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Rock-engineering structures, particularly subway excavation rock-engineering
structures, are subjected to the long-term effects of external loading that may
gradually damage and cause creep and severe plastic deformations or even
progressive failure. The traditional Nishihara creep model cannot accurately
describe the accelerated creep stage of rock with particularly obvious
nonlinear characteristics. Based on this model, a damage variable that can
consider the plastic strain accumulation is introduced in this study to replace
the viscoplastic body in the traditional model with a damaged viscoplastic body
and establish an improved Nishihara creep model. Using the superposition
principle, the creep equations of the improved model in the one- and three-
dimensional stress states are derived. The accuracy and rationality of the improved
model are verified using uniaxial and conventional triaxial creep tests of mudstone
and sandstone under different confining pressures. The improved model can not
only accurately reflect the nonlinear characteristics of the creep curve in the decay
and constant velocity stages but also describe the accelerated creep
characteristics of mudstone and sandstone in a high-stress state. lts
applicability and accuracy are superior to those of the traditional model. This
study can provide a theoretical reference for subway tunnel excavation and
stability analysis of deep roadway surrounding rocks.
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1 Introduction

In the excavation process of underground engineering structures, such as tunnels and
subways, the original stress and energy balance states of the surrounding rock are disturbed,
and they undergo creep deformation. Creep deformation gradually accumulates over time,
and it affects the stability of the surrounding rock and threatens the safety of construction
personnel (Zhang and Wang, 2019). Therefore, the study of the creep characteristics of rock
is of great significance for analyzing the surrounding rock deformation and selecting the
support time and method.

Rock creep has always been a contentious and challenging topic in rock mechanics.
Because the parameters of classical element creep models such as Burgers, Bingham, and
Kelvin are constant, regardless of the complexity of the combination form of element models,
they cannot accurately describe the nonlinear creep characteristics of rocks, specifically the
nonlinear accelerated creep when the stress level exceeds the long-term strength of the rock
(NazaryMoghadam et al., 2013; Liu H. Z. et al., 2017). In recent years, scholars at home and
abroad have conducted numerous creep tests and theoretical studies on different rock types
under stress path conditions. Zhang et al. (2021) conducted an indoor creep model test on a
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deep-buried soft rock roadway and used field measurements and a
discrete element simulation method to analyze the influence of
surrounding rock creep deformation on the stress deformation of
the lining. Zhao et al. (2019) established a simple and practical
mathematical model for rheological fracture of rock cracks under
the combined effect of hydraulic pressure and far-field stresses. Chao
etal. (2021) conducted conventional triaxial compression creep tests
on salt rocks under high temperature and pressure, studied the
influence of temperature and pressure on constant velocity creep
rates, and established a fractional-order creep model. The results
showed that this model can accurately describe the creep behavior of
salt rocks and fully reflect the rheological properties of salt rocks
under high-temperature and -pressure conditions. Wang et al.
(2020) studied the creep characteristics of mudstone under
disturbance loads, and the results showed that the instantaneous
deformation, decay creep time, and constant velocity creep rate of
mudstone have an exponential function growth relationship with
stress level, and they linearly increase with the increase in
(2021)
conducted true triaxial loading tests under high-stress conditions

disturbance amplitude and frequency. Wu et al
on a deep-mine horizontal roadway in inclined strata and studied
the failure patterns of surrounding rock in the roadway over time.
Mingyuan et al. (2020) proposed a new model to describe
accelerated creep based on the Nishihara model, deduced the
creep constitutive relationship of the model, and verified the
rationality and accuracy of the model using the total creep test
curves of sandy mudstone and sandstone. Cao et al. (2016)
established a new nonlinear damage creep constitutive model for
high-stress soft rocks based on nonlinear damage creep
characteristics and damage variables of rocks combined with the
improved Burgers, Hooke, and St. Venant models. Their model
could accurately describe the deformation process of a typical soft
rock in the Jinchuan No. 2 mine under different initial creep, steady
creep, and accelerated creep stages. Zhang and Wang (2021) studied
the nonlinear creep characteristics of rocks subjected to cyclic loads
and proposed a damage viscoelastic creep model. The loading and
unloading creep curves of lherzolite and limestone described by the
model were consistent with the experimental curves, verifying the
rationality and feasibility of the model. Zhao et al. (2017a) and Zhao
etal. (2017b) conducted multi-level triaxial cyclic loading unloading
creep tests on intact and cracked limestone and lherzolite, studied
the creep characteristics of two types of rocks, and established
corresponding creep models.

