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a b s t r a c t

The time-dependent failure of surrounding rock in deep engineering is essentially controlled by the
evolution of microcracks, with the pre-existing fracturing state induced by excavation playing a crucial
role in the subsequent time-dependent fracturing process. From the perspective of microcrack devel-
opment, it is a continuous, dynamic process. Therefore, taking the microcrack propagation process as
the fundamental principle, this paper proposes a novel three-dimensional (3D) time-dependent model
for hard rock that can depict the entire fracturing process within a unified theoretical framework. This
developed model discards the traditional tri-modal partition method based on deformation, and instead
adopts an analysis approach centred on time-dependent tensile and shear fracturing. The results show
that the time-dependent deformation of hard rock is the macroscopic manifestation of the progressive
evolution of microcracks over time. Under true triaxial stress, the growth tendency of cracks in hard
rock is orientation-dependent throughout the entire loading process. This developed model provides a
mechanical explanation for key time-dependent fracture characteristics observed in true triaxial creep
tests, including the anisotropy of time-dependent deformation and the preferred orientation of
macroscopic failure plane, and provides a novel framework for elucidating the time-dependent failure
process of hard rock.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).

1. Introduction

With the increasing depth of underground engineering, the
frequency of time-dependent surrounding rock failures has
increased, significantly affecting the long-term stability. High in
situ stress has been one of the primary challenges in deep engi-
neering, making the surrounding rock exhibit pronounced time-
dependent characteristics. In previous engineering construction,
various types of time-delayed surrounding rock failures have been
reported, including time-delayed rockbursts (Feng et al., 2019a; He
et al., 2023; Jiang et al., 2024), time-delayed large deformations
(Kontogianni and Stiros, 2005), and time-delayed spalling (Fan
et al., 2023). Under high deviatoric stress, fracturing events

continued to occur in the surrounding rock after excavation, and
time-delayed failures evolved with time, showing noticeable
spatial-temporal lag characteristics and posing a significant threat
to workers’ security. Therefore, it is of great importance to inves-
tigate the time-dependent failure process of hard rock under true
triaxial stress.

As a bridge between mechanism research and engineering
applications, theoretical models that describe the time-dependent
failure process of hard rock have been extensively investigated.
Based on the differences in theoretical frameworks, time-
dependent constitutive models could be divided into several cat-
egories, including empirical models (Okubo et al., 2008; Wei et al.,
2021), element-combination models (Yang et al., 2014; Zhao et al.,
2017), viscous-elastic-plastic models (Shao et al., 2003; Zhao et al.,
2016), damagemodels (Tran-Manh et al., 2016; Xu et al., 2018), and
microcrack models (Shao et al., 2006; Brantut et al., 2012; Yang
et al., 2021; Sisodiya and Zhang, 2022; Li et al., 2024). Methodo-
logically, empirical rheological models, element-combination
rheological models, and viscous-elastic-plastic rheological
models all belong to phenomenological models. These models
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mainly simulate the variation of creep deformation over time
based on the macroscopic rheological phenomenon, without
delving into the intrinsic fracture mechanism in hard rock. The
damage rheological models also belong to the phenomenological
model to some extent. By introducing a macroscopic damage field
into the constitutive relationship of hard rock, it avoids the
complexity of fracture evolution characteristics on the micro-
scopic or mesoscopic level. Although this facilitates the model
development, it comes at the expense of sacrificing the physical
foundation of rheological models. As for the microcrack rheolog-
ical model, the time-dependent failure process of hard rock is
primarily attributed to the subcritical propagation of cracks, which
is often integrated with the wing crack propagation model for
theoretical analysis (Brantut et al., 2012; Yang et al., 2021; Bernab�e
and Pec, 2022; Li et al., 2024). The focus of such models lies in
describing the subcritical propagation and interaction of cracks at
the microscopic scale, as well as their influence on the macro-
scopic mechanical properties of rocks. Despite its robust physical
foundation, this analytical method faces challenges in addressing
cross-scale issues when linking microscopic fracturing behaviors
with macroscopic degradation of mechanical properties. Conse-
quently, most models quantify the effects of time-dependent crack
evolution either through energy analysis (Brantut et al., 2012) or
by simplifying them as macroscopic damage factors (Bikong et al.,
2015; Li et al., 2020, 2024; Yang et al., 2021). Although these
models have demonstrated good performance in characterizing
the time-dependent deformation of hard rock, most of them fail to
adequately explain key fracturing characteristics observed during
the rock failure, such as time-dependent anisotropic fracturing
and the formation of a macroscopic failure plane. Moreover,
existing models predominantly concentrate on time-dependent
axial deformation in the σ1 direction, lacking a systematic theo-
retical framework for understanding the anisotropic time-
dependent deformation process under true triaxial stress condi-
tions. These limitations restrict their ability to provide guidance
for time-dependent failures in deep engineering.

During the development of time-delayed disasters, the failure
process is not solely dictated by time-dependent fracturing under
high geostress, but also relies on the pre-existing damage during
excavation. This pre-existing damage could be regarded as the
inception of the time-delayed disaster evolution. As excavation
progresses, randomly distributed microdefects (e.g. cracks or
mineral structural defects) in the surrounding rock gradually
evolve under increasing deviatoric stress (Fan et al., 2025a),
causing irreversible damage in the rock’s microstructure. In hard
rocks, this damage is irreversible, and the ultimate failure results
from the continuous accumulation of internal damage. Conse-
quently, when assessing the long-term stability of surrounding
rock in deep engineering, the pre-existing damage caused by
excavation cannot be disregarded. In addition, the fracturing state
of hard rock during the time-dependent loading stage is inherently
influenced by its prior loading history. Variations in loading his-
tory would lead to different fracturing states at any given moment.
However, in previous rheological models, the pre-existing damage
is often neglected or oversimplified, which is prone to mis-
estimating the time-dependent failure process of hard rock under
high geostress. Hence, the assessment of the fracturing process
during the time-dependent loading stage should be based on the
preceding fracturing history. A rheological model based on the
continuous fracturing process will help to portray the fracturing
state of the surrounding rock at different times after excavation,
facilitating a more precise prediction of the time-dependent fail-
ure process.

