1.7 8.2
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Figure 3. The single creep curves of Beishan granite under different levels of deviatoric stress with
the confining pressure pc = 15 MPa. (a) q = 225.7 MPa; (b) q = 228 MPa; (c) q = 232.5 MPa.

The results of the single-stage relaxation tests are shown in Figure 4, where the
primary y axis is representing the change of the deviatoric stress and the secondary y
axis is representing the change rate of the deviatoric stress. Based on the deviatoric stress
changing rate, three relaxation stages, which are rapid relaxation, decelerated relaxation,
and steady relaxation, can be observed in all three test cases. It is summarized in Table 2,
where q is denoted for initial deviatoric stress, whose value are q = 171 MPa, q = 199 MPa
and q = 221 MPa, respectively. ε0 represents the initial unchanged axial strain and uA
denotes the relaxation rate of axial stress as shown in in Table 2. Furthermore, σt is the
residual deviatoric stress at time t which have been demonstrated in Table 2 Column 3. In
this context, the stress relaxation degree λ is defined as:

λ =
q− σt

q
(1)

According to the residual deviatoric stress at different time, the stress relaxation degree
can be divided into different categories λ12h and λ = λ36h in this paper, for reflecting the
extent of stress relaxation at 12 h and 36 h [38]. It is concluded from Table 2 that the higher
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initial deviatoric stress will lead to a higher relaxation degree, and the improvement on the
extent of stress relaxation at 12 h.
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Figure 4. The single relaxation curves of Beishan granite under different levels of deviatoric stress
with the confining pressure pc = 15 MPa. (a) q = 171 MPa; (b) q = 199 MPa; (c) q = 221 MPa.

Table 2. Comparison of single-stage relaxation test results between Beishan granite.

q (MPa) ε0(10−3) σt (MPa) λ12h λ λ12h/λ uA(MPa·h−1)

171 MPa 3.984 158.1 0.061 0.075 80.4% 0.013

199 MPa 4.584 180 0.067 0.076 88.4% 0.053

221 MPa 5.381 202.6 0.079 0.083 94.6% 0.051

3. Formulation of the Plastic Damage Model

In this section, a unified micromechanics-based time-dependent damage constitutive
model is presented for describing the creep and relaxation mechanical behaviors of Beishan
granite. The assumptions of isothermal condition and isotropic material properties are
adopted in this paper.

3.1. Free Energy and State Equations

For micro-crack quasi-brittle rocks, the REV (Representative Element Volume) is taken
to be a matrix-cracks system, it is assumed composed of an isotropic solid matrix and
randomly distributed microcracks. Each micro-crack is geometrically approximated by an
oblate spheroid called a penny-shaped crack. When the cracked materials subjected to the
a local compressive stress, the friction sliding acting on the surface of closed micro-cracks
which induced macroscopic inelastic deformation and micro-crack growth result in the
material damage, are two main dissipation processes [39,40].

With the assumption of small deformations, the total macroscopic strain over REV can
be divided into two parts: an elastic part εe attributed to the deformation of isotropic matrix
and a plastic part εp due to the frictional sliding along the surfaces of closed microcracks:
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ε = εe + εp (2)

Apart from the friction-induced plastic strain, another internal damage variable is
studied to describe the density parameter of micro-crack which is denoted by d [41]. From
the above analysis, one can obtain the free energy for the case of closed cracks [39]:

W =
1
2
(ε− εp) : Cm : (ε− εp) +

1
2d

εp : Cb : εp (3)

Above, the first term on the right-hand side represents the elastic strain energy and the
second one represents plastic the strain energy which related to friction sliding along the
surface of micro-crack. The fourth tensor Cb can be interpreted as the stiffness modification
of damaged matrix–crack system, and it takes the form Cb = 3κm

α1
J+ 2µm

α2
K, Where κm and

µm denote the bulk modulus and shear modulus of solid matrix phase. According to the

Mori–Tanaka homogenization method [42,43], α1 = 16
9

1−(υm)2

1−2υm and α2 = 32
45

(1−υm)(5−υm)
2−υm are

two constants only dependent on the Poisson’s ratio υm of the solid matrix.
Under isotropic assumption, Cm is elasticity stiffness tensor of the solid matrix which

can be expressed in the following form:

Cm = 3κmJ+ 2µmK (4)

The macroscopic stress–strain relation can be derived according to the free energy
Equation (3):

σ = Cm : (ε− εp) (5)