Rock creep leads to instantaneous elastic deformation, time-
dependent viscoelastic deformation, and viscoplastic deformation.
Because the elastic deformation is reversible, the instantaneous
elastic deformation recovers instantly during the unloading process,
and the viscoelastic deformation can also recover after a period.
However, the viscoplastic deformation cannot be recovered, and it
gradually increases with time and accumulates in the rock. When plastic
deformation accumulates to a certain extent, it causes creep failure in
the rock. Therefore, rock creep failure is caused by the accumulation of
viscoplastic strain during creep. In this study, a new creep damage
variable is established to describe the viscoplastic strain accumulation
process during the loading process. The damage variable was
introduced into the classical Nishihara creep model to establish an
improved Nishihara creep model. The creep equation of this model was
derived under one- and three-dimensional stress states. Finally, uniaxial
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and conventional triaxial compression creep tests were conducted to
verify the accuracy and applicability of the improved Nishihara creep
model.

2 Improved Nishihara creep model
2.1 Classical Nishihara model
The classical Nishihara model comprises a Hooke body, Kelvin

body,
simultaneously describe the instantaneous elastic, viscoelastic, and

and viscoplastic body connected in series. It can
viscoplastic deformations. When the applied stress is less than the
long-term strength of the rock, the Nishihara creep model
degenerates into a generalized Kelvin creep model, which can
better describe the steady creep of the rock under a low-stress
state. When the applied stress exceeds the long-term strength of
the rock, it can describe the unsteady creep of the rock (Qi et al.,
2012). Therefore, the Nishihara model is widely used in theoretical
research and practical engineering applications, and a schematic of
its mechanical model is shown in Figure 1.

Under a one-dimensional stress state, the constitutive equation
of the Nishihara creep model is as follows:

E
Z"—;d-'-(l +E—;>a =mné+Ee(oc<oy)

. (E, E E E,E E,E
a+<—1+—1+—°>d+L(a—as):Elé+ i (02 0,).
mo M n i, M

(1)

where o and ¢ are the stress and strain, respectively; e.. &ves &yp are
the elastic, viscoelastic, and viscoplastic strains, respectively; E, is the
elastic modulus of the Hooke body; E;. #,are the elastic modulus
and viscosity coefficient of the Kelvin body, respectively; 7, is the
viscosity coefficient of the viscoplastic body; and o is the long-term
strength of the rock.

According to the superposition principle, the creep equation of
Nishihara’s model can be obtained as follows:

g 0 E,
—+—|1—-exp| —t ]| (0<0y)
Ey E M
e(t) = (2)
o 0 E, 0 -0
—+ = [1 - exp(——t)] + ——t(0=0).
E, E, M M
The Nishihara model can evaluate the unsteady creep process of
rocks under a high-stress state. When the rocks undergo creep failure,
they experience the decay creep, constant velocity creep, and accelerated
creep stages and exhibit nonlinear characteristics. However, the classical
Nishihara creep model cannot describe the accelerated creep process of
rocks because its model parameters are linear. The model is limited to
describing the creep failure process of rocks.

2.2 Improved Nishihara creep model
2.2.1 Damage variable

Under the long-term effect of an external load, a rock produces
irrecoverable internal plastic strain. With an increase in the duration
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FIGURE 1
Nishihara creep model.

of the load, the internal microcracks in the rock develop rapidly and
penetrate further, forming macrocracks. As plastic strain gradually
develops and accumulates in the rock, the degree of damage to the
rock becomes increasingly severe, thereby decreasing its ability to
resist load until the final creep failure. The damage process of the
rock owing to the accumulation of plastic strain can be represented
by the following damage variables (Wen et al., 2016; Zhao et al,,
2021):

Le

D= j —dt, (3)

o€
where D is the damage variable, which is zero when loading and one
when creep occurs, ¢ is time, and ¢ is the steady-state creep strain
rate, which can be calculated using the Norton power law (Norton,
1929) as

£=Ax(0)" (4)
where A is a material constant and n denotes the creep exponent.
The values of the two parameters can be obtained from uniaxial
creep tests under different applied stresses. Here, ¢ is the deviatoric
stress, and it can be calculated as follows:

g =0,-03 (5)

where 0, and o3 are the maximum and minimum principal stresses,
respectively.