Essentially, the failure process of hard rock is governed by the
continuous propagation and coalescence of internal cracks,

irrespective of whether the failure is instantaneous or time-
dependent. Although the entire loading–fracturing process could
be distinguished into different loading stages (e.g. instantaneous
loading stage, time-dependent loading stage, and others), the
propagation of microcracks throughout the rock failure process is
continuous. Therefore, taking the propagation process of micro-
cracks in different orientations as the fundamental principle, this
study proposes a novel time-dependent fracturing model and of-
fers new insights into the mechanisms of the progressive rock
failure process.

2. Anisotropic fracture evolution during the instantaneous
loading stage

To describe the anisotropic fracturing state of hard rock under
instantaneous loading, Fan et al. (2025b) proposed a competitive
anisotropic fracturing model (CAFM) based on the competitive
growth of cracks with different orientations. In CAFM, numerous
randomly dispersed microdefects in hard rock are assumed to be
randomly oriented microcracks. The inelastic deformation of hard
rock can be decomposed into two parts: open-tensile microcrack
development and penetrative-shear microcrack development.
Therefore, the total strain of hard rock under true triaxial stress
could be regarded as the superposition of elastic deformation
caused by stress acting on the undamaged matrix and the
discontinuous displacement caused by microcracks, which could
be expressed as follows:

εij=Ceijklσkl+
(
Cctijkl+Cptijkl

)
σTkl +

(
Ccsijkl+Cpsijkl

)
σkl (1)

where εij and σij are the macroscopic strain and stress, respec-
tively; σTij is the compression-induced tensile stress, with the
nonvanishing components including σT22 = ν(σ1+σ3) − σ2 and
σT33 = ν(σ1 + σ2) − σ3, in which ν is the Poisson’s ratio; Ceijkl is the

elastic compliance tensor of the undamaged rock matrix; Cctijkl and

Ccsijkl are the inelastic compliance tensors resulting from open-

tensile crack propagation, corresponding to the contributions of
open-tensile cracks and penetrative-shear cracks, respectively;

and Cptijkl and Cpsijkl are the inelastic compliance tensors resulting

from crack coalescence, corresponding to the contributions of
open-tensile cracks and penetrative-shear cracks respectively. The
key parameters of crack growth in CAFM include tensile fracture
toughness KIC, shear fracture toughness KIIC, and shear crack
propagation parameters As and n.

In the instantaneous loading stage, the propagation of cracks is
primarily attributed to the increase of deviatoric stress (σ1 – σ3).
Upon transitioning to the time-dependent loading stage, the stress
state becomes constant, meaning that the crack growth mode
driven by stress increase in CAFM is no longer applicable. However,
the failure process of hard rock is still essentially controlled by the
evolution of microcrack ensembles. Despite variations in crack
propagation mechanisms across different loading stages, the
CAFM analysis framework remains valid as it was developed based
on crack propagation in various orientations. Furthermore, from
the perspective of microcrack development, the progressive rock
failure process is continuous and irreversible. When analyzing the
time-dependent fracturing process of hard rock, the irreversible
damage incurred in the instantaneous stage cannot be ignored.
Based on the theoretical framework provided by CAFM, the entire
fracturing process, including the instantaneous and the time-
dependent loading stages, can be subjected to continuous and
systematic analysis.
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3. Anisotropic fracture evolution during the time-dependent
loading stage

Under persistent external loading, the creep failure of hard rock
could be regarded as the gradual deviation of the stress–rock
system from equilibrium over time, which is primarily controlled
by the subcritical propagation of microcracks. The failure process
of hard rock relies on the collective evolution and interaction of
microdefects inside. Under the influence of applied stress, the
initially randomly distributed microdefects tend to undergo
directional development. Thus, starting from the initial fracturing
state in hard rock, a multiscale anisotropic rheological model will
be established by focusing on the collective development process
of microcracks, which aims to elucidate the sustained fracturing
process over time.

The inception of the time-dependent fracturing process is the
fracturing state of hard rock after the instantaneous loading stage.
In the instantaneous loading stage, the initial fracturing state of
hard rock could be analyzed with the CAFM. Therefore, the current
task is exploring the rheological evolution of hard rock from the
mesoscopic fracturing mechanism. The propagation and coales-
cence of microcracks constitute the predominant failure mecha-
nism in hard rock, which also applies to the time-dependent
failure process. During the instantaneous loading stage, the sys-
tem, consisting of external stress and hard rock with internal
cracks, forms a dynamic equilibrium, and microcracks would
extend once the driving force is sufficient to overcome the rock’s
fracture resistance. As the transitions to the time-dependent
loading stage occur, microcracks continue to propagate steadily
in a quasi-static state, known as subcritical crack growth. Stress
corrosion is widely considered the dominant mechanism for crack
growth in this stage.

Derived from the CAFM, the analysis of time-dependent failure
process is also divided into the subcritical propagation of open-
tensile cracks and the subcritical propagation of penetrative-
shear cracks, as shown in Fig. 1. Throughout the progressive fail-
ure process, microcracks in hard rock propagate and coalesce over
time under high deviatoric stress, leading to the development of
inelastic strain and cumulative fracturing.

