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Abstract

Since the classical element model cannot describe the nonlinear characteristics of rock during the entire compressive creep process,
nonlinear elements and creep damage are generally introduced in the model to resolve this issue. However, several previous studies have
reckoned that creep damage in rock only occurs in the accelerated creep stage and is only described by the Weibull distribution. Nev-
ertheless, the creep damage mechanism of rocks is still not clearly understood. In this study, a reasonable representation of the damage
variables of solid materials is presented. Specifically, based on the Gurson damage model, the damage state functions reflecting the con-
stant creep stage and accelerated creep stage of rock are established. Further, the one-dimensional and three-dimensional creep damage
constitutive equations of rock are derived by modifying the Nishihara model. Finally, the creep-acoustic emission tests of phyllite under
different confining pressures are conducted to examine the creep damage characteristics of phyllite. And the proposed constitutive model
is verified by analyzing the results of creep tests performed on saturated phyllite. Overall, this study reveals the relationship between the
creep characteristics of rocks and the corresponding damage evolution pattern, which bridges the gap between the traditional theory and

the quantitative analysis of rock creep and its damage pattern.

Keywords: Rock; Creep damage; Constitutive model; Damage state function; Indoor tests

1 Introduction

In underground structures such as tunnels, the sur-
rounding rocks are susceptible to creep phenomenon under
long-term loading. The cumulative creep damage becomes
more pronounced with the passage of time when the defor-
mation is not effectively restrained, and severe plastic
deformation of the surrounding rocks can damage the lin-
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ers, resulting in a large deformation disaster. This paper
relies on the Shiziping Tunnel Project of Wen-Ma Express-
way, which presented the rock rheological phenomenon
with obvious time-dependent deformation during the con-
struction period. The destruction of supporting structure
resulted in delay of construction period and increase of
project cost. Therefore, the establishment of a damage con-
stitutive model that accurately reflects the entire rock creep
process is crucial for effective tunnel engineering and avoid-
ing large deformations. Presently, there are three main
methods to establish the rheological constitutive model of
rocks, which are described as follows.

(1) Empirical rheological constitutive model. This model
is usually based on extensive experiments, and the
corresponding results are processed using mathemat-
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Fig. 1. Rheological models and their unified treatment (Sun, 2007).

ical models. Therefore, the rock creep constitutive
model shows obvious empirical relationships. In the
early studies, the rheological models were based on
the empirical constitutive relationship, with various
empirical models for different materials and different
conditions. Generally, they can be divided into empir-
ical formulas for stress—strain relationships and
empirical formulas for stress—strain rate relation-
ships, both of which are fitted to the parameters, such
as stress, strain, and strain rate, through experimental
data, typically using power-law, logarithmic, and a
mixture of the two empirical functions. Singh and
Mitchell (1968) established a time power-law rela-
tional expression with three parameters: strain, stress,
and time, based on the experimental results of clay
consolidation creep tests. Li et al. (2000) observed
the creep and relaxation laws of various rocks by
comparing creep and relaxation tests under uniaxial
compression on four types of rocks and presented
empirical equations to evaluate the strain rate depen-
dence of rock mechanical properties. Shao et al.
(2006) proposed a new constitutive model to describe
induced anisotropic damage in brittle rocks and
applied it to the Lac du Bonnet granite. Additionally,
they achieved a general good agreement between
numerical simulations and experimental data. Jiang
(2010) deduced a clay model to describe the four
aspects (anisotropy, overconsolidated nature or cyclic
loading behavior, and time-dependent effects) of clay
behavior in a hierarchical order based on investigat-
ing a large number of anisotropic clays.

(2) Composite component model. This model is based on

the characteristics of strain—time curve obtained from
the rheological test of rock, where the strain curve is
divided into different stages. Each stage is equiva-
lently characterized by the combination of serial

and parallel component model to construct the creep
constitutive model. Finally, the relevant parameters
of the rheological model are obtained through
parameter identification. As shown in Fig. 1, The
rock materials can be divided into four fundamental
types based on their behavior: purely viscous, vis-
coelastic, viscoplastic, and visco-elasto-plastic, and
then combining the corresponding terms in series
and parallel with instantaneous elastic and plastic ele-
ments. 15 composite rheological instantiation models
can be derived. Among them, the famous models
include Maxwell model, Kelvin model, Bingham
model, Burgers model, Nishihara model, and so on.
Notably, several studies have been conducted on
these models.

Shao et al. (2003) proposed a constitutive model for
creep deformation in rock materials, which could effec-
tively describe the main characteristics of most viscous fric-
tional geological materials (rocks and concrete), such as
plastic deformation, damage, volume expansion, volumet-
ric dilation, pressure sensitivity, and creep. Zhou et al.
(2011) proposed a new creep constitutive model by substi-
tuting a Newtonian dashpot with a fractional derivative
Abel dashpot in the classical Nishihara model, validated
against experimental data on salt rock deformation. Sensi-
tivity analysis indicates the impact of fractional derivative
order and stress level on creep strain, demonstrating
improved agreement with experimental results compared
to the Nishihara model. Liu et al. (2013) carried out creep
experiments on deep saturated rock from Dongguashan
Mine reveal distinct creep behavior under different loading
stresses, leading to the recognition of a rheological model
based on the H—H|N—NI|S model, which accurately repre-
sents the observed phenomena and validates the significant
influence of water on rock degradation and damage.
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Liet al. (2019) examines argillaceous siltstone’s mechanical
properties through photo-elastic and DEM modeling, high-
lighting the crucial role of bonding effects on force distribu-
tion and stress behavior. Huang et al. (2020) proposed a
creep constitutive component model for soft rocks based
on the concept of perturbed states, where the relatively
complete state of the rocks was described by the Burgers
model and the fully adjusted critical state was described
by the generalized Bingham model. Frenelus and Peng
(2023) focused on the Weilai Tunnel in Guangxi, China,
proposing a novel elasto-visco-plastic creep constitutive
model with two variants. They conducted a parametric
study to comprehend the impact of creep parameters and
geological strength index on tunnel deformation, ultimately
recommending a robust support scheme to ensure long-
term stability.

