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Abstract

The creep behavior of coal rock is one of the most important factors which impacts on the stability of coal mine. In this
study, the raw coal blocks mined from Baode coal mine in Shanxi were collected and prepared into briquette coal specimens.
And the creep behavior of coal rock was accurately analyzed. Results show that the stress levels have a significant effect on
coal rock creep processes; the complete three stage of creep process only occur at relatively high stress level. And the ratio
of creep deformation to the total strain shows a trend of decreasing firstly and then increasing, which indicated the damage
effect caused and accumulated by creep. Moreover, the failure angle decreases with the increase of the confining pressure,
indicating the deformation increasement of specimens, which is consistent with the larger increase of radial deformation in
the test results. An elastic—plastic damage body was proposed based on the tests and the damage mechanics theory and then
replace the viscous element in Nishihara model to construct a new nonlinear creep damage constitutive model. Compara-
tive analysis of experimental data and fitting results found that the model can better reflect the three stage of creep process
(decelerating creep stage, stable creep stage, accelerating creep stage) and the nonlinear creep damage behavior of coal rock.
The new model can provide theoretical basis for further revealing the creep damage behavior of gas well coal rock.
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Introduction

In underground mining engineering, coal rock creep can lead
to large deformation and even destabilization damage, which
often results in serious production disasters and human casu-
alties. However, as a double-pore medium (Guo et al. 2018),
the properties of coal rock are influenced by various factors:
the initial damage state of the material, strength, stress envi-
ronment, and so on. The strength of raw coal specimens cut
from natural coal rock has great dispersion properties, so it is
of great significance to prepare briquette coal specimens to
study the mechanical properties and creep behavior of coal
rocks (Meng et al. 2021; Gan et al. 2021).
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In practical engineering, rocks are subjected to three-
dimensional stress; it is very necessary to study long-term
deformation properties through indoor creep tests. Over the
past years, researchers have carried out a lot of studies on the
large deformation properties of rocks based on creep tests
(Liu et al. 2019b, a; Zhao et al. 2021, 2017). The geological
environment is complex and variable, which lead to a certain
amount of microfractures within the rock (Zhang et al. 2020).
As a high-accident rate industry (Xue et al. 2022), coal mining
requires special attention to safety risks which associated with
the changes of coal rock properties. Due to the tests obtained
from raw coal specimens are discrete (Liu et al. 2021b, a), the
indoor creep tests with briquette coal specimens are needed to
investigate coal rock creep properties.

In recent years, many scholars have obtained a lot of
research results by studying the various properties of rocks
under different environmental conditions (Zhou et al. 2022; Li
et al. 2022; Gao et al. 2022), among which the time-depend-
ent properties of rocks have been fully verified (Cheng et al.
2021; Li et al. 2017; Ramesh and Hajibeygi 2021). As one of
the hot topics, the creep behavior has been mainly studied by
creep curve characters (Zuo et al. 2000), proposed physical
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creep models which were based on the theory of mechanics
(Zhang et al. 2019; Cao et al. 2020), and improving elements
to simulate creep processes (Zhou et al. 2013; Liu et al. 2020).
To better understand the creep behavior of rock, it is very
necessary to build a creep model to describe the whole creep
process, while current creep models are limited by linear ele-
ments. Therefore, combining with damage mechanics theory
and based on the damage effects accumulated during the creep
tests to improve one or more elements and rebuilding a creep
damage model seems an urgent mission for characterizing
creep behavior of rock mass.

In this study, the briquette coal specimens were taken
from coal rock blocks from the Baode coal mine in Shanxi
Province; then triaxial compression tests and triaxial-graded
loading creep tests were conducted to obtain the mechanical
and creep behavior. Combining with the damage mechan-
ics theory, an elastic—plastic damage body was proposed to
describe the accelerating creep stage, and the creep damage
constitutive model was established by replacing the viscous
element in the Nishihara model. It is found that the model
can better reflect the whole process of coal rock creep behav-
ior compare with the Nishihara model, and the rationality
and validity of the model was verified.

Materials and methods
Test equipment
The creep tests of coal rock are performed in TFD-2000

microcomputer servo-controlled triaxial rheological testing
machine, as shown in Fig. 1. The testing machine mainly

Fig. 1 Triaxial creep testing
equipment

Confining Pressure
Loading System
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comprises the following parts: the axial pressure loading
system, the confining pressure loading system, the software
control system, and the data acquisition system. It can per-
form uniaxial compression test, triaxial compression test,
and triaxial creep test and has two kinds of control model,
which are displacement control and load control. The main
technical parameters of the testing machine are its maximum
axial force is 2000 kN, the maximum confining pressure is
80 MPa, the maximum axial deformation is 50 mm, and
the maximum radial deformation is 25 mm. The deforma-
tion of those specimens can be measured by axial and radial
sensor. The precision of all measured parameters is 0.5%.
The measurement is collected by software control system
automatically to eliminate manual error.