In view of the variable orientations of local microcracks, it in-
volves the transformation between the local and the global coor-
dinate systems, as depicted in Fig. 1b. The coordinate
transformationmatrix between the global and the local coordinate
systems could be expressed as (Fan et al., 2025b):

T(k)ij =

⎡

⎣
cos θ sin θ cos φ sin θ sin φ
− sin θ cos θ cos φ cos θ sin φ
0 − sin φ cos φ

⎤

⎦ (2)

where (θ, φ) is the kth crack orientation, indicating the dip angle
and dip, respectively. Particularly, since open-tensile cracks are
simplified to propagate along the σ1-direction, the dip angle of
open-tensile cracks is θ = 90◦.

Stress corrosion is widely considered the dominant mechanism
for crack growth in hard rock during the time-dependent loading
stage (Anderson and Grew,1977), and the crack propagation rate is
dynamically controlled by the stress intensity factor at the crack
tip (Atkinson, 1987). Subsequently, the subcritical propagation of
open-tensile and penetrative-shear cracks will be analyzed sepa-
rately. For open-tensile cracks, new crack surfaces would be
generated over time after entering the time-dependent loading
stage. The subcritical crack propagation rate and total length of the
kth open-tensile crack at time t could be assumed as

_a(k)(t)=Aa

(
Kct(k)I (t)
KIsc

)na

(3)

a(k)(t)= a(k)(t − Δt) + _a(k)(t − Δt)Δt (4)

where a(k)(t) and _a(k)(t) are the crack radius and the subcritical
propagation rate of the kth tensile crack with orientation (θ = π/2,
φ) at time t during the long-term loading stage, respectively; the
initial radius of the kth open-tensile crack when entering the time-
dependent loading stage, namely a(k)(0), corresponds to the final
state in the instantaneous loading stage; Aa and na are the
subcritical tensile crack growth parameters during the long-term
loading stage; and KIsc is the subcritical fracture threshold of

open-tensile cracks. Kct(k)I (t) is the stress intensity factor of the kth
tensile crack with orientation (θ = π/2, φ) at time t, and could be
written as (Fan et al., 2025b):

Kct(k)I (t) = τcs(k)es Scs(k) cos θ
/
[πa(k)(t)]

3=2
− 2σcs(k)11

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a(k)(t)=π

√

(5)

τcs(k)es =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

σcs(k)12

)2
+
(

σcs(k)13

)2
√

− μσcs(k)11 (6)

where τcs(k)es is the driving shear stress parallel to the kth shear
crack surface; μ is the frictional coefficient of the shear crack
interface, which is assumed to be related to the internal friction
angle in the strength criterion; Scs(k) is the surface area of the shear

crack; σct(k)11 denotes the inhibitive normal stress on the open-
tensile crack surfaces provided by the far-field applied stress;

and σc(k)ij (including σcs(k)ij and σct(k)ij ), expressed as σc(k)ij =

T(k)im T(k)jn σmn, is the stress around microcracks in the local coordi-

nate provided by far-field stress applied and only the stress com-

ponents σc(k)1j on the crack surface are assumed to promote

microcrack propagation.
During the time-dependent loading stage, the crack length

a(k)(t+Δt) at time t + Δt was considered to be directly related to
the fracture state at time t. Thus, a simple explicit method was
adopted to calculate the crack length, as shown in Eq. (4). The
accuracy is sufficient when the time interval Δt is suitable. For
open-tensile cracks, the initial value a(k)(0) when entering the
time-dependent loading stage should be the crack radius ain(k) in
the instantaneous loading stage, which could be written as

a(k)(0)= ain(k) (7)

Consequently, combining Eq. (4), the radius increase of the
corresponding shear crack at time t during the time-dependent
loading stage could be expressed as (Fan et al., 2025b):

Δl(k)(t)=
16
(
1 − ν2

)

2πE cos θ
σct(k)ET a(k)(t) (8)

where E is the elastic modulus. Δl(k)(t) is the radius increase of the
kth shear crack contributed by tensile crack propagation at time t,
which includes the radius increment (Δlin(k)) during the instant

loading stage. σct(k)ET denotes the macroscopic compression-
induced tensile stress on the kth tensile crack surface, which is
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expressed as σct(k)ET = σT22 cos2 φ+ σT33 sin
2 φ.

Incorporating the propagation of oriented cracks over time, the
nonzero components of the time-dependent inelastic compliance
tensors in the local coordinate could be written as follows (Horii
and Nemat-Nasser, 1983; Krajcinovic and Fanella, 1986):

Cʹct(k)
1111(t) =

16
(
1 − ν2

)

3E
a3
(k)(t) (9)

Cʹcs(k)
1212(t) = Cʹcs(k)

1221(t) = Cʹcs(k)
2121(t) = Cʹcs(k)

2112(t) =
8
(
1 − ν2

)

3E(2 − ν)
l3
(k)(t)

Cʹcs(k)
1313(t) = Cʹcs(k)

1331(t) = Cʹcs(k)
3131(t) = Cʹcs(k)

3113(t) =
8
(
1 − ν2

)

3E(2 − ν)
l3
(k)(t)

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(10)

where Cʹct(k)
mnpq(t) is the compliance tensor caused by an open-tensile

crack in the local coordinate; Cʹcs(k)
mnpq(t) is the compliance tensor

caused by a single shear crack in the local coordinate; a(k)(t) is the
radius of the kth open-tensile crack at time t; and l(k)(t) is the
radius of the kth shear crack at time t, which could be expressed as
l(k)(t) = l0+ Δl(k)(t), in which l0 is the initial average radius of
cracks in hard rock.