Due to the composite element model being a combina-
tion of basic elements through simple series and parallel
connections, it can often only describe the stages of elastic-
ity, initial creep, and steady-state creep. It is difficult to
reflect viscoelastic-plastic characteristics and cannot char-
acterize the nonlinear accelerated creep stage. Therefore,
many scholars focus on utilizing fracture-related theories
to transform basic elements, and constructing nonlinear
rheological models capable of reflecting accelerated creep,
aiming to accurately describe the characteristics of the
accelerated creep stage. Regarding the study of rock rheo-
logical damage, as early as the establishment of damage
mechanics, Kachanov (1985) used the perspective of dam-
age mechanics to elucidate the ideal model of metal creep
fracture. He provided the damage equation for metal creep
fracture. Subsequently, with the continuous expansion and
deepening of damage theory research, it has also propelled
the development of the field of rock mechanics. Chan et al.
(1992) and Fossmu et al. (1993) introduced the viewpoint
of continuous damage mechanics, which employs power-
law equations to describe the microstructural evolution of
rock salt under the competing effects of hardening and
recovery mechanisms. They pointed out that damage in
the process of rock salt creep gradually accumulates from
the stage of constant-rate creep until accelerated creep
occurs.

(3) Nonlinear rheological model. This is a constitutive
model that can better describe the third rheological
stage (accelerated rheology). The nonlinear rheologi-
cal elements are constructed based on the damage
theory and fracture mechanics. Aubertin et al.
(1991) studied the relationship between the creep
damage factors and deformation of salt rocks to
establish a nonlinear creep constitutive equation,
which could reflect the entire creep process of salt
rocks. Based on the Weibull distribution theory, Li
et al. (2012) formulates an evolution equation of the
damage which considers the influence of the damage
threshold on the evolution of rock damage by corre-

lating the strength of mesoscopic elements with a sta-
tistical distribution. Misra and Singh (2014) proposed
an efficient explicit time-integration scheme for deriv-
ing the nonlinear equations of force—displacement
functions. Wang et al. (2014) used the Wang’s creep
damage model to study the creep damage fracture
characteristics of rock salt. Further, triaxial destruc-
tive creep damage tests were conducted on rock salt
samples under quasi-static loading, and the complete
creep damage curves as well as the evolution laws of
deformation and damage evolution of rock salt in the
primary (transition), secondary (steady state), and
tertiary (accelerated) phases were obtained. Cao
et al. (2016) established a new nonlinear damage
creep constitutive model of high-stress soft rocks
based on the nonlinear damage creep properties of
rock and damage variables in series with the modified
Burgers model, Hooke model, and St. Venant model.
Liu et al. (2017) deduced an analytical integral solu-
tion for the creep damage equation of the Bingham
model by introducing a damage variable into the rhe-
ological differential constitutive equation. They also
constructed a new nonlinear viscous element, which
reflected the nonlinear properties related to the axial
stress of soft rocks in the steady-state creep phase.
Besides, a modified Nishihara model was established
by using this new element in series with the correc-
tional Nishihara damage model that described the
accelerated creep stage. Hou et al. (2018) proposed
a nonlinear creep damage model for rocks based on
the multi-load creep tests of sandstone with different
initial damage levels. The model was composed of
four components: a Hooke body, a Kelvin body, an
improved viscous element, and a new nonlinear vis-
coplastic damage component. Lyu et al. (2021) estab-
lished a nonlinear creep damage model of rock salt by
introducing the nonlinear damage body and using the
fractional derivative theory. To accurately describe
the entire creep deformation process and rock failure,
Su et al. (2022) established a comprehensive and con-
cise creep constitutive model by introducing continu-
ous damage and fractional calculus theory. Wang
et al. (2023) propose a validated nonlinear
viscoelastic-plastic creep model of rock, offering
insights into long-term stability in regions with tem-
perature fluctuations and freeze—thaw cycles.

However, the damage mechanism of rock during creep is
not sufficiently clear yet, and most of the existing studies
suggest that the creep damage in rock only occurs during
the accelerated creep stage, and the creep damage, which
characterizes brittle damage, is only described by the Wei-
bull distribution. Meanwhile, the creep damage constitu-
tive model of rock is simply combined with damage
elements, and it fits the test curve well. However, it is only
applicable to simple loading situations; once the rock state
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and stress loading method change, the originally fitted
equation will be no longer applicable, and the physical sig-
nificance of several uncertain parameters will be unknown.

Therefore, in order to get a creep constitutive model of
rock with clear parametric meanings based on different
damage mechanisms, we must analyze the phenomena of
rock creep tests to understand the effect of these uncertain-
ties on the output of the model. In this paper, a new 3D
constitutive model of rock creep damage is obtained by
modifying the traditional Nishihara model, in which the
Perzyna constitutive equation is used to extend the one-
dimensional (1D) viscoplastic damage constitutive relation-
ship to the 3D space. The proposed model incorporated the
theory of elastic—plastic mechanics and damage mechanics
so as to describe the damage evolution of rock creep. In
addition, creep-acoustic emission experiments on saturated
phyllite under conventional triaxial conditions were con-
ducted. The research investigated the creep characteristics,
strain rate features, and damage properties of the sand-
stone. Based on the experimental results, the constitutive
damage parameters and various creep parameters were fit-
ted, and the developed creep-damage constitutive model
for sandstone was validated. The parameters of the pro-
posed model were determined by fitting to experimental
results of phyllite. Finally, the results estimated by the con-
stitutive model proposed in the paper were in well agree-
ment with the experimental data.
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Fig. 2. Schematic diagram of material with the same damage and different
elastic moduli.
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Fig. 3. Diagram of rock stress—strain and acoustic emission activities.
(Zhang et al., 2004).