One then obtains the damage thermodynamic force associated with the internal vari-
ables d:

Yd = −∂W
∂d

=
1

2d2 εp : Cb : εp (6)

The driving force for plastic strain εp is also derived:

σp = −∂W
∂εp = σ − 1

d
Cb : εp (7)

3.2. Plasticity Criterion and Damage Evolution

A generalized Coulomb-type plastic yield criterion is formulated in terms of the local
stress σp acting on crack surfaces.

f = ‖sp‖+ ησp (8)

sp = σp : K and σp = 1
3 σp : δ which represent the deviatoric and mean parts of the local

stress respectively. η denotes the friction coefficient of crack’s surfaces.
The evolution of plastic strain can be derived by applying the normality rule:

ε̇p = λp ∂ f
∂σp = λpD (9)

with λp is a non-negative plastic multiplier and D =
sp

‖sp‖ +
1
3 ηδ denotes the plastic

flow direction.
The damage criterion can be expressed as a function of the damage thermodynamic force:

fd = Yd − Rd (10)

where Rd represents the damage resistance function which usually depends on the damage
state [44]. The following classic form is adopted for Rd in this paper:
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Rd = rc
2ξ

1 + ξ2 (11)

with ξ =
d
dc

which is a dimensionless parameter. Physically, dc represents the critical value

of damage density variable that corresponds to the peak strength. Moreover, rc is maximal
value of damage resistance function Rd. The damage increment can be determined by
applying the normality rule:

ḋ = λd ∂ fd
∂Yd

= λd (12)

For the case of time-dependent part, the total damage can be divided into two parts:
the instantaneous damage ω induced by external loads and time-dependent damage related
to subcritical cracking:

d = ω + ς (13)

where ω and ς denote the instantaneous damage due to the external mechanical load-
ing, and time-dependent damage which is relative to subcritical cracking due to stress
corrosion. The damage criterion (10) is used for instantaneous damage evolution while
the time-dependent damage rate can be described in the terms of the distance between
the current damage and its equilibrium state ς̄. Pietruszczak et al. [30] gave the detailed
description of the parameter ς̄. The simple linear form is adopted here to describe the
time-dependent damage:

ς̇ = Γ(ς̄− ς) (14)

where Γ is the model parameter which controls the rate of accelerated creep and steady
relaxation of the presented time-dependent model which will be discussed in Section 4.4.

By setting the initial condition ς(0) = 0, the time-dependent damage criterion can be
expressed using the Laplacian transformation and convolution operation:

ς(t) =
∫ t

0
ς̄(τ)Γe−Γ(t−τ)dτ (15)

A relevant explicit integration method is taken here [45]:

ςi = ςi−1e−Γṫ +
1
2

Γ(ς̄i + ς̄i−1)e−
1
2 Γṫ ṫ (16)

From above analysis, the parameter ς̃ represents a stationary state of microstructure
equilibrium associated with the current damage d. Due to the three-stage feature of creep
and relaxation tests on Beishan granite, the following form is adopted:

ς̃ =
d2

C + d
exp

(
〈d− dc〉

dc

)
(17)

where 〈x〉 = x+|x|
2 is the Macauley bracket and C is a time-dependent parameter whose

calibration will de addressed in Section 4.2.

4. Analytical Prediction of Short- and Long-Term Strengths under Conventional
Triaxial Compression

The unified micromechanics-based plastic-damage analytical solution under conven-
tional triaxial compression loading is proposed for predicting the time-independent and
time-dependent mechanical behaviors including peak strength, creep strain, creep strength,
creep rate, relaxation strength, and relaxation rate.
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4.1. Short-Term Strength

As a popular loading path, the conventional triaxial compression loading path is
conducted here. The plastic strain can be measured from the accumulated multiplier
because the flow direction is unchanged in the whole loading process. In this case, the
following analytical form is given of the flow direction D:

D = − 1√
6

diag(2,−1,−1) +
1
3

ηdiag(1, 1, 1) (18)

Then the accumulated multiplier can be expressed as the following form:

Λp =
∫

λp (19)

from which the plastic strain can be rewritten as:

εp = ΛpD (20)

Following the well-established equations, the yield criterion and damage evolution can
be reformulated in coincidence with the conventional triaxial compression loading path: f = ‖s‖+ ησ− Λp

d χ = 0

fd = 1
2

(
Λp

d

)2
χ− Rd = 0

(21)

with χ = κmη2

α1
+ 2µm

α2
. By combining these two criteria, we derive the following strength

criterion in function of the stresses and damage.

f = ‖s‖+ ησ−
√

2Rdχ = 0 (22)

When the loading path of conventional triaxial compression is concerned in particular,
the maximum principal stress σ1 can be expressed in the terms of the confining pressure σ3
and internal damage variable d.