It is assumed that the orientations of microcracks are random,
and the probability density of crack distribution should satisfy the
normalization requirement. Thus, the overall time-dependent in-
elastic compliance tensor contributed by the tensile crack growth
could be expressed as

Cctijkl(t) =
Nc
2π

∫ 2π

0

∫ π
2

0
Cct(k)ijkl

(
a(k)(t); l(k)(t); θ;φ

)
〈τcs(k)es 〉sin θdθdφ

(11)

Ccsijkl(t) =
Nc
2π

∫ 2π

0

∫ π
2

0
Ccs(k)ijkl

(
a(k)(t); l(k)(t); θ;φ

)
〈τcs(k)es 〉sin θdθdφ

(12)

where Nc is the microcrack number density. C
ct(k)
ijkl (t) and Ccs(k)ijkl (t)

are the time-dependent inelastic compliance tensors in the global

coordinate corresponding to Cʹct(k)
ijkl (t) and Cʹcs(k)

ijkl (t) in the local co-

ordinate, respectively, which can be calculated as Cc(k)ijkl (t) =

T(k)αi T
(k)
βj T

(k)
γk T

(k)
δl C

ʹc(k)
αβγδ(t); and the bracket 〈x〉 here is a discriminant

notation, meaning 〈x〉 = 1 when x > 0 and 〈x〉 = 0 when x ≤ 0.
During the progressive failure process, while open-tensile

cracks propagate steadily over time, penetrative-shear cracks
also evolve gradually based on the pre-existing fracturing state.
Due to the crack tip shielding effect (Ritchie, 1988), penetrative-
shear cracks are assumed to propagate from the tips of pre-
existing cracks during the time-dependent loading stage. For the
dynamic propagation of penetrative-shear cracks during the time-
dependent loading stage, the subcritical crack propagation rate is
also considered as a function of the applied stress intensity at the
crack tip. Thus, the subcritical propagation rate and total length of
the kth penetrative-shear crack at time t could be written as

Fig. 1. Microcrack growth in time-dependent anisotropic fracturing model: (a) Randomly dispersed microdefects in hard rock (Fan et al., 2025b); (b) Randomly oriented penny-
shaped microcracks simplified from dispersed microdefects; (c) Three-dimensional (3D) crack propagation over time under true triaxial stress; (d) Evolution of penetrative-shear
crack with time under stress; and (e) Evolution of open-tensile crack with time under stress. ox1x2x3 is the global coordinate system, ox(1)1 x(1)2 x(1)3 is the local coordinate system for
the shear crack, and ox(2)1 x(2)2 x(2)3 is the local coordinate system associated with the corresponding tensile crack.
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_lp(k)(t) =Al

(
Kcs(k)II (t)
KIIsc

)nl

(13)

lp(k)(t) = lp(k)(t − Δt) + _lp(k)(t − Δt)Δt (14)

where lp(k)(t) and _lp(k)(t) are the length and subcritical growth rate
of the kth penetrative-shear crack with orientation (θ, φ) at time t
during the time-dependent loading stage, respectively; and Al and
nl are the subcritical shear crack growth parameters. The pre-
dominant effect of crack growth in this part is the coalescence of
cracks. For a penetrative-shear crack, the penetrating crack length
lp(k)(t) at time t during the time-dependent loading stage should
also be based on the final penetrating crack length lp in(k) after the
instantaneous loading stage, which means lp(k)(0) = lp in(k). KIIsc is

the subcritical fracture threshold of the shear crack. Kcs(k)II (t) is the
stress intensity factor of the kth shear crack with orientation (θ, φ)

at time t, which could be expressed as Kcs(k)II (t) =

4τcs(k)es

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
πl(k)(t)

√
=[π(2 − ν)].

Thus, the inelastic compliance tensor arising from crack coa-
lescence over time could be written as

Cptijkl(t) =
Nc
2π

∫ 2π

0

∫ π
2

0

[

Cct(k)ijkl

(
a(k)(t);

(
1+ cp(k)(t)

)
l(k)(t); θ;φ

)
−

(
1+ cp(k)(t)

)
Cct(k)ijkl

(
a(k)(t); l(k)(t); θ;φ

)]
〈KII(k)(t)

− KIIsc〉sin θdθdφ (15)

Cpsijkl(t) =
Nc
2π

∫ 2π

0

∫ π
2

0

[

Ccs(k)ijkl

(
a(k)(t);

(
1+ cp(k)(t)

)
l(k)(t); θ;φ

)
−

(
1+ cp(k)(t)

)
Ccs(k)ijkl

(
a(k)(t); l(k)(t); θ;φ

)
〈KII(k)(t)

− KIIsc〉sin θdθdφ (16)

where cp(k)(t) is the time-dependent crack coalescence index for
penetrative-shear cracks with orientation (θ, φ), which is
expressed as cp(k)(t) = lp(k)(t) =lb(k), in which lb(k) is the length of
the rock bridge.

Therefore, based on the continuous propagation process of
microcracks in different orientations, the total strain of hard rock
under true triaxial stress during the time-dependent loading stage
could be expressed as Eq. (17), which has the same analytical form
as that during the instantaneous loading stage shown in Eq. (1):

εij=Ceijklσkl+
(
Cctijkl(t) +Cptijkl(t)

)
σTkl +

(
Ccsijkl(t)+Cpsijkl(t)

)
σkl

(17)

where the deformation increase during the instantaneous loading
process has also been included, as the time-dependent crack
propagation depends on the pre-existing fracturing state in the
instantaneous loading stage.

4. Model validation

4.1. Determination of model parameters

In the developed 3D time-dependent fracturing model,
encompassing both the instantaneous and the time-dependent

loading stages, the main parameters could be categorized into
two types: instantaneous and time-dependent fracturing
parameters.