Specimen preparation

Coal rock blocks were prepared from the Baode coal mine
in Shanxi Province, China. Due to the low success rate of
specimen processing and the existence of many impuri-
ties and natural cracks, the raw coal specimens cannot be
regarded as homogeneous materials (Liu et al. 2021b, a); in
order to obtain a homogeneous and continuous rock mate-
rial, theoretically, it should be reshaped; therefore, briquette
coal specimen is selected for tests; the specific procedures
for the specimen preparation are as follows (Zhang et al.
2020; Liu et al. 2020):

Step 1: Crushed the raw coal block into coal powder with
different particle sizes, put it into the vibrating sifter
and sieved it for half an hour, as shown in Fig. 2a. The
0.18-0.25-mm (60-80 mesh) coal powder was took as the
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main test material. Twenty-eight grams of coal powder
was mixed with 3 g of water until it did not adhere to the
inside of the container and then put it into the mold, as
shown in Fig. 2b.

Step 2: Used the load control to slowly apply the form-
ing pressure to 100 MPa (Liu et al. 2020), after reaching
the set value, the pressure will be lasted for 1 h. Then a
briquette coal specimen with 25-mm diameter and 50-mm
high was reshaped according to the International Society
for Rock Mechanics (ISRM).

Step 3: The specimen was placed in a room temperature
environment and dried naturally for 9 h (Liu et al. 2020),
and then, a group of specimens with approximately equal
acoustic wave velocity were selected by acoustic wave
tester, as shown in Fig. 2c.

Preliminary experiments

The depth of the raw coal mine is known to be approxi-
mately 300 m; then, based on a vertical stress gradient y of
25 kPa/m and considering the effect of the unloading enve-
lope caused by the mining process, it is decided that the test
confining pressures were 2, 4, 6, and 8 MPa, respectively. In
order to better simulate the actual working conditions. The
test procedures are listed in Table 1.

Before the creep test, the triaxial compression tests were
conducted at a loading rate of 0.5 MPa/s (Zhao et al. 2021),
and the loading rate was proven feasible through pre-tests.
The basic physical and mechanical parameters of coal rock
are shown in Table 2, and the stress—strain curves of the
triaxial compression tests of coal rock are given in Fig. 3.

Creep test procedure

It can be easily found from the numerical span of the elas-
ticity modulus in Table 2 that the specimen is more sensi-
tive when the confining pressure is 4 and 6 MPa, so the
triaxial-graded loading creep tests were conducted under the
confining pressure of 4 and 6 MPa. The main steps of the
triaxial-graded loading creep tests are as follows:

Fig.2 Preparation process of
briquette coal specimens

| ‘*'4-"

(a) Sieving

(b) Briquette mold

Table 1 Basic parameters of the specimens and test procedures

Specimenno H/mm D/mm W/g Test type o3/MPa

S1 50.97 2525 289 Triaxial compression 2
S12 5196 2551 299 4
S10 51.07 2553 299 6
S13 51.06 2533 299 8

Step 1: Put the briquette coal specimen into the loading
chamber as shown in Fig. 4. A loading rate of 0.5 MPa/s
(Zhao et al. 2021) was used to apply the axial loads and
confining pressures until the specimen reach hydrostatic
pressure condition (¢;=o0;). Keep the confining pressure
at a constant value and then applied axial loads to the
predetermined value (40% of the peak strength) with the
same loading rate; keep this axial stress constant and
lasted for 12 h; meanwhile, the axial and radial strains
were recorded automatically.

Step 2: The 10% of the peak strength of the triaxial com-
pression tests was chosen as the stress increasement, and
the triaxial-graded loading creep tests were conducted
under the same loading rate of 0.5 MPa/s and the same
confining pressures. The detailed loading stress values are
shown in Table 3. It should be mentioned that each stress
level lasted for 12 h and then applied next loading level
until failure occurs.

Step 3: The acquisition interval is 10 s; the data can be
collected more frequently and uniformly, allowing for the
observation of subtle changes in stress—strain during the
rheological process.