σ1 =

√
6 + 2η√
6− η

σ3 +
3
√

2Rdχ√
6− η

(23)

In addition, by combining Equation (5) with Equation (20), the macroscopic strain can
be expressed in terms of the macro stress σ and the accumulated plastic multiplier Λp.

ε = Sm : σ + ΛpD (24)

where Sm = (Cm)−1 is the compliance tensor of the solid matrix phase. With the rela-

tion Λp = d
√

2Rd
χ , the following analytical solution of the short-term strength can be

derived [39]:

ε1 = 1
Em σ1 − 2νm

Em σ3 −
(

2√
6
− η

3

)
d
√

2Rd
χ

ε2 = ε3 = 1−νm

Em σ3 − νm

Em σ1 +
(

1√
6
+ η

3

)
d
√

2Rd
χ

(25)

4.2. Long-Term Strength

In this paper, the crack damage stress σcd is used as the long-term strength of Beishan gran-
ite which can be defined as the compressibility–dilatancy (C/D) transition stress [18,37,46–48].
In our proposed micromechanics-based analytical model, one assumes that there exists a
crack critical damage value dcd corresponding to the transition stress σcd. Then the damage
resistance value Rcd in terms of the crack critical damage dcd can be derived:

Rcd = rc
2ξcd

1 + ξ2
cd

, with ξcd =
dcd
dc

(26)
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Finally, the crack damage stress σcd can be expressed in terms of the damage resistance
value Rcd.

σcd =

√
6 + 2η√
6− η

σ3 +
3
√

2Rcdχ√
6− η

(27)

The short-term peak strength, the crack damage stress and its linear fitting functions
under different confining pressures are presented in Figure 5.
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Figure 5. Linear fitting of the peak strength and transition stress extracted from triaxial compression
tests on Beishan granite under different confining pressures.

It is highlighted that the proposed micromechanics-based analytical time-dependent
model contains seven parameters which can be determined from a series of conventional
compression tests on Beishan granite. The Young’s modulus Em and the Poisson’s ratio
νm are determined from the linear part of the stress–strain curves as shown in Figure 2a.
According to Equations (11) and (23), the friction coefficient η, the critical damage resistance
rc and the crack critical damage dcd can be calibrated by using the linear fitting function
of peak stress and transition stress of Beishan granite under different confining pressure,
respectively, as shown in Figure 5. The critical damage dc is related to plastic strain in its
peak stress state. In this context, the time-dependent parameter C can be expressed as
following form [48]:

C =
d2

c
dc − dcd

− dc (28)

The time-dependent parameter Γ can be calibrated by the creep deformation or re-
laxation stress rate of third stage in triaxial time-dependent test of Beishan granite. The
relevant values of model parameters are presented in Table 3.

Table 3. Parameter’s values of Beishan granite.

Parameters Em (MPa) νm dc η rc C

Values 45,000 0.15 8 1.71 0.012 2.2

A damage-controlled time-dependent model is proposed for the simultaneous account
of creep and relaxation mechanical behaviors. The instantaneous damage can be defined by
damage evolution fd while the time-dependent damage can be updated by time-dependent
damage criterion ς(t).
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For the case of creep condition, the axial stress σ1 keeps unchanged. Assuming that
during time-dependent stage plastic yield criterion still work, the accumulated multiplier
Λp can be expressed by:

Λp =
‖s‖+ ησ

χ
(29)

According to Equation (25) and plastic yield criterion f , the macroscopic strain-stress
relation can be rewritten for both instantaneous and time-dependent conditions:

ε1 = 1
Em σ1 − 2νm

Em σ3 + D11
σ1D11 + 2σ3D33

χ d
ε2 = ε3 = 1−νm

Em σ3 − νm

Em σ1 + D33
σ1D11 + 2σ3D33

χ d
(30)

The second term on the right hand of the equation is plastic strain including instan-
taneous part and time-dependent part, due to that the damage composed of its instan-
taneous damage and creep damage. The constants D11 and D33 have been presented in
Equation (18).