Since the rock failure is a continuous fracturing process, the
developed anisotropic rheological model only needs to superpose
time-dependent fracturing parameters onto those in CAFM. For
the instantaneous loading process, the instantaneous fracturing
parameters include the microcrack number density Nc, the initial
crack radius l0, tensile fracture toughness KIC, shear fracture
toughness KIIC, frictional coefficient μ, and the instantaneous shear
crack growth parameters As and n. The identification methods of
these instantaneous fracturing parameters have been introduced
in CAFM (Fan et al., 2025b).

For the time-dependent fracturing process, the superimposed
time-dependent fracturing parameters include the subcritical
tensile crack growth threshold KIsc, the subcritical shear crack
growth threshold KIIsc, the subcritical tensile crack growth pa-
rameters Aa and na, and the subcritical shear crack growth pa-
rameters Al and nl. For the subcritical crack propagation, the
identification of these time-dependent fracturing parameters
could refer to the experimental methods of the double torsion
tests (Becker et al., 2011) and the short beam compression tests
(Ko and Kemeny, 2011). However, due to the complicating factors
(e.g. rock microstructure, environmental media, and temperature),
the exact thresholds and propagation rate of subcritical cracks in
hard rocks are difficult to experimentally measure. Hence,
parameter inversion based on relevant experimental results may
be a more feasible method to determine these time-dependent
fracturing parameters.

4.2. Model validation

To validate the developed 3D time-dependentmodel, this study
compares the simulation results with the true triaxial time-
dependent tests of Beishan granite (Jiang et al., 2025). The
instantaneous fracturing parameters are mainly based on those of
Beishan granite used in Fan et al. (2025b). The time-dependent
fracturing parameters were derived from inversion. In view of
the relative independence of fracturing parameters in different
loading stages, these parameters were also categorized into
instantaneous and time-dependent fracturing parameters for
inversion. During the inversion process, the problem is reformu-
lated as an optimization problem of an objective function. Through
multiple iterations, the trial values of unknown parameters are
gradually adjusted until the desired parameter values are ob-
tained. The computational algorithm for the time-dependent
loading stage can refer to that for the instantaneous loading
stage (Fan et al., 2025b).

As shown in Fig. 2, a true triaxial creep test was conducted at
σ3 = 5 MPa, σ2 = 30 MPa, and σ1 = 259 MPa, which lasted about
30 h. According to the elastic compression stage, the elastic
modulus is E = 45,000 MPa, and the Poisson’s ratio is ν = 0.38. The
average radius of initial microcracks in this granite sample is
l0= 1.1×10− 3 m. After entering the time-dependent loading stage,
the subcritical propagation parameters for tensile and shear cracks
are Aa = 1.04 × 10− 4 m/h and Al = 9 × 10− 18 m/h. The remaining
fracturing parameters adopted are listed in Table 1.

Fig. 3 compares the simulated stress–strain and strain–time
curves of granite when σ3 = 5 MPa, σ2 = 100 MPa, and
σ1 = 300 MPa, which lasted about 380 h. According to the elastic
compression stage, the elastic modulus is E = 54,000 MPa, and the
Poisson’s ratio is ν = 0.38. The initial crack radius in this granite
sample is l0 = 9.5 × 10− 4 m. After entering the time-dependent
loading stage, the subcritical propagation parameters for tensile
and shear cracks are Aa= 9.92×10− 7 m/h and Al= 4.1×10− 20 m/h.
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The remaining fracturing parameters adopted are also listed in
Table 1.

Fig. 4 compares the simulated stress–strain and strain–time
curves of granite when σ3 = 5 MPa, σ2 = 50 MPa, and
σ1 = 278 MPa, which lasted about 120 h. According to the elastic
compression stage, the elastic modulus is E = 54,000 MPa, and the
Poisson’s ratio is ν = 0.4. The initial crack radius in this granite
sample is l0 = 1.05 × 10− 3 m. After entering the time-dependent
loading stage, the subcritical propagation parameters for tensile
and shear cracks are Aa= 5.12× 10− 5 m/h and Al= 3.45×10− 19 m/
h. The remaining fracturing parameters adopted are also listed in
Table 1.

Fig. 2. Comparison between simulated and creep experimental results for granite when σ3 = 5 MPa, σ2 = 30 MPa, and σ1 = 259 MPa: (a) Stress–strain curves; and (b) Strain–time
curves.

Table 1
Fracturing parameters for Beishan granite.

Fracturing parameters Value

Microcrack number density, Nc 4 × 106/m3

Angle of internal friction 38◦

Fracture toughness of tensile cracks, KIC 0.8 MPa m1/2

Fracture toughness of shear cracks, KIIC 1 MPa m1/2

Instantaneous shear crack growth parameter, As 3 × 10− 4 m/s
Instantaneous shear crack growth parameter, n 4
Subcritical tensile crack growth threshold, KIsc 0.4 MPa m1/2

Subcritical tensile crack growth parameter, na 2
Subcritical shear crack growth threshold, KIIsc 0.5 MPa m1/2

Subcritical shear crack growth parameter, nl 10

Fig. 3. Comparison between simulated and creep experimental results for granite when σ3 = 5 MPa, σ2 = 100 MPa, and σ1 = 300 MPa: (a) Stress–strain curves; and (b) Strain–time
curves.
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Fig. 5 compares the simulated stress–strain and strain–time
curves of granite when σ3 = 5 MPa, σ2 = 5 MPa, and
σ1 = 217 MPa, which lasted about 19 h. According to the elastic
compression stage, the elastic modulus is E = 45,000 MPa, and the
Poisson’s ratio is ν = 0.38. The initial crack radius in this granite
sample is l0 = 1.15 × 10− 3 m. After entering the time-dependent
loading stage, the subcritical propagation parameters for tensile
cracks and shear cracks are Aa = 1.76 × 10− 3 m/h and
Al = 1.18 × 10− 15 m/h. The remaining fracturing parameters
adopted are also listed in Table 1.