Here, ¢* is the multi-axial creep strain, which was defined based
on the uniaxial creep fracture strain according to the Cocks and
Ashby model (Oh et al,, 2011). The creep exponent n is used to
determine the multi-axial creep strain as follows:

&
- sinh[2(n-0.5)/3(n+ O.5)]/sinh[20m (n- 0.5)/oeq (n+ 0.5)]’
(6)

where ¢ is the creep fracture strain; o, is the mean stress; o,

*

represents the equivalent stress; and h is the stress triaxiality,
which was defined by the ratio of ¢, and o, The
abovementioned parameters can be calculated according to the
following formula:
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Oeg = \|Z

474 2
0y, +0,+ 03

3\/% [(0) - 0:)" + (0, —03)* + (01 — 03)2]

[(01 - 02)2 + (02— 03)2 + (01— ‘73)2]

(7)

where 0, is the intermediate principal stress.
We substitute Eqs 4-6 in Eq. 3 to obtain the damage variable
expression as follows:
! A x (01 —03)"
( . ) . ()

Usinh [2(n70,5)/3(n+05)]/s'mh [2(7,,, (n*0,5)/l7¢q (n+0A5)]

D=

For conventional triaxial testing, substituting Eq. 7 in Eq. 8, we
can obtain

n ;| 2(01+203) (n-0.5)
b th x (01— 03) sm[ 9(17117033)(n+0,5):|

de. 9
]

2(01+203) (n-0.5)
9(01-03)? (n+0.5)

0 & sin[
By integrating Eq. 9, the following equation is obtained:

n .| 2(01+203) (n—0.5)
5 A X (0, - 03) Sm[ig(;,_g:)(mo@]

(10)

2(01+203) (n—0.5)
9(01-03)? (n+0.5)

& sin[

As can be seen from Eq. 10, the damage variable is related to not only

the stress level, material parameters, and time but also the plastic strain,

which can reflect the cumulative time effect of plastic strain. Therefore, it
can be used to describe the damage process during rock creep.

2.2.2 One-dimensional creep equation

To describe the characteristics of the nonlinear accelerated creep
of rocks under high stress, damage variables were introduced into
the viscous body, which was connected in parallel with the plastic
body to form a damaged viscoplastic body. Subsequently, the
viscoplastic body in the Nishihara creep model was replaced with
the damaged viscoplastic body, and an improved Nishihara creep
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FIGURE 2
Improved Nishihara creep model.

model was established. A schematic of the mechanical model is
shown in Figure 2.

As observed from Figure 2, the Hooke and Kelvin bodies can
accurately describe the instantaneous elastic and viscoelastic strains
during rock loading. For damaged viscous bodies, according to
Lemaitre’s strain equivalence principle (Xu et al, 2006), the
constitutive equation of damaged viscous bodies can be expressed as
follows:

G o
TAE) o

Ep =

where ¢ is the effective stress
By substituting Eq. 10 in Eq. 11, the constitutive equation for the
damaged viscous body can be obtained as follows:

. o
bp= —— (12)
e (1=mb) ( )( )
n .. [2(01+203)(n-0.5
A x (01—03)" sin [W]
2(01+253)(n70.5)]

9(01-03 )2 (n+0.5)

where m can be expressed as 11 = -
& sin [

By integrating Eq. 12, the creep equation of the damaged viscous
body can be obtained as follows:

&p = —Lln(l -mt) +C,
M

(13)

where C is the integral constant.
When t = 0 and ¢ = 0, the integral constant becomes zero.

c=o. (14)
Substituting Eq. 14 in Eq. 13 yields the following:
o
&p = ———In(1 - mt). (15)
miy,

For a damaged viscoplastic body in a one-dimensional stress
state, the creep equation can be obtained by replacing ¢ with o — o

in Eq. 15. Therefore,
&yp = I70% In(1 — mt).
miy,

(16)

According to the superposition principle, the creep equation
of the improved Nishihara creep model can be expressed as
follows:
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(1) When o< oy,

E(t)_E—0+E—1|:1—€Xp<—5—llt>:| (17)
(2) When o >0y,
AN PRI Al S
e(t) = E0+-E1[1 exp( U1t>] fnnzln(l mt).  (18)

In conclusion, an improved Nishihara creep model was
established, and the creep equation under a one-dimensional
stress state was derived. By comparing Eq. 18 with Eq. 2, it can be
found that the improved Nishihara creep model adds only one
model parameter compared with the classical Nishihara creep
model, and the form of the creep equation is simple, which is
conducive to practical engineering applications.