Results and discussion

Analysis of coal rock creep behavior under graded
loading

The creep test curves are shown in Fig. 5. It was found
that the complete creep failure time of coal rock is
approximately 58.65 h under the confining pressure of

(¢) Briquette specimen
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Table 2 Triaxial compression

Confining pres-  Peak strength  Axial peak Radial peak Volumetric peak  Elasticity
re.:sults of coal r.ock under sure (MPa) (MPa) strain (%) strain (%) strain (%) modulus
different confining pressures (MPa)

2 6.79 2.109 -3.270 —4.431 4.042

4 11.18 2.876 —2.652 —2.427 4.522

6 14.76 2912 —3.807 —4.703 7.078

8 17.15 3.903 —4.556 -5.209 7.500

—=—2MPa
—e— 4MPa
—4— 6MPa
—v— 8MPa

G,-63(MPa)

Strain(%)

Fig.3 Stress—strain curves under different confining pressures

The briquette

coal specimen

Fig.4 Loading schematic

6 MPa, the axial failure creep deformation is 0.390%,
the radial failure creep deformation is —22.906%, and
the failure stress is 6.51 MPa. Under the confining pres-
sure of 4 MPa, the complete creep failure time of coal
rock is approximately 54.33 h, the axial failure creep
deformation is 0.386%, the radial failure creep defor-
mation is — 11.394%, and the failure stress is 5.30 MPa.

@ Springer

This phenomenon indicates that an increase in the con-
fining pressure will increase the strength and enhances
the ability to resist deformation of coal rock. The creep
parameters under different confining pressure are listed
in Table 3.

It can be seen from Fig. 5 that the radial creep behav-
ior is relatively obvious than the axial one, which pre-
sents a radial expansion effect. This is because the radial
binding force provided by the confining pressure plays
an obvious role, which can effectively curb the rapid
increase of radial deformation. The radial creep defor-
mation in the early part is provided by the closure of
pores inside the specimen, while the development and
expansion of cracks provide the radial creep deforma-
tion in the later part. Like axial creep curve, the ratio of
irreversible creep deformation to total strain in the radial
creep curve also decreases firstly and then increases, and
the creep deformation in the accelerating creep stage is
more pronounced when the stress level is higher. There-
fore, it is necessary to analyze the effect of the damage
caused and accumulated by creep deformation when coal
rock is failure.

It is also can been obtained from Fig. 5 that the stress
levels have a significant effect on coal rock creep processes.
When the confining pressure is constant and the stress lev-
els are graded raised, it was found that the creep deforma-
tion and the ratio of creep deformation are both decreased
firstly and then increased when stress level is less than
80% of the peak strength. In other words, only decelerating
creep and stable creep occur under a relatively low stress
level. While the accelerating creep stages occurs when the
stress level is 80% of the peak strength, both the axial and
radial strains increased rapidly until failure of specimens
at this stress level. So, it can be generalized that the coal
rock creep enters the decelerating creep and then stable
creep stage with time when the stress remains constant
at relatively low stress level. The accelerating creep stage
only occurs when the stress level is at a relatively high
stress level (Liu et al. 2019b, a).

Although the axial deformation increases with the stress
level in general, the ratio of creep deformation to total
strain shows a trend of decreasing firstly and then increas-
ing. This phenomenon indicates the internal cracks within
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Table 3 Creep parameters under

° ; o;/MPa Level (%) o, —o0;/MPa Axial deformation (%) The ratio of creep
different confining pressure deformation to total
Total Creep strain
4 40 2.69 0.176 0.144 0.816
50 3.34 0.251 0.021 0.086
60 3.99 0.278 0.021 0.074
70 4.64 0.307 0.022 0.072
80 5.30 0.386 0.073 0.188
6 40 3.31 0.116 0.103 0.892
50 4.11 0.179 0.011 0.061
60 491 0.219 0.009 0.040
70 5.71 0.284 0.018 0.062
80 6.51 0.390 0.076 0.195
0.6 - 0.6 -
0.4 6.51MPa
04 5.30MPa y 491MP 5.71MPa
334Mpa  >99MPa 02}  331Mpa 1 IMPa .
0.2 0.0 1 1 1 1 |
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0.0 L L ! \ ) 02 Time(h)
’ 12 24 36 48 60 04
— Time(h —~ 06k
5 o2f ime(h) g 08
3 £ 08
a 04r Axial strain @ -1.0 -
Lateral strain 2k Axial strain
206 F : Lateral strain
14 F .
0.8 - 1.6 - Nk
ol 8t A\
20 F
12+ 22 L

(a) 03 =4 MPa

Fig.5 Creep test curves

coal rock develop and expand as the stress levels increase,
causing the creep deformation (irreversible viscoelastic
strain) to increase continuously, and the axial and radial
deformations of the rocks also increased dramatically. It
results in continuous damage, significant deterioration pro-
cesses occur in the internal micro-elements of coal rock,
and failure occurs when the damage accumulates to a cer-
tain level within coal rock.