Given the presence of the unpredictable initial microcrack
closure stage, the associated deformation is directly incorporated
into the simulation results to facilitate an appropriate comparison
with experimental data. For the granite under σ3 = 5 MPa,

σ2 = 100 MPa, and σ1 = 300 MPa, a sudden small increase in
deformation was observed at about 16 h during the creep test,
which was attributed to local fractures. Nonetheless, the simula-
tion results showed good agreement with the experimental data,
both during the instantaneous and the time-dependent loading
processes. This indicates that the developed model could effec-
tively capture the stress-induced anisotropic fracturing process
under true triaxial stress.

4.3. Parameter sensitivity analysis

During the time-dependent loading stage, the subcritical growth
parameters Aa and Al for open-tensile and penetrative-shear cracks,
respectively, are critical to the simulation results. Therefore,

Fig. 4. Comparison between simulated and creep experimental results for granite when σ3 = 5 MPa, σ2 = 50 MPa, and σ1 = 278 MPa: (a) Stress–strain curves; and (b) Strain–time
curves.

Fig. 5. Comparison between simulated and creep experimental results for granite when σ3 = 5 MPa, σ2 = 5 MPa, and σ1 = 217 MPa: (a) Stress–strain curves; and (b) Strain–time
curves.
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sensitivity analysis was conducted for these two parameters to
explore their influence under σ3 = 5 MPa, σ2 = 30 MPa, and
σ1 = 259 MPa. As shown in Fig. 6a, it can be found that the
parameter Aa primarily affects the lateral dilatancy over time. A
higher Aa leads to greater time-dependent lateral deformation,
especially in the σ3-direction under true triaxial stress. During the
time-dependent loading stage, high σ1 continuously generates
microcracks oriented in a direction parallel to σ1, which is reflected
by the parameter Aa in this developed model. Additionally, the in-
fluence of parameter Aa on the time-dependent deformation in the
σ3-direction is significantly greater than that in the σ2-direction.
This is also consistent with the experimental observations, since
crack propagation is inhibited in the σ2-direction under true triaxial
stress. As for the parameter Al for penetrative-shear cracks, it pri-
marily affects the failure time. A larger Al would lead to a reduction
in failure time. This also indicates that the penetrative-shear cracks
are one key factor in controlling the time-dependent rock failure.

5. Discussion

The time-dependent failure of hard rock refers to the slow
failure process of hard rock over time at a stress level below its
strength. The essence of this behavior is also attributed to the
evolution of internal cracks. On the basis of CAFM, the time effect
could be introduced to describe the evolution of microcrack en-
sembles in the time-dependent failure process. In addition, it is
worth noting that the failure process of hard rock is also a function
of loading history. Different loading histories would result in
different fracturing states in hard rock, significantly impacting
subsequent deformation and fracturing behavior. If the pre-
existing fracturing state of hard rock is ignored, it will inevitably
lead to inaccurate analysis and prediction of the time-dependent
failure process. In the failure process of hard rock, the propaga-
tion of microcracks remains the fundamental mechanism,
whether driven by instantaneous or time-dependent loading.
Although the complete loading–fracturing process could be
divided into different loading stages (e.g. instantaneous loading
stage, time-dependent loading stage, and others), the propagation
of internal microcrack ensembles is continuous throughout the
entire rock failure process. Later crack propagation must depend

on the inner crack state at the previous moment. Therefore, it is
convenient and effective to analyze the entire failure process of
hard rock using the evolution of internal microcrack ensembles as
the fundamental principle. Although this article only considers the
time effect on the rock failure process, this approach is also
effective for assessing the impact of other factors on hard rock,
such as disturbances, heat, and water.

5.1. Anisotropic time-dependent crack propagation

Under true triaxial stress, the deviation between strains ε2 and
ε3 becomes larger as the intermediate principal stress σ2 increases,
regardless of whether during the instantaneous or the time-
dependent loading stage. This phenomenon is caused by the dif-
ference in stress-induced crack propagation abilities in σ2-and σ3-
directions, referred to as anisotropic fracturing (Feng et al., 2019b).
In order to analyze the time effect on the rock failure process under
high triaxial stress, the time-dependent fracturing process of
granite under σ3= 5 MPa, σ2= 100MPa, and σ1=300 MPa is taken
as an example. As shown in Fig. 7, before entering the time-
dependent loading stage, significant irreversible damage has
already occurred in hard rock due to instantaneous loading. Under
high stress, microcracks continue to propagate over time. No
matter for tensile or shear cracks, the internal fracturing state in
hard rock always shows significant anisotropy under true triaxial
stress during the time-dependent loading stage, as depicted in
Fig. 8. Fig. 9 shows the length increase of open-tensile and
penetrative-shear cracks in different orientations. It could be
observed that the time effect could not eliminate the anisotropy
during the fracturing process of hard rock, and crack propagation
is highly orientation-dependent under true triaxial stress during
the time-dependent loading stage. Especially for penetrative-
shear cracks, the time-dependent increase of cracks in critical
orientations is extremely significant.

In the time-dependent failure process of hard rock, the time-
dependent propagation rate of microcracks in different orienta-
tions is one key element. Figs. 10 and 11 show the crack propa-
gation rates in different orientations at different times during the
time-dependent loading stage. It could be observed that the time-
dependent growth rate of cracks in different orientations exhibits

Fig. 6. Parameter sensitivity analysis for subcritical crack propagation parameters (a) Aa and (b) Al under σ3 = 5 MPa, σ2 = 30 MPa, and σ1 = 259 MPa.
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significant anisotropic characteristics. At 5 h, 125 h, 250 h, and
375 h, the time-dependent propagation rates of open-tensile
cracks near (θ = 58◦, φ = 90◦) and (θ = 58◦, φ = 270◦) are signif-
icantly higher than those in other orientations throughout the
time-dependent loading stage. With the loading time, the propa-
gation rates for open-tensile crack propagation significantly
decrease. For penetrative-shear cracks, the time-dependent
propagation rates of cracks near (θ = 64◦, φ = 90◦) and (θ = 64◦,
φ = 270◦) are always greater than those in other orientations, and
this trend will becomemore pronounced over time. In general, the
time-dependent failure process of hard rock is still a competition
for propagation among internal cracks with different orientations.