3 Three-dimensional creep equation

often
the
conventional triaxial graded loading method is generally used

In practical rock mass engineering, rock is

in a complex three-dimensional stress state, and
in laboratory creep tests. Therefore, to facilitate comparison and
analysis with the test results, it is necessary to establish the creep
constitutive relationship of the rock in a three-dimensional
stress state.

When the rock is in a three-dimensional stress state, it is
assumed that the total strain of the improved Nishihara creep
model is sf-j, the strain of the Hooke body is afj, the strain of the
Kelvin body is &7, and the strain of the damaged viscoplastic

body is siv]P. According to the superposition principle,

to_

611

& te) e (19)

For the Hooke body, the stress tensor o;; at any point on the
rock in a three-dimensional stress state can be divided into a
spherical stress tensor 0,,8;; and deviatoric stress tensor S;;.
Similarly, the strain tensor ¢; at any internal point can also be
divided into a spherical strain tensor ¢,J;; and deviatoric strain

tensor ¢;; (Bao et al., 2015). Therefore,
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FIGURE 3
TAW-2000 rock material testing machine.

TABLE 1 Mechanical parameters of mudstone.

Test o3/MPa  ¢./MPa
conditions
Uniaxial 0 3238 249 46 025
Triaxial 5 ‘ 434 31.8 8.3 ‘ 0.24
10 ‘ 56.8 423 10.4 ‘ 025

Om = Sij + Sijam (20)
&j = €;j + 8ijem,
where §;; is the Kronecker tensor.
According to generalized Hooke’s law,
Oy = 3K0€m
{S,’j = ZGoe,‘j, (21)

where K is the bulk modulus and Gy is the shear modulus.
By substituting Eq. 21 in Eq. 20, the three-dimensional creep
equation of the Hooke body can be obtained as follows:

1
Es S,‘j

1
i = 27(;0 8,‘ij. (22)

+ —_—
3K,

The three-dimensional creep equation of the Kelvin body (Yan
et al., 2010; Zhao et al., 2018) can be expressed as follows:

TABLE 2 Stress levels of the compression creep step loading test.

Level 1 (04 o)

Level 2 (0.5 o)

Level 3 (0.6 o;)

—> Steel pad

Axial extensometer

Rock specimen

Radial extensometer

& = 1—exp|l —t ||, (23)
7 2G1 7’]1

where Gy is the shear modulus of the Kelvin body.
The three-dimensional creep equation of the damaged
viscoplastic body can be expressed as follows:

w _ In(1—mt) F B_Q
8ij - mi, <CD Fo > 50,‘]" (24)

>0)

F
where <<D(F£0)>= cD<F_o>(F_ ,{®) denotes the

0
function, F is the rock yield t(unction, and F, is the initial value

switch

of the rock yield function, which is typically 1 for simplicity (Hu,
2018). Furthermore, d)(Fio) is generally an exponential or power
function, and ® (Fio) = (Fio)k. Here, k is a constant, generally 1 (Tang
etal, 2022), and Q is the plastic potential function. Moreover, for the
convenience of calculation, the associated flow rule is used;
therefore, F = Q (Ren et al., 2022).

For a viscoplastic body, certain yield conditions must be met
before it works; therefore, an appropriate yield function and
yield criterion must be selected (Shi et al., 2022). Currently, the
Tresca or von Mises yield criterion is mostly used as the
criterion for the effectiveness of plastic elements. In the
triaxial

conventional compression creep test, 0, = 03;

therefore, the expressions of the Mises and Tresca yield

Stress level/MPa

Level 4 (0.7 o) Level 5 (0.8 o)
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—9@— 5,=0MPa
8 - —9— g =5MPa

—90— 5,=10MPa

Strain/10°

1 [
F=—(01—03)——.

25
5 5 (25)
Substituting Eq. 25 in Eq. 24 yields the following:
F\ oF 1
<F_O>¥ij 2)1111 3 (01 — 03 = 0y). (26)

By substituting Eq. 26 in Eq. 24, the three-dimensional creep
equation of the damaged viscoplastic body can be obtained as

0 20 40 60 80 100 120 140
Time/h

FIGURE 4
Creep curves of mudstone under different confining pressures.

functions are only different in terms of the constant coefficient
terms. For the convenience of expression, the Tresca yield
criterion was selected, and the yield function was defined

(Wu et al., 2022).