For the case of relaxation condition, the axial strain ε1 keeps unchanged. According to
Equation (24) and plastic criterion f , the following relations are used for the macroscopic
stress σ1: {

f = ‖s‖+ ησ− Λp

d χ = 0
ε1 = σ1

Em − 2νm

Em σ3 + ΛpD11
(31)

Accordingly, the accumulated multiplier Λp of relaxation condition can be expressed
with the sign convention in geomechanics:

Λp =
Emε1 + 2νmσ3 − σ3

(
√

6+2η)
(
√

6−η)[
3

(
√

6−η)
χ
d + Em (

√
6−η)
3

] (32)

Finally, the macroscopic stress–strain relation of relaxation stage can be expressed as
the following form:

σ1 = Emε1 − Em
√

6− η

3

Emε1 + 2νmσ3 − σ3
(
√

6+2η)
(
√

6−η)[
3

(
√

6−η)
χ
d + Em (

√
6−η)
3

] + 2νmσ3 (33)

By insertion into Equation (30), one can obtain the macroscopic lateral strain for
relaxation stage.

4.3. Computation Algorithm

The strongly nonlinear plastic-damage coupling behaviors can be presented with a
strain snap-back mechanical response in brittle rock. A damage-controlled computation al-
gorithm is proved to simulate the short-term mechanical behaviors while a time-controlled
method is applied for the time-dependent mechanical responses in this paper. The compu-
tation algorithm is detailed as follows.

(1) Instantaneous stage: The following quantities are assumed to have been completely
determined by giving a new damage increment ∆d for the (k − 1)th loading step:
σk−1, εk−1, Λ

p
k−1.

(2) Time-dependent stage: Combining the time-dependent damage criterion, the internal
variable ς̄k, ςk, ς̇k, dk can be updated by giving a new time increment ∆t for the (k)th
loading step.

(3) Time-dependent stage: We check f
(

Λ
p
k−1, dk

)
≤ 0 and determine the accumulated

plastic multipliers Λ
p
k if plastic flow occurs.
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• The creep stage

(a). σk = σk−1.
(b). Calculate εk according to Equation (30).

• The relaxation stage

(a). ε1,k = ε1,k−1.
(b). Calculate σ1,k , ε2,k according to Equations (30) and (33).

4.4. Analytical Prediction

Figure 6 shows the analytical prediction of short-term mechanical response under
some classical confining pressures on Beishan granite. Yu et al. [49] had presented the
detailed analytical prediction of short-term mechanical behaviors of Beishan granite under
all different confining pressures. It is observed that model prediction can correctly capture
the typical short-term mechanical characteristics such as the material hardening/softening,
confining pressure dependency and volumetric dilatancy, etc. More precisely, the residual
strength of model simulation is lager than experimental data due to that the model param-
eter: friction coefficient η keep unchanged in mechanical loading. Zhao et al. [37] gave
the residual friction coefficient ηr to describe the slope of residual strength envelop, from
which is considered the degradation of friction coefficient of crack surfaces.

Before carrying out the analytical solutions of time-dependent tests, the influence of
the time-dependent parameters Γ involved in Equation (14) has been discussed. The model
parameter Γ has an obvious influence on creep duration time and transitional velocity from
the stage I to stage II of relaxation as shown in Figure 7. The tests were carried out in a
thermally isolated small room with a constant temperature of 20± 0.5 ◦C maintained during
the experiment because the time-dependent tests are highly influenced by the temperature.
Therefore, the time-dependent parameter Γ only influenced by microstructure of material,
which is related to the loading history [48]. In this paper, different values of Γ are adopted
for achieving satisfactory simulations due to the effect of loading history.

Analytical prediction of compression time-dependent tests are illustrated and com-
pared with experimental data on Beishan granite under confining pressure pc = 15 MPa,
as shown in Figures 8 and 9. It is can be seen that the analytical prediction is in good
agreement with experimental data on creep strain, relaxation stress, its duration time, and
long-term strength of creep and relaxation experiments.
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Figure 6. Comparison between test data and analytical simulation of stress–strain curves from
conventional triaxial compression tests on Beishan granite under classical confining pressures.
(a) σ3 = 2 MPa; (b) σ3 = 5 MPa; (c) σ3 = 25 MPa; (d) σ3 = 30 MPa.
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Figure 7. Parametric studies on the influence of the parameters Γ. (a) Creep test; (b) Relaxation test.
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Figure 8. Analytical prediction of creep tests on Beishan granite with different initial deviatoric stress
under confining pressure pc = 15 MPa. (a) q = 225.7 MPa; (b) q = 228 MPa; (c) q = 232.5 MPa.
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Figure 9. Analytical prediction of relaxation tests on Beishan granite with different initial deviatoric
stress under confining pressure pc = 15 MPa. (a) q = 171 MPa; (b) q = 199 MPa; (c) q = 221 MPa.