In order to further analyze the dependence of crack propaga-
tion rates on orientation, a comparative analysis was conducted on
the crack propagation rates in several specific orientations, as
shown in Figs. 12 and 13. Fig. 12 presents the variation of crack

propagation rates at θ = 48◦, 56◦, 64◦, 70◦, and 78◦ when the dip
φ = 90◦. From Fig. 12a, it could be found that the propagation rates
of tensile cracks gradually decrease over time. The time-
dependent propagation rates of open-tensile cracks also vary
significantly with the dip angle θ under a constant dip φ. As the dip
angle θ increases, the time-dependent propagation rate of open-
tensile cracks reaches its maximum near 58◦ at different time
points during the creep loading stage and then rapidly decreases
with the increase of θ. As shown in Fig. 12b, the time-dependent
propagation rates of penetrative-shear cracks continue to in-
crease over time. Under the same dip φ, the propagation rate of
penetrative-shear cracks also increases in the dip range of 48◦–64◦

and decreases in the dip range of 64◦–78◦. Generally, there are
significant differences in the growth rates of microcracks in
different orientations, which results in the time-dependent
anisotropic failure process of hard rock under true triaxial stress.

Fig. 7. Fracturing state in different orientations at the end of instantaneous loading: (a) Open-tensile cracks; and (b) Penetrative-shear cracks.

Fig. 8. Fracturing state in different orientations at 375 h during the time-dependent loading: (a) Open-tensile cracks; and (b) Penetrative-shear cracks.
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Fig. 9. Crack radius increment in different orientations from 0 h to 375 h: (a) Open-tensile cracks; and (b) Penetrative-shear cracks.

Fig. 10. Evolution of tensile crack growth rate with time in different orientations: (a) 5 h; (b) 125 h; (c) 250 h; and (d) 375 h.
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Fig. 13 shows the variation of time-dependent crack propaga-
tion rate at φ = 54◦, 63◦, 72◦, 81◦, and 90◦ when the dip angle
θ = 64◦. From Fig. 13a, it could be observed that the decreasing
trend of time-dependent propagation rates of open-tensile cracks
gradually slows down from φ = 54◦ to φ = 90◦ under the same θ.
Meanwhile, as shown in Fig. 13b, the time-dependent propagation
rate of penetrative-shear cracks shows a significant increasing
trend with φ in the range of 54◦–90◦ under the same θ. The above
results demonstrate a significant variation in the time-dependent
crack propagation rate in hard rock under true triaxial stress,
which induces the time-dependent anisotropic failure of hard
rock. In addition, the variation in time-dependent propagation
rates indicates that the orientations near (64◦, 90◦) are still the
concentrated area for penetrative-shear crack propagation, which
has not been changed under the time effect and is consistent with
the orientation of the microscopic fracturing plane in creep tests.

5.2. Evolution of time-dependent fracturing

In the process of model development, we did not adopt the

traditional partition method for the time-dependent failure pro-
cess of hard rock, which divides the rock failure process into
decelerating creep, steady creep, and accelerating creep. This
partition method is based on the deformation characteristics, but
fails to provide a satisfactory mechanical explanation for the
occurrence of these three creep stages. Hence, according to the
fracturing characteristics, we divided the creep failure process
from the perspective of the rock fracturing process, namely the
stage dominated by time-dependent tensile fracturing and the
stage dominated by time-dependent penetrative-shear fracturing.
In the former stage, the tensile crack propagation rates show a
significant decreasing trend with time. The decelerating creep
stage could be primarily attributed to the decrease in the tensile
crack propagation rates. In this stage, although the propagation
rates of penetrative-shear cracks increase over time, the
penetrative-shear cracks newly growing in the creep loading stage
are not sufficient, and the inelastic deformation caused by crack
coalescence is still dominated by the cracks generated in the
instantaneous loading stage. As for the accelerating stage, the
time-dependent penetrative-shear cracks have been fully

Fig. 11. Evolution of penetrative-shear crack growth rate with time in different orientations: (a) 5 h; (b) 125 h; (c) 250 h; and (d) 375 h.
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developed at this time, while the time-dependent tensile cracks
gradually stop developing. As the time-dependent penetrative-
shear cracks grow rapidly in critical orientations, the trend of crack
coalescence becomes more pronounced. Thus, the accelerating
creep stage is primarily attributed to the propagation of time-
dependent penetrative-shear cracks in critical orientations. As
for the steady creep stage, it should be regarded as a transitional
stage, shifting from the stage dominated by open-tensile frac-
turing to the stage dominated by penetrative-shear fracturing. In
this transitional stage, the time-dependent propagation rates of
open-tensile cracks have greatly decreased, resulting in a limited
increase in macroscopic deformation. At the same time,
penetrative-shear cracks still develop stably at a relatively low
propagation rate, without causing substantial crack coalescence.
This dynamic evolution of microcracks results in the steady creep
stage observed in macroscopic deformation during the time-

dependent failure process, corresponding to the quiescence
period in the acoustic emission (AE) monitoring results. Fig. 14
depicts the comparison between the macroscopic deformation
and the average microcrack evolution tendency during the time-
dependent loading stage. In the earlier time-dependent loading
stage, the propagation of time-dependent open-tensile cracks
dominates, while the fracturing process in the later time-
dependent loading stage is primarily driven by the propagation
of time-dependent penetrative-shear cracks. This process is
generally consistentwith the AE tendencymonitored in creep tests
(Zhao et al., 2021).