FIGURE 5
Failure modes of mudstone under different confining pressures.

follows:
In(1 - mt)
&) = ——— (01— 05— 7). (27)
4dm,
1&0 For conventional triaxial axial creep of rock,
i=j=1
51’;’ =0, =1
o) +20
P 3 (28)
3
S = _ 2(01 —03)
1n=01=0n= -3

By substituting Eq. 28 in Eqs 22, 23, the three-dimensional creep
equations of the Hooke and Kelvin bodies can be obtained as
follows:

10MPa

TABLE 3 Uniaxial compression creep model parameters.

Stress/MPa Eo/GPa E1/GPa n,/GPa-h 1,/GPa-h m R
13.1 2.13 2527 11.39 - - 0.991
16.4 3.54 43.82 3239 - - 0.985
19.7 492 66.94 45.62 - - 0.985
230 6.24 81.27 60.17 - - 0.990
262 7.31 0.02 041 0.12 0.98 0.996
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TABLE 4 Compression creep model parameters when ¢3 = 5 MPa.

Stress/MPa Ko/GPa Go/GPa G,/GPa n,/GPa-h n,/GPa-h m R?
17.4 2.94 1.26 3233 6.09 — — 0.985
217 2.94 1.26 64.69 7.37 — — 0.985
26.0 2.94 1.26 73.14 28.79 — — 0.991
304 2.94 1.26 85.50 47.65 — — 0.987
347 2.94 1.26 043 0.81 18.56 0.58 0.994

TABLE 5 Compression creep model parameters when o3 = 10 MPa.

Stress/MPa Ko/GPa Go/GPa G,/GPa n,/GPa-h n,/GPa-h m R?
227 6.93 224 12.18 1.75 — — 0.991
284 6.93 224 2424 3.33 — — 0.989
34.1 6.93 224 3573 441 — — 0.989
39.8 6.93 224 45.82 10.11 — — 0.990
454 6.93 2.24 102.09 3.96 14.42 257 0.998

TABLE 6 Stress levels of the compression creep test.

Stress level/MPa

Level 3 Level 4
0 8.15 16.31 24.46 3261 40.76 48.92
5 10.63 2127 31.90 4253 53.17 63.80
10 13.09 26.17 39.26 5235 65.43 78.52

Simultaneous Eqs 27, 29 were solved according to the

6.0 .\ . . .
o oo superposition principle, and the axial creep equation of the
—— Fitting curve(13.1MPa) improved Nishihara creep model of rock under the three-
55 — Fitting curve(16.4MPa) . . .
——— Fitting curve(19.7MPa) dimensional stress state was obtained as follows:
—— Fitting curve(23.0MPa)
50 F Fitting curve(26.2MPa) 0, +205 01-03 0,-0;3 ) G, . ( )
+ + —exp| — 0, - 03<0
9K, | 3G, | 3G, P\, 17O
< 0y +20; 0,—-03 0]—03 G,
= en (t) = + + 1-expl —t (30)
S n® 9K, | 3G, | 3G, [ p( ;11 )]
s In(1 - mt)
7 +4— (01 -03-05) (0,<01-03).
mif,

4 Model validation

40

Time/h In this study, the applicability of the improved Nishihara
FIGURE 6 creep model was verified using C?nventlonal triaxial compression
Comparisons between creep test curves and theoretical curves creep test data of mudstone. First, a TAW-2000 rock material

when o3 = 0 MPa. testing machine (Figure 3) was used to conduct conventional

uniaxial and triaxial compression tests on mudstone. The basic
mechanical parameters of mudstone are listed in Table 1.

Then, uniaxial compression creep tests and conventional

triaxial compression creep tests with confining pressures of

e = 01 +203 L% 5 MPa and 10 MPa were performed to obtain the creep curves

9K, 3Go of mudstone under different stress conditions. There are five test

e 01— 03 [1 B exp(—&t) ] loading levels, the first level of stress is 40% of 0., the second level

fu = 3G, 1 of stress is 50% of o, the third level of stress is 60% of o., the
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55
A
® Test data 30.4MPa
—— Fitting curve
50
26.0MPa
45
S 21.7MPa
E
£ 40f
7]
17.4MPa
35
30 1 1 1
0 30 60 90 120 150
Time/h
Low stress
B so
® Testdata
—— Fitting curve (Nishihara model)
—— Fitting curve (Improved Nishihara model)
75 F

Strain/10”

Time/h
High stress

FIGURE 7

Comparisons between creep test curves and model curves when
03 =5 MPa. (A) Low stress. (B) High stress.

fourth level of stress is 70% of o, and the fifth level of stress is
80% of o.. The stress of each level is listed in Table 2. At each
stress level, the loading time is 36 h.