2 Establishment of constitutive model
2.1 Creep damage state function

In materials science, damage is often defined as the ratio
of the damaged area to the initial cross-sectional area of a
certain material. According to the strain equivalence prin-
ciple, the strain of the actual damaged material under stress
is equal to the strain of the undamaged material under
effective stress. On such basis, the constitutive model of
damaged material can be obtained using the nominal stress
of the undamaged material, i.e.,

¢e=0/E=0/E=o0/(1-D)E, (1)

where ¢ is the strain, ¢ is the loading stress, o is the effective
stress, D is the damage variable, E is the elastic modulus,

and E is the effective elastic modulus.
According to Eq. (1), the damage process is equivalent
to the degradation process of Young’s modulus, i.e., the

effective elastic modulus E = (1 — D)E. Therefore, the
Young’s modulus is widely used in damage analysis. How-
ever, it has been observed from experimental tests that the
degradation of the Young’s modulus of a metallic material
is very small, generally 10%, when damage occurs until it is
completely destroyed. The real critical fracture damage
D.=0.5-0.6, so there is no match between the damage rep-
resented by the elastic modulus and the real value. Here,
the fundamental issue is that the damage is non-uniform,
the elastic modulus is an overall quantity, and utilizing
the degradation of the modulus of elasticity to measure
the extent of damage is only appropriate for homogeneous
materials. However, actual damage is anisotropic, which
creates a bias (Xu et al., 2007). As shown in Fig. 2, assum-
ing that the total damage of the rock under load (F) is the
same, but the damage distribution and strength are differ-
ent, the elastic modulus is also different (D; = D,, E| # E>).
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Fig. 5. Diagram of rock creep evolution. (a) Instantaneous elastic stage
and viscoelastic stage, (b) steady creep nucleation damage stage, and (c)
accelerated creep damage extension stage.

Hence, an efficient way to describe the damage variable
is to measure the effective macroscopic strength of the
material. In other words, the damage variable can be
expressed by the residual strength method (i.e., the degree
of damage corresponds to the loss of strength):

Or
D=1-— 2
x, )

where o, is the residual strength of material after peak
(softening stage); oy is the nominal nondestructive strength

Elementary body Damagc core

of material. A large number of acoustic emission tests show
that only a small amount of damage occurs in the pre-peak
stage of rock under short-term loading. This stage mainly
includes nucleation damage. As shown in Fig. 3, a large
number of acoustic emission events occur during the strain
softening stage after the peak strength. Finally, the damage
accumulates and penetrates to form the main cracks. Fur-
ther, shear slip occurs, and the rock produces major macro-
scopic plastic strain. Thus, the nominal nondestructive
strength includes the initial damage and pre-peak damage
of rock. The damage of the rock starts with the peak
strength as the starting point, where the peak strength is
approximately considered as the nominal nondestructive
strength o.

According to the existing literature, a small amount of
damage occurs inside the rock during the early creep stage.
As time passes, the damage accumulates, causing a
decrease in the rock strength and an increase in the strain,
and the acoustic emission events increase steadily during
this stage. The rock enters the accelerated creep stage when
the stress is further increased. Meanwhile, the strain grows
nonlinearly with plenty of acoustic emission events, indi-
cating that the damage and creep strain laws are closely
related (Fig. 4).

According to the above analysis, the creep damage
mechanism of rock can be grouped into two situations:
the damage in steady creep stage and the nonlinear damage
in the accelerated creep stage (Fig. 5(b) and (¢)).

The Gurson model can be used to explain these two
creep damage mechanisms in rocks. This model describes
the impact of micropores on the plastic deformation of
materials, and it categorizes the material damage into
nucleation and extended damage stages (Fig. 6).

The nucleation damage mainly occurs during the creep
process, after the end of the decay stage and in the steady
creep stage. It is manifested as a localized damage and a
slow and steady increase in the creep. Besides, the third
stage of creep is dominated by extended slip damage, which
is accompanied by a large plastic strain. Therefore, the
creep damage evolution rate (D) can be expressed as the

sum of nucleation damage (D), and extended damage (D) o

b= (D), + (D), 3)

The tensile strength of rock is much lower than the com-
pressive strength, and for brittle rocks, the initiated dam-
age is often in the form of local tensile damage caused by

~ Micropore Micropore

H-E-B-B

Before nucleation Nucleation

Polymerization
(Transfixtion)

Extendibility

Fig. 6. Damage evolution of micropores (Gurson, 1977).
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type I fractures. There exists a linear relationship between
the nucleation damage and rock strain during the steady
creep stage (Yang et al., 2023). Hence, the rate of nucle-

ation damage (D), can be expressed as a linear function
of strain rate (Chu & Needleman, 1980):
Dy = BM¢, (4)

where B is the volume parameter, which indicates the num-
ber of elements (¥ /V) contained in a unit volume; M is the
damage quantity for the internal particles in a unit volume
under a unit plastic strain; ¢ is the strain rate in the nucle-
ation damage stage. In Eq. (5), M follows Weibull distribu-

tion, i.e., M =1 — CXP[—(?‘O)B]:

D, = BMiAt = B{l —exp l— (%) ﬁ] }svp, (5)

where f§ is the material uniformity parameter (f > 1), and
&yp 18 the strain in the nucleation damage stage.

a0

B
Expanding exp {— (i) } in Eq. (5) with Taylor’s for-

mula and omitting higher-order terms, we get
G LG o )]
exp |—(— =1+ |—-— o
g () (o)
B
a

~1 - = |- 6
+|-(2) ] ©)

Substituting Eq. (6) into Eq. (4), the evolution of initi-
ated damage in the steady creep stage can be expressed
as follows:

n.=5(7 Y, )

09

+ 0

B
IfM =B ( ) , M can be considered as an initiated dam-

o
40

age coefficient. Then, Eq. (7) can be simplified as
Dn = Mgvp~ (8)

When the nucleation damage develops to a certain
extent, the existing damage-control core expands, and the
mode of expansion is mainly shear slip. Further, during
this period, the large plastic strain corresponds to the accel-
erated creep stage in the rock. The extended damage term
can be obtained by the Kachanov creep damage formula
as follows:

(D), =

(7)) Q

where ¢ is the loading stress, C is the material coefficient,
and H is the damage rate parameter. Integrating Eq. (9),
we get

Dy =1— [~(V + 1)(d"t+C))]™, (10)

where C; is the integration constant. According to the
creep model, ¢t =t5, D, =0, so the integration constant
can be expressed as follows:

1
CIZ—(H—_H+CGHt1). (11)

Substituting Eq. (11) into Eq. (10) yields
Dy =1 [1 = C(H + 1) (¢ — t)]". (12)

When D, + D, = 1, rock creep fracture failure occurs.
Further, substituting Eq. (12) into D, + Dy = 1, the final
creep rupture time 7z can be obtained as follows:

1 — (Dn)H+1

CH+ o ™ (13)

tp =

Then, substituting Eq. (13) into Eq. (12), the relation-
ship between the damage term and time in the acceleration
stage can be obtained as follows:

D,—1- {1 B (1 B (Dn)H+1> . t—tB]HLI’ (14

tp — 1B

D, = Me,,.