5.3. Preferred orientation of macroscopic failure plane

The time-dependent rock failure process could also be regarded
as a competition for propagation among cracks with different

Fig. 12. Variation in time-dependent propagation rate with different dip angle θ over time: (a) Open-tensile cracks; and (b) Penetrative-shear cracks.

Fig. 13. Variation in time-dependent propagation rate with different dip φ over time: (a) Open-tensile cracks; and (b) Penetrative-shear cracks.
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orientations. Compared to open-tensile cracks, penetrative-shear
cracks play a critical role in connecting scattered cracks, signifi-
cantly damaging the load-bearing structure. Therefore, in the
developed model, the orientation where penetrative-shear cracks
grow most rapidly is considered the preferred orientation for the
macroscopic failure plane. As shown in Fig. 15, the orientations
near (64◦, 90◦) are the concentrated area for the penetrative-shear
crack propagation during the time-dependent loading stage,
which is also close to the macroscopic failure plane orientation in
tests. By comparing the dominant orientation of crack propagation
in the instantaneous loading stage with that in the time-
dependent loading stage, it is found that the time effect does not
change the dominant orientation of crack propagation. This im-
plies that the orientation of macroscopic failure plane under time-
dependent loading is similar to that under instantaneous loading,
which has been validated by experiments (Zhao et al., 2021).

5.4. Model analysis

Compared with other creep models, this developed model
discards the conventional tri-modal partition method based on
time-dependent deformation and instead adopts an analytical
framework centred on time-dependent tensile and shear frac-
turing. This model successfully bridges the irreversible fracturing
processes of hard rock during the instantaneous and the time-
dependent loading stages. By focusing on the continuous crack
propagationprocess, this model providesmechanistic insights into
some key fracturing characteristics, such as macroscopic aniso-
tropic time-dependent deformation and the similar macroscopic
fracture plane orientation in instantaneous and time-dependent
rock failure. Nonetheless, there are still several aspects that can
be further refined for the model.

In the developed model, a complete decoupling method was
adopted to address the interaction between cracks. The model
assumes that each crack is situated in an undamaged rock matrix,
thereby neglecting interactions between crack growths. However,
considering the stress field superposition from interacting
microcracks, this assumptionwould gradually deviate from reality
as cracks coalesce. Therefore, for a more precise simulation, this
model could be further optimized by incorporating crack interac-
tion usingmethods such as the self-consistentmethod (Budiansky,
1965) or the Mori-Tanaka method (Benveniste, 1986).

Additionally, the time-dependent failure process of hard rock
was attributed to subcritical crack growth. In the developedmodel,
a power-law form was adopted to describe the subcritical crack
growth rate, which is primarily based on data fitting from previous
experiments. However, experimental schemes to observe
subcritical crack propagation (e.g. double torsion tests and the
short beam compression tests) are not conducted under true
triaxial stress conditions. Although theoretical research suggests
that the simplest power-law form yields good agreement with
experimental data among various possible functional forms
(Bernab�e and Pec, 2022), further verification is still needed to

Fig. 14. Comparison between the macroscopic deformation and microcrack evolution
during the time-dependent loading stage.

Fig. 15. Critical orientation of crack propagation of granite in instantaneous loading and time-dependent loading when σ3 = 5 MPa, σ2 = 100 MPa, and σ1 = 300 MPa: (a) Critical
dip angle θ; and (b) Critical dip φ.
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determine its applicability under true triaxial stress conditions. If a
more scientific subcritical crack growth model is obtained, the
power-law form model used in this model could be directly
replaced, without affecting the effectiveness of the theoretical
framework. Given the scarcity of reports on subcritical crack
propagation under true triaxial conditions, further investigation in
this area remains necessary.

Furthermore, the developed model is based on the assumption
of initial isotropy. However, the fracturing process of hard rock is a
systematic problem involving multiple intertwined factors, and
inelastic deformation reflects the comprehensive effects of these
factors. For the geometrically anisotropic hard rocks (e.g. slate and
gneiss), the mechanical properties and fracturing process vary
with the combination of stress direction and rock foliations. Thus,
when analyzing the progressive fracturing process of geometri-
cally anisotropic rocks, the influence of rock inhomogeneity on
crack propagation requires further investigation.

6. Conclusions

In this paper, a 3D time-dependent fracturing model is
formulated to characterize the time-dependent failure process of
hard rock under triaxial stress. This model discards the conven-
tional tri-modal partition method based on time-dependent
deformation and instead adopts an analytical framework centred
on time-dependent tensile and shear fracturing. By focusing on the
crack propagation process, this model successfully bridges the
irreversible fracturing processes of hard rock during both the
instantaneous and the time-dependent loading stages. The simu-
lation results are in good agreement with experimental data. The
findings reveal that the progressive failure of hard rock is attrib-
uted to the continuous accumulation of internal fracturing states,
and the rock damage incurred during the instantaneous loading
stage cannot be ignored. During the time-dependent loading stage,
the crack propagation ability varies significantly with orientation
under true triaxial stress, resulting in macroscopic anisotropic
time-dependent deformation. Furthermore, this model provides
mechanistic insights into some key fracturing characteristics, such
as the similar orientation of macroscopic fracture planes in
instantaneous and time-dependent rock failure. Generally, this
developed 3D time-dependent fracturing model offers a novel
perspective for understanding the time-dependent failure process
of hard rock, which is beneficial for elucidating the evolution
mechanism of time-delayed surrounding rock failure in deep
engineering.
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