Take the creep test results of coal rock under the confin-
ing pressure of 6 MPa as an example; Fig. 6 shows creep
rate curve of coal rock when stress level is 3.31 MPa and
6.51 MPa, respectively. When the stress level is 3.31 MPa,
the specimen first experiences a short instantaneous defor-
mation and then enters decelerating creep stage (I); after
2.49 h, the specimen enters stable creep stage (II). There is
no accelerating stage creep due to the relatively low stress

(b) 53 =6 MPa

level. When the stress level is 6.51 MPa, after 0.86 h of
decelerating creep stage (I), the specimen enters stable
creep stage (II), which lasted for 8.83 h, and then enters
accelerating creep stage (III), which maintain for 2.30 h
before failure occurs.

From Fig. 6, the radial creep rate is greater than the axial
creep rate, indicating that radial creep of coal rock is more
sensitive than axial creep. In the case of constant confining
pressure and increasing stress level, the outside environ-
ment provides more energy to the interior of the system.
Then, the volumetric deformation starts to expand swiftly
due to the rapid increase of radial deformation, and the
expansive radial creep could be related to creep-induced
fractures. Therefore, it is more reasonable to use the radial
creep characteristics to determine whether creep damage
occurs in the rock.

@ Springer
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Fig.6 Creep rate curve under the confining pressure of 6 MPa

Coal rock failure modes

Sketches of the failure to the briquette coal specimen can be
drawn after triaxial-graded loading creep tests, the failure
modes of specimens as shown in Fig. 7.

When the confining pressure is 4 MPa, a combined
mechanism of the shear failures and the multiple diagonal
cracks were observed in the specimen and indicating a plas-
tic failure with a failure angle of 65° (Abolfazl and Davood
2021). The radial deformation of the specimen was greater
than the axial deformation due to the specimen undergoes a
large plastic deformation. It reflected in a bulge in the mid-
dle of the specimen, which also proves that shear damage
has occurred. The skeleton could not continue to carry the
force when the damage accumulated to a certain extent, and
the shear surface is further extended, forming a macroscopic
misshapen damage surface.

When the confining pressure is 6 MPa, a combined
mechanism of the shear area failure and the diagonal crack
was observed in the specimen and indicating a plastic fail-
ure with a failure angle of 60°, it is found that a small
amount of tiny cracks appears next to the main oblique
shear damage cracks. It indicates that the increase of
confining pressure caused the larger energy required for
deformation and damage of the specimen, so more energy
is absorbed and dissipated. And more energy is required
for the development and expansion of cracks within coal
rock due to the limitation of the confining pressure, which
creates more micro-cracks on a macro scale.

Comprehensively, it can be seen that the creep failure
of the briquette coal specimen is in the form of overall
fragmentation, mainly with obvious oblique penetration
through the shear area failure and accompanied by a small

@ Springer
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Fig. 7 Failure modes and sketches in creep tests
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amount of secondary diagonal tensile crack failure along
the main crack. The specimens’ main crack runs through
the rock mass, which is caused by the crack expansion
after failure (Shen et al. 2022). And the failure angle
decreases as the confining press increases, which indicated
that the deformation increasement of specimens is consist-
ent with the lager increase of radial deformation in the test
results. Therefore, the specimens are predominantly shear
damaged with a small amount of tensile damage.

The nonlinear creep damage constitutive model
of coal rock

Nishihara model

Coal rock creep processes exhibiting significant cohesive-
elastic—plastic behavior have been showed in many studies
(Yan et al. 2020; Lin et al. 2020). And among the tradi-
tional creep models, the Nishihara model can well-express
the creep behavior, as shown in Fig. 8.

The Nishihara model creep equation is

c 4 E
frg[1-ee(-50)]

€= 0 P
E—+E—[1—exp<—7‘ >]+Tt (6 > o0y)

(6 <o)

(1)
where ¢ is the strain of rock; o is the load stress on the rock;
and ¢ is the time.