5. Conclusions

By conducting the triaxial compression experiments at room temperature, the impor-
tant mechanical parameters of Beishan granite were characterized and summarized. More
importantly, through the time-dependent tests including single-stage creep and relaxation
tests, the the axial/lateral strain–stress curve, time–strain, and time–stress data are also
obtained. These experimental results show that the long-term behavior of the Beishan
granite is highly dependent on the level of the deviatoric stress. Our experimental data
shows that even if a small increment of the deviatoric stress will significantly reduce the
creep and relaxation duration time.

Furthermore, the present work is uniquely proposing a unified micromechanics-
based plastic-damage (UMBPD) analytical model which can describe both instantaneous
strain and time-dependent strain over a broad range of time scales in both creep and
relaxation tests. By well benchmarking with the experiment results from long-term tests
under different deviatoric stresses on Beishan granite, UMBPD is well demonstrated to
be accurate and reliable. The influence of loading history on rock creep deformation and
relaxation stress is also captured by the time-dependent parameters Γ. The future work
includes developing a unified micromechanics-based anisotropic time-dependent plastic-
damage model. To fulfill this goal, more experiments on various rocks, especially the ones
with significant anisotropic properties, should be tested to provide sufficient experimental
data on the micro-mechanical constitutive relations under a long-term test time frame.

Author Contributions: Conceptualization, Q.Y.; data curation, Q.Y. and Q.Z.; formal analysis, Q.Y.;
investigation, Q.Y. and Y.L.; writing—original draft, Y.L. and Z.L.; writing—review and editing, Q.Z.;
methodology, Z.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the National Natural Science Foundation of China (Grant Nos.
11872172; 42277147).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Appl. Sci. 2022, 12, 12083 16 of 17

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, J. On area-specific underground research laboratory for geological disposal of high-level radioactive waste in China. J.

Rock Mech. Geotech. Eng. 2014, 6, 99–104. [CrossRef]
2. Wang, P.; Zhao, Y.A.; Gao, M.; Huang, S.T.; Wang, J.; Wu, L.; Cai, H. Integrated Geo-information Database for Geological Disposal

of High-Level Radioactive Waste in China. In Spatial Data Handling in Big Data Era; Springer: Berlin/Heidelberg, Germany, 2017;
pp. 21–30.

3. Zhao, X.; Cai, M.; Wang, J.; Ma, L. Damage stress and acoustic emission characteristics of the Beishan granite. Int. J. Rock Mech.
Min. Sci. 2013, 64, 258–269. [CrossRef]

4. Liu, J.; Chen, L.; Wang, C.; Man, K.; Wang, L.; Wang, J.; Su, R. Characterizing the mechanical tensile behavior of Beishan granite
with different experimental methods. Int. J. Rock Mech. Min. Sci. 2014, 69, 50–58. [CrossRef]

5. Benge, M.; Lu, Y.; Katende, A.; Rutqvist, J.; Crandall, D.; Haecker, A.; King, G.; Renk, J.B.; Radonjic, M.; Bunger, A. Connecting
Geomechanical Properties with Potential for Proppant Embedment and Production Decline for the Emerging Caney Shale,
Oklahoma. In Proceedings of the SPE/AAPG/SEG Unconventional Resources Technology Conference, Houston, TX, USA, 28
July 2021.

6. Benge, M.; Lu, Y.; Jones, J.; Bunger, A.; Haecker, A.; Rihn, A.; Crandall, D.; Luo, G.; Radonjic, M. Mechanical Properties of Nomi-
nally Ductile and Brittle Zones Within the Caney Shale Formation. In Proceedings of the 55th US Rock Mechanics/Geomechanics
Symposium, Online, 18–25 June 2021.