2.2 New creep constitutive model and its solution

The traditional Nishihara model, which is in series with
an elastic element, a viscoelastic element, and a viscoplastic
element, is widely used for examining the creep behavior of
rocks. Besides, it can reflect the three stages of rock creep
(Fig. 7). The elastic element reflects the instantaneous elas-
tic deformation of rock under stress. The viscoelastic ele-
ment represents the viscoelastic deformation of the rock
during the deceleration creep stage, which gradually stabi-
lizes to a certain constant value (i.e., the strain rate tends
towards zero). The viscoplastic element reflects the viscous

AN— -4
&, E,
U {
| Viscoelastic | Viscoplastic |
model model

Fig. 7. Nishihara creep model.
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deformation of rock when the stress exceeds a certain
threshold and the strain rate approaches a constant.

The constitutive function of the 1D Nishihara creep
model is expressed as follows:

a E—(’O-l-b%[l—exp(—’;—l‘t)} (o§05)7 0

a a E 0—0y
BT E [1 —exp (—ﬁtﬂ +50t (6> o)

where E is the elasticity modulus; E; is the viscoelasticity
modulus; #, and #, are the viscosity coefficients; ¢ is the
load stress; ¢ is the total strain; oy is the long-term strength;
t is the creep time.

The original Nishihara model does not consider the
damage evolution characteristics of the rock and considers
a constant strain rate in the accelerated creep stage, so it
fails to accurately reflect the actual strain rate during this
stage. Therefore, it must be modified to establish the creep
damage constitutive model.

The modified Nishihara model, which consists of a vis-
coelastic element and two viscoplastic elements, is derived

7 N2> Dn M3 Dy
7 i
E, - -
AW - -
El Usl 05
Ee Eve &yl )

Fig. 8. Modified creep damage model.

N

by dividing the viscoplastic element of the Nishihara model
into two parts considering the damage (Fig. 8). The rela-
tionship between the stress and strain based on the modi-
fied model is shown in Fig. 9. When ¢ < gy, only non-
damage hardening creep occurs in the rock. Further, the
strain curve is an attenuation curve and approaches a hor-
izontal line under a strain rate of 0. When oy < 0 < 0y,
nucleation damage occurs in the rock, and the creep curve
is an attenuation curve and approaches a constant strain
rate. When ¢ > oy, the strain rate increases according to
the power law, and a nonlinear creep curve is observed.
Further, o, is the strength threshold of the rock under
crack initiated (nucleation) damage, and oy, is the strength
threshold for the accelerated propagation damage, corre-
sponding to the long-term strength of rock creep.

The creep damage model satisfies the following stress—
strain relationship:

0 = 0¢ = Oye = Oyl = Oy2
E=¢8 T &t &y +én
Oc :E()Se

Ove :Elgve+n1éve

oyt = My(1 = Dy)éyi + 0y
oy = 13(1 = Dg)éva + 02

Solving the differential equation gy, = E|&y + 1éve, WE
get
o

&ve(t) :—(1 —efW). (17)

The stress—strain relationship of the damaged viscoplas-
tic body can be expressed as follows (She, 2009):

Dg

O'>0'Sz

8\'2

P Oy 1<U§Gsz
Dn ’,o”‘
/‘ 4
Eve
Ee
—————— " " O-SO-SI
& {

Fig. 9. Strain curve of the modified creep damage model.
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Fig. 10. Functional relationship between the strain and time in the
constant creep stage.

o c
f=—=—. 18
n n(l-D) (%)
Integrating Eq. (18), we get
o ot
E=—t=—-—-. 19
n n(l—=D) 1)

Substituting Eq. (8) into Eq. (19), the stress—strain rela-
tionship in the constant creep stage can be obtained as
follows:

at

f=—"—.
(1 — Me)

(20)

Solving the quadratic equation by transposition yields:

I:l:\/l—4Mat/172. 21)

2M

By treating time ¢ as a variable and substituting the
values of other parameters (M = 0.01, ¢ = 100 MPa,
n, =150 GPa-h, andt=0—300h), MATLAB can be
utilized to generate the function graphs (Fig. 10(a) and
(b)). It should be noted that a negative sign should be taken
for the ascending straight line to conform to the strain law
for constant strain rate creep.

1 —+/1—4Mat/n,
i (22)

Substituting Eq. (14) for the accelerated creep damage
value D, into Eq. (19), the strain in the accelerated creep
stage is expressed as follows:

ot — tg)

w1 (1= (D)) ]

tF—IB

&yl =

&yl =

(23)

&y =

Based on the above relationships, the 1D constitutive
equations of modified creep damage model are obtained
as follows:

ELO+ELI [1 — e’(El/'il)’L o< aq

£ 4Ma(t—tp)
g @]
E_0+E_| —¢€ + 7 , 05 <0< 0p

240 [1 _ e’(E'/”')‘} + 1=/ 1-4Ma(1—t5) /12 + alt—tg)
E | E

1
M a1
1 [ 1= (1= (D, 1) 18

, 0> 05

(24)

where oy is the crack initiated damage strength threshold
value of rock; oy, is the long-term strength.

2.3 Three-dimensional creep damage constitutive equation

The 1D viscoplastic damage constitutive relation is
extended to the 3D space by using the Perzyna constitutive
equation, where the plastic potential function (¢) is the
same as a yield function based on correlated fluidity
criteria:

7= o (R)) o ®

Here,

<¢(1%>>:{2>(F£) Eiig; (26)

The yield function model of viscoelastic-plastic materi-
als can be expressed as follows (Darabi et al., 2013):

(7)) e

where F is the yield function of rock; Fy is the initial value
of rock yield function. To simplify the calculation, it is
assumed that Fy = 1 and the sensitivity index of viscoplas-
tic rate NV is 1.
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Fig. 11. Creep strain law of rock under graded loading.

Using the Drucker—Prager yield criterion, the yield func-
tion F of rock is obtained as follows:

F=—ol, + 7, — k, (28)

_ 2sing
where o = Fi—sing)

is the shear strength parameter, ¢ is cohesive

is the load level strength parameter;

__ 6ccosp
k= V3(3—sing)
force, ¢ is internal friction angle; /; and J, represent the
first principal stress invariant and the second deviatoric
stress invariant, respectively.