Creep constitutive model based on damage
mechanics theory

Establishment of an elastic—plastic damaged body
The Nishihara model is still composed of linear compo-
nents; existing studies have pointed out (Yu et al. 2020; Liu

et al. 2021b, a; Liu and Li 2018) that the Nishihara model
has limitations in describing the accelerating creep stage.

&) E,

AN
I AAA o

&1, Eo
n; ]:I

ny 1|
L Viscoelastic model | Viscoplastic model

N 7|x 7|

Fig.8 Nishihara model

While, coal rock, as a typical soft rock, shows instanta-
neous deformation, decelerating creep, and stable creep
when the applied load is less than the long-term strength,
however, the deformation is reversible; then, coal rock
does not accumulate damage. On the other hand, an irre-
versible creep deformation of coal rock occurs when the
load applied exceeds the long-term load. Damage within
coal rock begins to accumulate and an accelerating phase
occurs; eventually, the macroscopic failure occurs. The
description of the accelerating creep has always been a
difficult problem (Wang et al. 2019, 2016), so the damage
mechanics theory was used to characterize the effect of
damage on the accelerating creep stage and then uses an
elastic—plastic damage body to describe the accelerating
creep stage.

The elastic—plastic damage body is shown in Fig. 9, where
the total micro-element body N is divided into two parts, one is
the undamaged linear elastic part N,; the other is the damaged
micro-element N,:

N=N,+N, )

Assuming that the elastic—plastic damaged body is sub-
jected to an average stress of o), the damaged part of the
micro-element body cannot bear the load, so the load is all
borne by the undamaged part, which is subjected to a stress
of ¢',. Therefore, according to the micro-element physical
equilibrium and geometric relationship, it can be expressed as:

ooN = O'(I)N 1 3)
The damage variable or damage factor D can be defined as
D=1-N,/N )

When D=0 and N,=0, the rock is in the elastic defor-
mation stage, the deformation can still be recovered after
the pressure is removed, and no damage accumulates
inside the specimen.

When D=1 and N; =0, the rock cannot continue to bear
the load; then, the specimen damage occurs. Therefore, the
damage variable D should satisfy D €[0,1].

.
Oo

TTTT

Q
IIITII1l

Fig.9 Elastic—plastic damage body
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Combining Eqgs. (2), (3), and (4) results in
oo = 0,(1 = D) (5)

Based on the principles of continuum damage mechan-
ics and strain equivalence,

o =FEe(1-D)
66p:6;p ©
where ¢,, is the total strain of the micro-element, and the

strain of the undamaged part of the micro-element is e'ep.
Then, combining Eqgs. (5) and (6) results in

oy = Eogep(l —D) @)

Since rock creep damage is related to loading time,
combined with the results of Kachanov (1992) and based
on the effective stress,

[og] = [c1/(1 = D) ®)
Then, set the rock creep damage rate as
o v
dD _ () ©)
dt

where C and V are the rock material parameters.

By deducing the mathematical formula, the creep dam-
age variable can therefore be obtained as a function of
time and lifetime as follows:

D=1_<1_i> (10)
153

where a=(1—-V)"! and tp1is the rock creep complete damage
time (lifetime).

According to existing tests and studies (Ge et al. 2022;
Liu et al. 2020; Chen et al. 2020), as coal rock is a typi-
cal soft rock, the yield strength is generally equated to
the long-term strength, so rock creep will only occur and
accumulate damage when the constant stress loaded dur-
ing rock creep is greater than the yield strength o, so the
constitutive model of the elastic—plastic damage body is

(6 <o)

0
8 et

Substituting Eq. (11) into Eq. (7) can obtain the rock
creep constitutive model for an elastic—plastic damaged
body as

%0
E,

—a
ep Sf1_ L
, [1 ZF] (0 >o0y)

(6 Loy

12
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Establishment of the nonlinear creep damage model
for coal rock

The above damage evolution model for the elastic—plastic dam-
age body was replaced by the viscous element in the Nishihara
model, and the replacement physical model is shown in Fig. 10.

By controlling the participation of the elastic—plastic
damage body in the creep constitutive model through the
plastic element, the creep constitutive model of the rock in
the one-dimensional state can be obtained as

o o E
F+p[i-ew (~2)]

A _E of1_\"
EU+E1[1 exp( nt)]+E21 tp) (6 >o0,)

(c <o)
E =

13)

Using the theory of elasticity, the one-dimensional model

was converted into a three-dimensional model and a non-

linear creep damage constitutive model based on damage
mechanics theory was obtained as

01-03 o1 +203 01-03 _ _G1
. oot et e [1 exp ( e (6 <o)
om0y | oy+2oy | 013 [ _ _G1 gz ()"
o + I oG [1 exp( | s 1 p (o >0y
(14)

where G, G;, and G, are the shear modulus and KX is the
bulk modulus.