7. Massion, C.; Lu, Y.; Crandall, D.; Bunger, A.; Radonjic, M. Graphene nanoplatelets reinforced cement as a solution to leaky
wellbores reinforcing weak points in hydrated Portland cement with graphene nanoparticles improves mechanical and chemical
durability of wellbore cements. Cem. Concr. Compos. 2022, 133, 104726. [CrossRef]

8. Lu, Y.; Cha, M. Thermally induced fracturing in hot dry rock environments-Laboratory studies. Geothermics 2022, 106, 102569.
[CrossRef]

9. Wang, Q.; Xin, Z.; Jiang, B.; Sun, H.; Xiao, Y.; Bian, W.; Li, L. Comparative experimental study on mechanical mechanism of
combined arches in large section tunnels. Tunn. Undergr. Space Technol. 2020, 99, 103386. [CrossRef]

10. Li, J.; Deng, S.; Wang, M.; Huang, H. Weak disturbance-triggered seismic events: An experimental and numerical investigation.
Bull. Eng. Geol. Environ. 2019, 78, 2943–2955. [CrossRef]

11. Brantut, N.; Heap, M.J.; Meredith, P.G.; Baud, P. Time-dependent cracking and brittle creep in crustal rocks: A review. J. Struct.
Geol. 2013, 52, 17–43. [CrossRef]

12. Higgins, J.; Lu, Y.; Benge, M.; Gunaydin, D.; Bunger, A.; Kelley, M. Triaxial Deformation Rate Analysis for Stress Estimation in
the Sedimentary and Basement Rocks from the FutureGen Carbon Sequestration Project. In Proceedings of the 56th US Rock
Mechanics/Geomechanics Symposium, Santa Fe, NM, USA, 26 June 2022.

13. Haupt, M. A constitutive law for rock salt based on creep and relaxation tests. Rock Mech. Rock Eng. 1991, 24, 179–206. [CrossRef]
14. Yang, S.Q.; Jing, H.W.; Cheng, L. Influences of pore pressure on short-term and creep mechanical behavior of red sandstone. Eng.

Geol. 2014, 179, 10–23. [CrossRef]
15. Heap, M.; Baud, P.; Meredith, P.; Bell, A.; Main, I. Time-dependent brittle creep in Darley Dale sandstone. J. Geophys. Res. Solid

Earth 2009, 114. [CrossRef]
16. Paraskevopoulou, C.; Perras, M.; Diederichs, M.; Amann, F.; Löw, S.; Lam, T.; Jensen, M. The three stages of stress relaxation-

Observations for the time-dependent behaviour of brittle rocks based on laboratory testing. Eng. Geol. 2017, 216, 56–75.
[CrossRef]

17. Jiang, Q.; Wang, B.; Feng, X.T.; Fan, Q.X.; Wang, Z.; Pei, S.; Jiang, S. In situ failure investigation and time-dependent damage test
for columnar jointed basalt at the Baihetan left dam foundation. Bull. Eng. Geol. Environ. 2019, 78, 3875–3890. [CrossRef]

18. Szczepanik, Z.; Milne, D.; Kostakis, K.; Eberhardt, E. Long term laboratory strength tests in hard rock. In Proceedings of the 10th
ISRM Congress, Sandton, South Africa, 8–12 September 2003.

19. Mishra, B.; Verma, P. Uniaxial and triaxial single and multistage creep tests on coal-measure shale rocks. Int. J. Coal Geol. 2015,
137, 55–65. [CrossRef]

20. Liu, A.; Lin, W.; Jiang, J. Laboratory and constitutive analysis of relaxation tests for time-dependent properties of discontinuities.
Constr. Build. Mater. 2019, 227, 116688. [CrossRef]

21. Huang, P.; Zhang, J.; Spearing, A.S.; Chai, J.; Dong, C. Experimental study of the creep properties of coal considering initial
damage. Int. J. Rock Mech. Min. Sci. 2021, 139, 104629. [CrossRef]

22. Zhang, Q.; Wu, C.; Fei, X.; Jang, B.A.; Liu, D. Time-dependent behavior of rock joints considering asperity degradation. J. Struct.
Geol. 2019, 121, 1–9. [CrossRef]

23. Zhang, Q.; Luo, Z.; Zhao, C.; Jang, B.A.; Zhang, R. Modeling the cyclic relaxation behavior of the artificial discontinuity. Mech.
Adv. Mater. Struct. 2021, 28, 111–117. [CrossRef]