After processing the uniaxial and triaxial creep test data of
mudstone, the creep curves of mudstone under 0 MPa, 5 MPa,
and 10 MPa confining pressure are obtained, and the results are
shown in Figure 4. It can be seen from the figure that under
different confining pressures, the mudstone is damaged at the
fifth stress level. The creep deformation of mudstone under the
first to fourth stress level is relatively small, while the creep
deformation of mudstone under the fifth stress level increases
sharply with time. At this stress level, plastic deformation of
mudstone accumulates rapidly and creep failure occurs in a short
time. At the same time, it can also be seen from the figure that
under any level of stress, the greater the confining pressure, the
greater the creep deformation of mudstone.

The creep failure mode of mudstone under different confining
pressures is shown in Figure 5. It can be seen from the figure that
during uniaxial compression creep, the damage degree of mudstone

Frontiers in Materials 08

6.0
A 39.8MPa
® Test data
—— Fitting curve
56 F
S 28.4MPa
E
g
n
4.8 -
22.7MPa
44
1 1 1
0 30 60 90 120 150
Time/h
Low stress
B ss
® Testdata °
— Fitting curve (Nishihara model)

— Fitting curve (Improved Nishihara model)

8.0

Strain/10”

60 1 1 1 1 1
0.0 15 3.0 4.5 6.0 7.5 9.0
Time/h
High stress
FIGURE 8

Comparisons between creep test curves and model curves when
03 = 10 MPa. (A) Low stress. (B) High stress.

0.010 -

® Test data
Fitting curve

0.008

0.006

Axial strain

0.004

0.002

Time/h

FIGURE 9

Comparisons between creep test curves and theoretical curves
when o3 = 0 MPa.
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is relatively serious, there are more vertical cracks, and the crack

0.0090 - width is relatively large. During triaxial compression creep, the
® Test data mudstone is mainly subject to oblique shear failure, with only
0.0075 - Fitting curve one crack, a small width, and a certain angle with the axial

direction of the mudstone sample.
According to the creep test data of mudstone under different

0.0060
g confining pressures, the rationality and accuracy of the improved
E Nishihara model established in this paper are verified. The
= 0.0045 Koo _E d G _E f the i d
3 patrar.neters 0= 302y an 0= 30 © the 1mprove.

Nishihara creep model are the bulk and shear moduli,
0.0030 respectively, and they can be determined using the elastic
modulus E and Poisson’s ratio p. The model parameters
0.0015 Gy #;~ #,~ m can be obtained by inversion using MATLAB,
0 4 3 12 16 20 2 2'8 according to the test results.
Time/h In the uniaxial compression creep test, stress in the first four levels
was less than the long-term strength of 24.9 MPa; therefore, Eq. 17 was
pouRe 1 d to perf fitting, and th f the fit was evaluated
Comparisons between creep test curves and model curves when used to perform curve nifting, and the accuracy of the fit was evaluate
03 =5 MPa. using the correlation coefficient square (R?). As stress in the fifth level
exceeded the long-term strength, Eq. 18 was used to perform curve
fitting and obtain the model parameters listed in Table 3. A comparison
of the fitting and test curves is shown in Figure 6.
0.0090 As shown in Figure 6, during the uniaxial compression creep,
when the stress level is lower than the long-term strength of
® Test data . c s .
Fitting curve mudstone, the improved Nishihara creep model transforms into
0.0075 |-
the generalized Kelvin creep model. The theoretical curve of this
model coexists with the test curve, which can describe the attenuated
- 00060 creep and constant velocity creep of mudstone under low-stress
g conditions. When the stress level exceeded the long-term strength of
S 00045 mudstone, an obvious accelerated creep stage is developed. The
o
< improved Nishihara creep model results were consistent with the
0.0030 experimental results, and R2 was 0.996. This indicates that the
improved Nishihara creep model can not only accurately describe
00015 the steady creep of mudstone under a low-stress state but also
L L L L L ) describe unsteady creep, which is nonlinear when the rock is in a
0 4 8 12 16 20 24 .
. high-stress state.
T . S .
me During the triaxial compression creep, the first four stress levels
FIGURE 11 were below 5 MPa and 10 MPa, and the confining pressures were
Ucomfgr;jg;s between creep test curves and model curves when less than their long-term strengths of 31.8 and 42.3 MPa. Therefore,
3= .
the first formula in Eq. 30 was used to perform curve fitting. As the
fifth stress level exceeded the long-term strength of mudstone, the
second formula in Eq. 30 was used to perform curve fitting. The
model parameters obtained through curve fitting are listed in Tables
TABLE 7 Stress levels of the compression creep step loading test. 4, 5, and comparisons of the results obtained through curve ﬁtting