Creep model parameter identification and model
validation

The quasi-Newton nonlinear optimization algorithm (BFGS)
was used to identify the parameters of the nonlinear creep
damage constitutive model to ensure the stability of the exper-
imental data, and the fitted parameters are shown in Table 4.

The parameters, which were obtained from the inversion of
creep tests at different confining pressures, were substituted into
the nonlinear creep damage equation obtained in the previous
section to verify the correctness and reasonableness of the model,
and strain—time curves were plotted, as shown in Fig. 11.

Os
& E;

A
L\/\/\_ | ¢

&1 Eo
T
n 1

Elasto-plastic
damage body |
7

, ___Viscoelastic model |,

|\ ,l\

Fig. 10 Nonlinear creep damage model



Arab J Geosci (2023) 16:193

Page90of10 193

Figure 11 shows that the experimental curves and the model
curves were fitted very well. The resulting nonlinear creep dam-
age constitutive model can not only reflect the creep behavior
of decelerating creep stage and stable creep stage, but also can
simulate the accelerating creep stage better. The superiority and
reasonableness of the present model can be clearly seen in com-
parison with the Nishihara model in the accelerating creep stage.

As amodel of clean utilization of coal resources, there are many
studies that have demonstrated the advantages of underground coal
gasification technology (UCG) in mining engineering, so it has
great development space. The technical principle of UCG is the
conversion of coal into a combustible gas by controlled combus-
tion underground. This requires an effective constitutive model to
analyze the stability of the underground gas wells.

The above obtained results and findings can prove the
correctness and reasonableness of the nonlinear creep dam-
age constitutive model of coal rock, which has certain guid-
ing value in solving the long-term stability problems of the
confining pressure in UCG practical engineering.

Table 4 Axial creep model parameters for graded loading at a confin-
ing pressure condition of 6 MPa

6,—0y/MPa 331 4.11 491 571 6.51

G,/GPa 2058 2348 2988 3267 2931
G,/GPa 1629 1982 2651 3170 2518
KIGPa 2572 3553 2648 2829 2941
n/GPa-h 289.791 307.614 270.922 308.629 151211
G,/GPa — — — — 2.632
a — — — — 0.182
tz/h — — — — 58647
R’ 0917 0993 0991 099  0.986

50
Experimental data

—=— Creep damage model fitting

—+— Nishihara model fitting

5.30MPa

4.64MPa

3.99MPa

3.34MPa

Strain(%)

2.69MPa

0.5

0.0 1 1 1 1 1 |

0 2 4 6 8 10 12
Time(h)
(a) 03 =4 MPa

Fig. 11 Comparison curve between tests and simulation

Conclusions

In this study, the triaxial compression tests and triaxial-
graded loading creep tests on briquette coal specimens were
conducted, a nonlinear creep damage constitutive model was
established in combination with damage mechanics theory to
describe the creep behavior of coal rock, and the reasonable-
ness of the model was verified. The following conclusions
are drowned from this work.

e Stress levels have a significant effect on coal rock creep
processes, only decelerating creep and stable creep
stages occur under relatively low stress levels (50%,
60%, and 70% of peak strength), and the creep defor-
mation under each stress level gradually decreases.
The decelerating creep, stable creep, and accelerating
creep stages occur under stress level of 80% of the peak
strength. And the ratio of creep deformation shows a
trend of decreasing firstly and then increasing which
indicated that the damage effect caused and accumulated
during the creep process.

e The radial creep behavior is relatively obvious than the
axial one, and the radial creep rate is greater than the
axial creep rate, indicating that radial creep of coal rock
is more sensitive than axial creep. The reason is that the
radial binding force provided by the confining pressure
plays an obvious role, which can effectively curb the
rapid increase of radial deformation.

e The failure angle decreases as the confining press
increases, indicating the deformation increasement of
specimens, which is consistent with the lager increase
of radial deformation in the test results. Therefore, the
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specimens are predominantly shear damaged with a small
amount of tensile damage.

e Based on the damage mechanics which can better
describe the accelerating creep, an elastic—plastic dam-
age body was constructed. By using the damage body to
replace the viscous element in the Nishihara model, then
a nonlinear creep damage constitutive model was estab-
lished. And the applicability of the model was verified
through the comparison of experimental data and fitting
results.
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