24. Yang, D.S.; Chen, L.F.; Yang, S.Q.; Chen, W.Z.; Wu, G.J. Experimental investigation of the creep and damage behavior of Linyi red
sandstone. Int. J. Rock Mech. Min. Sci. 2014, 72, 164–172. [CrossRef]

http://doi.org/10.1016/j.jrmge.2014.01.002
http://dx.doi.org/10.1016/j.ijrmms.2013.09.003
http://dx.doi.org/10.1016/j.ijrmms.2014.03.007
http://dx.doi.org/10.1016/j.cemconcomp.2022.104726
http://dx.doi.org/10.1016/j.geothermics.2022.102569
http://dx.doi.org/10.1016/j.tust.2020.103386
http://dx.doi.org/10.1007/s10064-018-1292-8
http://dx.doi.org/10.1016/j.jsg.2013.03.007
http://dx.doi.org/10.1007/BF01045031
http://dx.doi.org/10.1016/j.enggeo.2014.06.016
http://dx.doi.org/10.1029/2008JB006212
http://dx.doi.org/10.1016/j.enggeo.2016.11.010
http://dx.doi.org/10.1007/s10064-018-1399-y
http://dx.doi.org/10.1016/j.coal.2014.11.005
http://dx.doi.org/10.1016/j.conbuildmat.2019.116688
http://dx.doi.org/10.1016/j.ijrmms.2021.104629
http://dx.doi.org/10.1016/j.jsg.2019.01.004
http://dx.doi.org/10.1080/15376494.2018.1542759
http://dx.doi.org/10.1016/j.ijrmms.2014.09.001


Appl. Sci. 2022, 12, 12083 17 of 17

25. Hou, R.; Zhang, K.; Tao, J. Effects of initial damage on time-dependent behavior of sandstone in uniaxial compressive creep test.
Arch. Min. Sci. 2019, 64, 687–707.

26. Li, X.; Konietzky, H. Numerical simulation schemes for time-dependent crack growth in hard brittle rock. Acta Geotech. 2015,
10, 513–531. [CrossRef]

27. Dascalu, C.; Francois, B.; Keita, O. A two-scale model for subcritical damage propagation. Int. J. Solids Struct. 2010, 47, 493–502.
[CrossRef]

28. Shao, J.F.; Chau, K.T.; Feng, X. Modeling of anisotropic damage and creep deformation in brittle rocks. Int. J. Rock Mech. Min. Sci.
2006, 43, 582–592. [CrossRef]

29. Miura, K.; Okui, Y.; Horii, H. Micromechanics-based prediction of creep failure of hard rock for long-term safety of high-level
radioactive waste disposal system. Mech. Mater. 2003, 35, 587–601. [CrossRef]

30. Pietruszczak, S.; Lydzba, D.; Shao, J.F. Description of creep in inherently anisotropic frictional materials. J. Eng. Mech. 2004,
130, 681–690. [CrossRef]

31. Shao, J.F.; Zhu, Q.Z.; Su, K. Modeling of creep in rock materials in terms of material degradation. Comput. Geotech. 2003,
30, 549–555. [CrossRef]

32. Zhou, H.; Jia, Y.; Shao, J.F. A unified elastic–plastic and viscoplastic damage model for quasi-brittle rocks. Int. J. Rock Mech. Min.
Sci. 2008, 45, 1237–1251. [CrossRef]

33. Wang, J.; Chen, L.; Su, R.; Zhao, X. The Beishan underground research laboratory for geological disposal of high-level radioactive
waste in China: Planning, site selection, site characterization and in situ tests. J. Rock Mech. Geotech. Eng. 2018, 10, 411–435.
[CrossRef]

34. Zoback, M.D.; Tsukahara, H.; Hickman, S. Stress measurements at depth in the vicinity of the San Andreas fault: Implications for
the magnitude of shear stress at depth. J. Geophys. Res. Solid Earth 1980, 85, 6157–6173. [CrossRef]

35. Singh, A.; Zoback, M.D. Predicting variations of the least principal stress with depth: Application to unconventional oil and gas
reservoirs using a log-based viscoelastic stress relaxation model. Geophysics 2022, 87, MR105–MR116. [CrossRef]

36. Snee, J.E.L.; Zoback, M.D. State of stress in areas of active unconventional oil and gas development in North America. AAPG
Bull. 2022, 106, 355–385. [CrossRef]

37. Zhao, L.Y.; Zhu, Q.Z.; Shao, J.F. A micro-mechanics based plastic damage model for quasi-brittle materials under a large range of
compressive stress. Int. J. Plast. 2018, 100, 156–176. [CrossRef]

38. Chen, Y.; Yu, Q.; Zhu, Q. Experimental investigation and micromechanics-based damage modeling of the stress relaxation
mechanical properties in gray sandstone. Comput. Geotech. 2022, 149, 104829. [CrossRef]

39. Zhu, Q.; Zhao, L.; Shao, J. Analytical and numerical analysis of frictional damage in quasi brittle materials. J. Mech. Phys. Solids
2016, 92, 137–163. [CrossRef]

40. Zhu, Q.Z.; Kondo, D.; Shao, J. Micromechanical analysis of coupling between anisotropic damage and friction in quasi brittle
materials: Role of the homogenization scheme. Int. J. Solids Struct. 2008, 45, 1385–1405. [CrossRef]

41. Eshelby, J.D. The Determination of the Elastic Field of an Ellipsoidal Inclusion, and Related Problems. Proc. R. Soc. Lond. 1957,
241, 376–396.