OF  0(aly +/T3)

80'[]' 80,]

20’] — 0y — 03
6>

Based on plastic mechanics, the stress state in rock can
be decomposed into spherical stress tensor and deviatoric
stress tensor as follows:

0ij = Sij + 0ij0m, (29)

where the spherical stress tensor and deviatoric stress ten-
sor are defined as follows:

{Um:%(al+02+03):%6kk (30)

1 b)
Sij = 0jj — 0jOm = 0;; — §5ij6kk
where oy is the hydrostatic stress tensor. The strain tensor

can also be decomposed into spherical stress tensor &, and
deviatoric stress tensor e, i.e.,

Sij = eij + 5ij8m7 (31)

&m = %(81 +e+6) = %8kk
D T (32)
e = &j — 0jjém = &; — 3 Sk
Extending 1D Hooke’s Law to 3D space, we get
oi = 3Ke;
: (33)
S,‘j = 2G€,‘j

where G is the elastic shear modulus; K is the plastic vol-
ume modulus. Both these parameters are related to the
elastic modulus E and Poisson’s ratio u.

E E
K = , G= 34
-2 “T a0+ w) 34
Next, the 3D creep damage constitutive equation of
rock can be expressed as follows:

Om Sij Sij G
okt ok [L-exp (- 94)], (S5 <)

om o Si | Sy G
5% T 26, T 26, [1 — exp (—ﬁtﬂ

1\/14M (w;\s/}z,) (=ta)/ 1
_l’_

2M

’ (Gsl < Sij S 052)

& = < Om Sij Sij G
Y * TG, 1 [1 — eXp (_,ﬁtﬂ

1—\/1—4M (v+1j/"J_2) (t—ta)/m
=+

2M

+ (—tp I (O( + 3%>, (Sij > O'sz)

H+1y 1~ B+
s [1-(1=(00) ") 7B

(35)

Under the condition of conventional triaxial compres-
sion tests, 0, = g3, and the above equation can be simpli-
fied as follows:

1 2
0m25(01+203), Sll 25(01—03)7 (36)
1
J2 = 8 |:(O'1 — 0'3)2 + (0'2 — 63)2 + (03 — 01)2
_(er=0)" (37)

3

Finally, the 3D creep damage constitutive equation,
including the three creep stages: attenuation, constant
velocity, and acceleration, under conventional triaxial test
conditions is obtained as follows (Fig. 11):

G|+263 g1 — 03

(61_03) G1
1— _o
ok 36, 3G T

1 \/1 —4M<a+%)t2/712

&1 =

* oM
H/H+1
t—t 2
+ ( 2) — (OC +ﬁ), (S[j > 032)7
_ H+T
ms[1 = (1= (D)) -]
(38)

where o = ﬁ, and ¢ is the internal friction angle.

3 Experiment and parameter determination
3.1 Rock sample preparation and test conditions
Sericite quartz phyllite, the surrounding rock of the tun-

nel in Wen-Ma highway, which is a common soft rock, was
considered for the validation of constitutive model. The
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Fig. 12. Phyllite and rock samples.
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Fig. 13. MTS rock testing system.

rock samples are shown in Fig. 12(a). Cylindrical rock sam-
ples with a height of 100 mm and a diameter of 50 mm were
obtained by drilling, cutting, sandpaper grinding, and
other processes (Fig. 12(b)). To eliminate the influence of
anisotropy of phyllite, since phyllite has structural joints,
the core drilling and sample preparation were uniformly
conducted along the direction parallel to the joint plane
(Fig. 12(c)). The samples with obvious defects and cracks
on the surface were removed. Then, the remaining samples
were subjected to acoustic testing to remove the samples
with abnormal acoustic values. To eliminate the influence
of initial moisture content on rock samples, the saturated
rock samples were used in the test.

The MTS815 rock testing system (Fig. 13) at the Labo-
ratory of College of Water Resource & Hydropower in
Sichuan University, China was used as the test equipment.
Its maximum confining pressure was 80 MPa, and the max-

imum axial loading was 2800 kN. In addition, an acoustic
emission device, which worked in conjunction with the
MTS loading system, was installed by employing a PCI-
II acoustic emission instrument from PAC, USA. The test
was conducted using eight ACk-800 acoustic emission
probes, four at the top and four at the bottom of the outer
wall of the MTS perimeter pressure bin, with vaseline as a
binder. Each acoustic emission event was represented by
one vibration, which was amplified by an amplifier and
transmitted to a computer system for further analysis.
Finally, the parameters such as energy and ringing were
obtained.

Prior to the triaxial creep test, the indoor triaxial com-
pression test was carried out under short-term load. Then,
the peak strength, elastic modulus, and Poisson’s ratio of
the rock samples were obtained, and the results are shown
in Table 1.
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Table 1
Peak strength, elastic modulus, and Poisson’s ratio of rock samples.
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Saturated rock sample Confining pressure g3 (MPa)

Peak strength (MPa)

Elastic modulus £ (GPa) Poisson’s ratio u

B-1 0 33.46 6.70 0.22
B-2 15 40.61 8.48 0.24
B-3 20 53.71 9.78 0.34
B-4 25 67.06 11.57 0.36
Table 2

Load classification.

Confining pressure (MPa) Short-term peak strength (MPa)

Graded loading deviatoric stress a; — o3 (MPa)

1 (20%) 2 (40%) 3 (60%) 4 (80%)
15 40.61 8.12 16.24 24.37 32.49
20 53.71 10.74 21.48 32.23 42.97
25 67.06 13.41 26.82 40.24 53.65

The strength indexes of rock, cohesive force ¢, and inter-
nal friction angle ¢ are generally obtained from the rela-
tionship between the Mohr—Coulomb stress circle and
envelope curve. The obtained values are as follows: cohe-
sive force ¢= 0.773 MPa and internal friction angle
@ = 26.8°.