5 = 0 MPa 3 = 5MPa 5 = 10 MPa and tests are shown 1n. Figures 7, 8. .
As observed from Figures 7, 8, when the confining pressures were

Stress R? Stress R? Stress R? 5MPa and 10 MPa, the theoretical curves of the improved Nishihara
level/MPa level/MPa level/MPa creep model were consistent with the test curves, and R* was above 0.985.

This indicates that the improved Nishihara creep model can describe not

8.15 0.979 10.63 0.973 13.09 0.992

only the uniaxial creep characteristics of mudstone but also the creep
16.31 0.982 2127 0.979 26.17 0.987 characteristics of mudstone under different confining pressures.
Simultaneously, to compare the applicability and accuracy of the
traditional and improved Nishihara models, the results obtained
using the two models were fitted to the mudstone creep test results
40.76 0992 53.17 0.992 65.43 0.993 for the fifth level of stress. The comparison results show that the fitting
curve of the traditional Nishihara model was significantly different from

24.46 0.974 31.90 0.985 39.26 0.989

32.61 0.972 42.53 0.987 52.35 0.988

48.92 0.996 63.80 0.994 78.52 0.998

the test results for the decay creep and accelerated creep stages, and the
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model results were only consistent with the test results for the constant
velocity creep stage. Therefore, the traditional Nishihara creep model has
difficulty reflecting the nonlinear creep characteristics of mudstone;
however, the improved Nishihara model can accurately describe the
nonlinear characteristics of mudstone in the stages of attenuation,
constant velocity, and accelerated creep under the condition of high-
stress level, and the fitting curve is consistent with the test results.
Therefore, the applicability and accuracy of the improved Nishihara
creep model are higher than those of the traditional Nishihara model,
and the improved model describes the mudstone nonlinear creep
process with higher accuracy.

In order to further verify the applicability of the improved Nishihara
creep model to other types of rocks, the model was validated using
sandstone creep test data from the work of Liu D. Y. et al. (2017). There
are six test loading stages, and the stress levels of each stage are listed in
Table 6. The comparison results between the test data and the theoretical
curve of the model are shown in Figures 9-11.

From Figures 9-11, it can be seen that under three different
confining pressures, the experimental data at any stress level are
basically consistent with the theoretical curve. Especially after
the stress level exceeds the long-term strength of the sandstone,
the sandstone undergoes attenuation creep, constant velocity
creep, and accelerated creep processes, with particularly
obvious nonlinear characteristics. The improved Nishihara
creep model can accurately describe the three creep stages of
the sandstone, and its applicability and accuracy are further
verified.

The accuracy (R?) of the creep fitting curve for sandstone at each
stress level is shown in Table 7.

According to Table 7, the fitting accuracy of the experimental
data and theoretical model is relatively high under different
confining pressures. Especially under high-stress conditions,
the fitting accuracy of the improved Nishihara creep model is
0.996, 0.994, and 0.998, respectively, which is basically close to 1,
indicating that the improved model can describe the sandstone
non-linear creep process with higher accuracy.

5 Conclusion

1. A creep damage variable considering the accumulation of plastic
deformation was introduced into a viscoplastic body that was
connected in parallel to a plastic body to establish a damaged
viscoplastic body. This was used to replace the viscoplastic body
of the traditional Nishihara creep model, thereby establishing an
improved Nishihara creep model. When the applied stress level is
less than the long-term strength of the rock, the improved
Nishihara model reduces to the generalized Kelvin creep model.

. According to the series—parallel stress—strain relationship and
superposition principle, the one- and three-dimensional creep
equations of the improved Nishihara creep model under low- and
high-stress conditions were derived, respectively. Compared with
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