42. Mori, T.; Tanaka, K. Average stress in matrix and average elastic energy of materials with misfitting inclusions. Acta Metall. 1973,
21, 571–574. [CrossRef]

43. Benveniste, Y. On the Mori-Tanaka’s method in cracked bodies. Mech. Res. Commun. 1986, 13, 193–201. [CrossRef]
44. Zhu, Q.; Shao, J. Micromechanics of rock damage: Advances in the quasi-brittle field. J. Rock Mech. Geotech. Eng. 2017, 9, 29–40.

[CrossRef]
45. Zhu, Q.; Zhao, L.; HX, L.; Shao, J. Fast explicit integral algorithms with comparative studies for Shao-Zhu-Su rock rheological

model. Chin. J. Rock Mech. Eng. 2016, 35, 242–249. (In Chinese)
46. Martin, C.; Chandler, N. The progressive fracture of Lac du Bonnet granite. Proc. Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 1994,

31, 643–659. [CrossRef]
47. Read, R.; Chandler, N.; Dzik, E. In situ strength criteria for tunnel design in highly-stressed rock masses. Int. J. Rock Mech. Min.

Sci. 1998, 35, 261–278. [CrossRef]
48. Yuan, S.S.; Zhu, Q.Z.; Zhao, L.Y.; Chen, L.; Shao, J.F.; Zhang, J. Micromechanical modelling of short-and long-term behavior of

saturated quasi-brittle rocks. Mech. Mater. 2020, 142, 103298. [CrossRef]
49. Yu, Q.J.; Zhu, Q.Z.; Chen, L.; Shao, J.F. Experimental investigation and semi-analytical simulation of instantaneous and

time-dependent damage behaviors of Beishan granite. Rock Mech. Rock Eng. 2022, 55, 2341–2352. [CrossRef]

http://dx.doi.org/10.1007/s11440-014-0337-9
http://dx.doi.org/10.1016/j.ijsolstr.2009.10.018
http://dx.doi.org/10.1016/j.ijrmms.2005.10.004
http://dx.doi.org/10.1016/S0167-6636(02)00286-7
http://dx.doi.org/10.1061/(ASCE)0733-9399(2004)130:6(681)
http://dx.doi.org/10.1016/S0266-352X(03)00063-6
http://dx.doi.org/10.1016/j.ijrmms.2008.01.004
http://dx.doi.org/10.1016/j.jrmge.2018.03.002
http://dx.doi.org/10.1029/JB085iB11p06157
http://dx.doi.org/10.1190/geo2021-0429.1
http://dx.doi.org/10.1306/08102120151
http://dx.doi.org/10.1016/j.ijplas.2017.10.004
http://dx.doi.org/10.1016/j.compgeo.2022.104829
http://dx.doi.org/10.1016/j.jmps.2016.04.002
http://dx.doi.org/10.1016/j.ijsolstr.2007.09.026
http://dx.doi.org/10.1016/0001-6160(73)90064-3
http://dx.doi.org/10.1016/0093-6413(86)90018-2
http://dx.doi.org/10.1016/j.jrmge.2016.11.003
http://dx.doi.org/10.1016/0148-9062(94)90005-1
http://dx.doi.org/10.1016/S0148-9062(97)00302-1
http://dx.doi.org/10.1016/j.mechmat.2019.103298
http://dx.doi.org/10.1007/s00603-022-02781-3

	Introduction
	Experimental Study
	Sample Preparations and Testing Procedures
	Experimental Results

	Formulation of the Plastic Damage Model 
	Free Energy and State Equations
	Plasticity Criterion and Damage Evolution

	Analytical Prediction of Short- and Long-Term Strengths under Conventional Triaxial Compression
	Short-Term Strength
	Long-Term Strength
	Computation Algorithm
	Analytical Prediction

	Conclusions
	References