The Chen’s loading method, which includes multi-stage
loading of a single sample, is widely used in the rock creep
tests. This method has the advantages of simple processing,
small dispersion, and high reliability. Besides, it considers
the influence of nonlinear creep behavior. During the triax-
ial creep test, the rock sample is first subjected to a pre-
determined confining pressure (15, 20, and 25 MPa), fol-
lowed by raded loading deviatoric stress in equal incre-
ments of 20%, 40%, 60%, and 80% of the short-term
peak strength of the rock sample at different confining pres-
sures. Firstly, three rock samples were tested under differ-
ent confining pressures. According to the pre-test results,
the phyllites reached stable creep within 24 h of the main-
tenance time of each loading stage, so the loading time of
each stage was set to 24 h. If the rock sample was damaged
before the 4th loading, the test was terminated. If the sam-
ple was not damaged until the last loading, the load would
be increased according to the actual situation until the rock
sample was destroyed. The load classification is shown in
Table 2.

3.2 Test results

As shown in Fig. 14, when the rock sample is under a
low stress level (1st and 2nd shear stress loading), the
deformation of the sample is dominated by instantaneous
elastic and viscoelastic deformation, and the creep curve
is characterized by attenuation creep. The rock sample
exhibits internal initiated nucleation damage when the
axial stress becomes more than the crack damage threshold
of the rock, causing a decrease in the sample strength.
Meanwhile, the axial strain linearly increases with time,

which corresponds to the constant creep stage. When the
axial stress further increases and exceeds the long-term
strength of the rock, the creep of the rock sample shows
a nonlinear rapid growth.

The evolution of rock creep damage can be divided into
three stages: ¢, is the initial initiated damage stage; ¢t and
tr are the initial time and the final failure time of the accel-
eration stage, respectively. In the time range of 0—¢,, the
damage only increases slightly, indicating that only void
closure and a small amount of crack initiated damage
occur in the rock during this stage. In the time range of
ta — tg, damage increases linearly and stably, indicating
that the initiated nucleation damage linearly increases in
this stage. In the time range of ¢g —tr, the damage
increases nonlinearly, which indicates that the damage in
the rock expands rapidly to form macroscopic cracks.
Finally, the fracture surfaces become interconnected, and
the rock is destroyed.

Comparing the damage of rock samples after short-term
loading test and triaxial creep test (Table 3), the damage of
rock samples under triaxial creep conditions is more obvi-
ous and dispersed.

3.3 Identification of parameters

3.3.1 Identification of damage parameters

According to Eq. (4), the calculated damage value D, of
saturated phyllite under different confining pressures based
on the accumulated rings is shown in Table 4.

According to the initiated damage Eq. (7) in Section 2.1,

B B
D, = B(é) &y and M = B(é) , 1t 1s obvious that the ini-

tiated damage is related to the constant creep strain, where
gy 1s the peak strength corresponding to different confining
pressures. Substituting .= 0.2, 0.4, 0.6, and 0.8 into the
damage amounts corresponding to each loading level, the
volume parameter B and the uniformity parameter f are
fitted by the “Origin” software. The fitting curve between
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Fig. 14. Creep strain, acoustic emission ringing count rate, and cumula-
tive ringing number of phyllite under different confining pressures. (a)
Confining pressure = 15 MPa, (b) Confining pressure = 20 MPa, and (c)
Confining pressure = 25 MPa.

Table 3
Comparison of macroscopic failure modes of samples under different tests.
Test Confining pressure

(MPa)

15

Short-term
loading test

Triaxial creep test

e &8

the shear stress and crack initiation damage parameter
under the confining pressure of 15 MPa is shown in
Fig. 15. Similarly, the curves for the confining pressures
of 20 and 25 MPa can be obtained (Table 5).

Both the volume parameter B and the uniformity
parameter /5 are material constants. The values of B and
f obtained by fitting the rock creep test results under differ-
ent confining pressures are not much different and do not
change with the change in the boundary conditions, indi-
cating that the initiated damage formula of constant creep
is consistent with the actual situation. The average value of
volume parameter B and the uniformity parameter [ are
considered as the material parameters of phyllite initiated
damage. Specifically, B =171 and f = 1.28.

The accelerated creep extended damage Eq. (14)

1

obtained in Section 2.1 is D, = 1 — (1 — (1 = (D)™ ﬁ)’_”
The initial and final times in the accelerated creep stage
are tg and ¢, respectively, in Figs. 2 and 3. Taking the accel-
erated creep stage under the confining pressure of 15 MPa
as an example, the damage parameter H is fitted by input-
ting the corresponding damage values at three moments
from tg to tr (Fig. 16). Similarly, the extended damage
parameter H is obtained under the confining pressures of
20 and 25 MPa, and the results are shown in Table 6.

The parameter H is the damage rate in the accelerated
creep stage. It can be seen from the above results that with
the increase in the confining pressure, the crack initiated
damage D, in the constant creep stage and the damage rate
in the accelerated creep stage increase. Although under
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Table 4

Maximum damage value for the constant creep of saturated phyllite under different confining pressures.

Confining pressure (MPa)

Damage amount corresponding to the shear stress g — g3 loading cycles

Ist (20%) 2nd (40%) 3rd (60%) 4th (80%)
15 0.015 0.0399 0.308 0.475
20 0.020 0.043 0.291 0.527
25 0.019 0.090 0.321 0.586
150 0.6
-
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Fig. 15. Fitting relationship between the shear stress and crack initiation
damage parameters B and  under a confining pressure of 15 MPa.

high confining pressures, the internal granular structure of
phyllite is more compact and the plasticity is enhanced, the
amount of initiated damage in the interior increases under
the long-term action of equal proportional loads. In other
words, the better the uniformity of the material, the more
dispersed the distribution of creep damage. When the initi-
ated damage develops to a certain level, the expansion
damage rate is also increased, resulting in a shorter dura-
tion of the accelerated creep stage of the rock.

Time(h)

Fig. 16. Fitting results of accelerated creep damage parameter H of
phyllite under a confining pressure of 15 MPa.

3.3.2 Identification of creep parameters
In the creep damage constitutive Eq. (38), the undeter-
mined parameters include the creep parameters K, G,

B
Gy, 1y, Ny, 15, initiated damage parameter M :B(;"()) ,
and accelerated damage parameter H. The internal friction
angle of saturated phyllite is ¢ = 6.38°, and based on the

indoor conventional triaxial tests, & = 0.044.

Table 5
Fitting results of crack initiation damage parameters B and f under different confining pressures.
Confining pressure Shear stress  Creep Crack initiated M Volume Uniformity Correlation
(MPa) g] — 03 strain damage D, parameter B parameter f§ coefficient R?
(MPa)
15 8.12 0.000 58 0.015 26.16  187.2 1.404 0.974
16.24 0.000 93 0.0399 42.98
24.37 0.002 41 0.308 128.07
32.49 0.003 67 0.475 151.64
20 10.74 0.000 77 0.020 2593 156.04 1.18 0.956
21.48 0.001 01 0.043 42.92
32.23 0.003 01 0.291 96.67
42.97 0.005 25 0.527 115.68
25 13.41 0.000 93 0.019 20.711 169.68 1.26 0.985
26.82 0.001 51 0.090 59.809
40.24 0.003 85 0.321 83.264
53.65 0.006 78 0.586 121.770
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Fitting results of extended damage parameter H under different confining pressures.

Confining pressure (MPa) g (h) tr (h) (Dn)y. Time (h) Accelerated damage D, Extended damage parameter /  Correlation coefficient R
15 81.16 86.81 0475 81.16 0 1.152 0.956
82.58 0.082
84.00 0.133
85.41 0.341
86.81 0.525
20 80.17 85.43 0.547 80.17 0 1.351 0.975
81.48 0.040
82.80 0.142
84.11 0.322
85.43 0.453
25 87.51 92.1  0.686 87.51 0 1.944 0.985
88.66 0.045
89.80 0.140
90.95 0.207
92.10 0.328
Table 7
Strength modulus K and G, of saturated phyllite under different confining pressures.
Sample Confining pressure o3 (MPa) Elastic modulus £ (GPa) Poisson’s ratio u K (GPa) Gy (GPa)
Saturated B-1 0 6.7 0.22 3.99 2.75
B-2 15 8.48 0.24 5.44 3.42
B-3 20 9.78 0.34 8.58 3.73
B-4 25 11.57 0.36 9.18 4438
Table 8
Viscoelastic modulus G, under different confining pressures.
Confining pressure g3  Shear stress o; — o3 in the Ist loading K Gy Maximum strain in the 1st loading Viscoelastic modulus G
(MPa) stage (MPa) (GPa) (GPa) stage éemax (GPa)
15 8.12 5.44 3.42 0.009 22 368.57
20 10.74 8.58 3.73 0.012 73 329.83
25 13.41 9.18 448 0.015 93 322.46
(1) Determination of strength modulus K and G, o(t) = lim (2 +203 01— 03 2% e _G,
oo\ 9K 3G, 3G, m
Substituting instantaneous elastic modulus £, and Pois- _014+203 61—03 0 —03
son’s ratio u into Eq. (39), the strength modulus K and G 9K 3G, 3G,

can be obtained as follows:

Eo G —_ Fo (39)

K== % 2+

The calculation results are shown in Table 7.
(2) Determination of viscoelastic modulus G,

Under a lower level of shear stress loading (i.e., the first
level), the deformation of the rock stabilizes with the
increase in time 7 (i.e., the strain rate approaches zero) dur-
ing creep. Further, the creep curve is a straight horizontal
line.

(40)

Taking the maximum strain &y,x of rock under low
stress, the viscoelastic modulus G| is obtained as follows:

gy — 03
G, = . 41
: 3(8max - 0131?03 - 0’1;8;73) ( )

The viscoelastic modulus G; under different confining
pressures is shown in Table 8.

(3) Determination of viscosity coefficient 1,

n, can be fitted by the attenuation creep curve as
follows:
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Table 9

Viscosity coefficient #, of saturated phyllite in the creep decay stage under different confining pressures.

Confining Shear stress o; — o3 in the 1st Viscoelastic modulus  Moment Ae(t;) Viscosity coefficient Correlation
pressure (MPa) loading stage (MPa) G (GPa) At; (h) n; (GPa-h) coefficient R?
15 8.12 368.57 0 0 282.68 0.986
0.025 131 x 107°
0.986 1.47 x 107°
1.48 1.66 x 107>
20 10.74 329.83 0 0 23391 0.975
0.033 1.73 x 1073
1.29 1.95 x 107°
1.94 237 x 107°
25 13.41 322.46 0 0 216.24 0.985
0.040 1.93 x 107°
1.57 235 x 107°
2.36 277 x 1073
Ae(ty) = (o1 —03) | — ex 7@& (42) ing line. The values of A¢; and the corresponding strain
Y 3G, P nmo )] Ag(t;) at several time points in the constant section of the

Under the action of low stress (the first loading stage is
considered here), multiple moments A¢#; and the corre-
sponding strain Ag(#;) in the attenuation section of the
creep curve are substituted into Eq. (42). It should be noted
that both strain increment and time increment (with the ini-
tial time for the 2nd loading stage being 0) have been taken
into account. The viscosity coefficient 5, of saturated phyl-
lite under different confining pressures is shown in Table 9.

(4) Determination of viscosity coefficient #,

The relationship between the viscosity coefficient 1, and
strain &, in the constant creep stage is expressed as follows:

| — /1= 4MoAs,
A8v1: O-t/r’Z

2M ’

(43)

B
where the initiated damage coefficient M = B(ﬁ) is
defined in Section 3.3.1. Under medium stress (3rd loading
stage), the constant creep curve of phyllite is a straight ris-

creep curve are substituted into Eq. (43), and both strain
increment and time increment (with initial time being 0)
for the 3rd loading stage are considered. The viscosity coef-
ficient #n, of saturated phyllite under different confining
pressures is shown in Table 10.

(5) Determination of viscosity coefficient #;

According to Eq. (23), the viscosity coefficient 1, can be
obtained as follows:

oAt
PN
ma[1= (1= (D)) - 2]

where the accelerated creep damage constant H can be
obtained using the equation of D, in Section 3.3.1; t¢ is
the final time of creep damage; ¢ is the time at which
long-term strength is achieved. Under a high stress (4th
loading stage), the creep of phyllite increases nonlinearly.
The values of A#; and the corresponding strain Ag(z;) at sev-
eral time points in the constant section of the creep curve

; (44)

Table 10
Viscosity coefficient #, of saturated phyllite in the creep decay stage under different confining pressures.
Confining Shear Stress ¢; — o3 in the 4th Initiated damage Moment Ae(t;) Viscosity coefficient ~ Correlation
pressure (MPa) loading stage (MPa) coefficient M At; (h) 1, (GPa-h) coefficient R?
15 24.37 128.07 0 1.32 x 107 166.88 0.986
3 1.84 x 107°
6 477 x 10°°
9 6.62 x 107°
20 32.23 96.67 0 1.12 x 107°  146.4 0.935
3 1.53 x 107°
6 572 % 107°
9 7.94 x 10°°
25 40.24 83.264 0 1.34 x 107> 135.34 0.985
3 221 x 107°
6 6.86 x 107°
9 9.53 x 1077




310 T. Li et al. | Underground Space 18 (2024) 295-313

Table 11
Viscosity coefficient #; of saturated phyllite in the creep decay stage under different confining pressures.
Confining Shear Stress Long-term Creep D, Extended Moment  Ae(t;) Viscosity Correlation
pressure o1 — o3 in the 4th  strength time damage time damage At;(h) coefficient 73 coefficient
(MPa) loading stage tg (h) tr (h) parameter V' (GPa-h) R
(MPa)
15 32.49 81.16 86.81 0475 1.152 0 0 96.00 0.916
1.88 1.95 x 107*
3.76 2.82 x 1072
5.65 3.67 x 1073
20 42.97 80.17 85.43 0.547 1.351 0 0 76.75 0.962
1.75 480 x 1074
3.51 3.17 x 1073
5.26 525 x 1073
25 53.65 87.51 92.1 0.686 1.944 0 0 54.41 0.983
1.53 9.89 x 10°*
3.06 3.65 x 1073
4.59 6.78 x 1072
Table 12
Creep damage parameters of saturated phyllite (theoretical values).
Confining Shear stress  Initiated damage Accelerated K Gy Viscoelastic Viscosity Viscosity Viscosity
pressure o1 — o3(MPa) parameter M damage parameter (GPa) (GPa) modulus G, coefficient 7, coefficient 7, coefficient 73
(MPa) H (GPa) (GPa-h) (GPa-h) (GPa-h)
15 8.12 26.16 1.152 5.44 342 368.57 282.68 166.88 96.00
16.24 42.98
24.37 128.07
32.49 151.64
20 10.74 25.93 1.351 8.58 3.73 329.83 233.91 146.40 76.75
21.48 42.92
32.23 96.67
42.97 115.68
25 13.41 20.71 1.944 9.18 448 322.46 216.24 135.34 54.41
26.82 59.81
40.24 83.26
53.65 121.77

are substituted into Eq. (44), where both strain increment
and time increment (with initial time being 0) for the 4th
loading stage are considered. The obtained values of 7,
are shown in Table 11.

4 Model verification and discussion

In order to verify the applicability of the model, an anal-
ysis was conducted on the results of a creep test performed
on saturated phyllite. The rock model’s creep damage
parameters were determined and are presented in Table 12.
Figure 17 displays the theoretical and experimental creep
curves for the rock under different confining pressures.

It is clear that a certain deviation exists between the the-
oretical creep damage curve and the actual test results. The
theoretical curve is steeper than the experimental curve in
the accelerated creep stage. However, the overall trend of
the theoretical curve is basically consistent with that of

the experimental curve, and the theoretical curve can be
seen as the envelope of the experimental curve. The corre-
lation coefficients between the theoretical and experimental
curves are greater than 75%, indicating that the creep dam-
age constitutive model based on the modified Nishihara
model can effectively reproduce the experimental results.
However, this paper, did the preliminary exploration,
has the defects of incomplete analysis: (1) only the phyllite,
which was one of the surrounding rocks most susceptible to
large deformation, was studied and discussed; (2) the influ-
ence of phyllite joint angle was not considered; (3) and
composite stratified soft rocks with different characteristics
(stratification occurrence, spacing, etc.) were not consid-
ered. Thus, in future studies, it is necessary to supplement
the multi-field coupled creep tests of other common soft
rocks with large deformation (shale, slate, mudstone, etc.)
and composite layered soft rocks to observe and analyze
their creep damage laws. Finally, it can establish the creep
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Fig. 17. Comparison between the creep damage constitutive model results and the experimental data of saturated phyllite. (a) Confining pressure = 15 MPa,

(b) confining pressure = 20 MPa, and (c) confining pressure = 25 MPa.
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constitutive model conforming to the engineering geologi-
cal characteristics of surrounding rock, and provide scien-
tific basis for the prevention and control of large
deformation of surrounding rock.

5 Conclusions

This study, based on the existing theoretical framework,
has established a rock creep full-process damage constitu-
tive model with clearly defined parameter significance by
integrating the microscopic damage mechanisms of creep
and the mechanical characteristics of creep. This provides
a conceptual approach and theoretical basis for addressing
problems related to early identification of large deforma-
tions and the engineering design of large deformations in
subsequent research. The main findings of the study are
summarized as follows:

(1) The residual strength method was employed to calcu-
late the damage variable based on its conventional
definition. The initial damage and pre-peak damage
of the rock were incorporated to obtain the nominal
non-destructive strength based on the acoustic emis-
sion monitoring results. In other words, the damage
of the rock was initiated from the peak strength,
and the short-term peak strength could be estimated
as the nominal non-destructive strength.

(2) The Gurson model was used to calculate the damage
evolution rate during rock creep, which indicated that
the total damage rate was equal to the sum of the
nucleation damage rate and the extension damage
rate. Moreover, based on Weibull weakest link theory
and Kachanov creep damage formula, the damage
state functions were established, which effectively
reflected the constant creep stage and accelerated
creep stage of rock.

(3) By modifying the traditional Nishihara model, the
1D constitutive equation of rock creep damage was
derived from the stress—strain relationship. Then, this
equation was extended to the 3D space to obtain the
3D rock creep damage constitutive equation by using
the Perzyna constitutive equations.

(4) The new creep constitutive model presented in this
paper can be used to describe the entire creep process
of phyllite. Taking phyllite in the surrounding rocks
of Wen-Ma highway tunnel as the research object,
the creep-acoustic emission tests were conducted
under different confining pressures. The results
revealed that the correlation coefficients between the
theoretical and experimental curves were greater than
75%. There are 8 parameters to be evaluated in the
model, but the determination process is relatively
simple and does not require a large number of creep
test results for analysis.
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