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Abstract

Rheological mechanical properties of the soft rock are affected significantly by its main physical characteristics-clay mineral.
In this study, taking the mudstone on the roof and floor in four typical mining regions as the research object, firstly, the clay
mineral characteristic was analyzed by the X-ray diffraction test. Subsequently, rheological mechanical properties of mudstone
samples under different confining pressures are studied through triaxial compression and creep tests. The results show that
the clay mineral content of mudstone in different regions is different, which leads to significant differences in its rheologi-
cal properties, and these differences have a good correlation with the content of montmorillonite and illite-montmorillonite
mixed layer. Taking the montmorillonite content as an example, compared with the sample with 3.56% under the lower stress
level, the initial creep deformation of the sample with 11.19% increased by 3.25 times, the viscosity coefficient and long-
term strength decreased by 80.59% and 53.94%, respectively. Furthermore, based on the test results, the damage variation is
constructed considering the montmorillonite content and stress level, and the M-S creep damage constitutive model of soft
rock is established. Finally, the test results can be fitted with determination coefficients ranging from 0.9020 to 0.9741, which
proves that the constitutive relation can reflect the influence of the clay mineral content in the samples preferably. This study
has an important reference for revealing the long-term stability control mechanism of soft rock roadway rich in clay minerals.

Keywords Clay mineral - Physical characteristic - Creep - Damage - Constitutive model

1 Introduction

With the increasing depletion of coal resources in the cen-
tral and eastern regions of China, coal mining is gradually
concentrated in the western regions such as Shanxi, Shaanxi,
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Inner Mongolia, and Xinjiang (Xie et al. 2019; Yin et al.
2022). Most rocks belong to geological or high geo-stress
soft rock produced by the special diagenetic environment
and sedimentary process in the western region (Sun et al.
2019; Zhao et al. 2020; Tan et al. 2021), and usually con-
tain more clay minerals, such as kaolin, montmorillonite,
etc. (Liu et al. 2018; Sun et al. 2021; Jin et al. 2013), which
makes the rock show rheological characteristics. From a
macro point of view, the low long-term stability and high
repair rate of roadway surrounding rock have become a
major problem restricting the safe and efficient mining of
coal resources in western regions.

Most of the current studies focus on the rheological prop-
erties of soft rock. For example, in terms of test, Chen et al.
(2021) obtained the creep characteristics of sandy mudstone
by the triaxial creep test, and the main parameters for con-
trolling creep deformation were pointed out. Liu et al. (2020)
obtained the macro and micro creep characteristics of soft
rock by conducting the triaxial and nanoindentation creep
test. Montero-Cubillo et al. (2021) obtained the creep failure
characteristics of anchored soft rock through the pull-out
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creep tests. Zhou et al. (2020) analyzed the creep charac-
teristics of soft rock under the coupling of stress and seep-
age through the creep test, and the crack evolution law was
obtained. Zhu et al. (2022) studied the rheological charac-
teristics of deep soft rock roadway by the true triaxial tests,
and the evolution process of the rheological deformation of
the roadway was revealed. On the other hand, considering
the influence of different factors on the creep characteristics
of soft rock, Ye et al. (2015) carried out triaxial creep tests
on the soft rock at different temperatures, and the relation
between creep failure time and minimum axial steady-state
strain rate under different temperatures was obtained. Liu
et al. (2018) carried out creep tests of soft rock under dif-
ferent relative humidity and clay mineral composition, and
revealed the important influence of montmorillonite content
on the creep deformation of clay rock, which provides an
important reference and basis for the development of this
study. In addition, many scholars have also conducted some
tests from the perspective of engineering practice (Tan et al.
2019; Liu et al. 2021a, 2019; Ma et al. 2020).

The establishment of the rheological constitutive model
provided a method effectively to solve the problem of the
rheological failure mechanism of soft rock. For example,
Arora and Gutierrez (2021) proposed a viscoelastic-plastic
model to describe the creep characteristics of soft rock, and
the Burgers model was modified. Ping et al. (2016) defined
a new nonlinear damage creep constitutive model of high
geo-stress soft rock by connecting the improved Burgers
model and Hooke model in series. Tarifard et al. (2022) dis-
cussed the applicability of the Cvisc model in describing
the creep process of soft rock. Shu et al. (2017) proposed
a new nonlinear viscous coefficient Newton element, and
established a nonlinear viscoelastic-plastic creep model of
soft rock by connecting it with the Nishihara model in series.
In addition, considering the influence of other factors on the
creep constitutive equation, Xiong et al. (2017) established
a unified constitutive model of advanced thermoelastic vis-
coelasticity of soft rock by introducing shear strength and
over-consolidation evolution equation. Chen et al. (2022)
established a Cvisc model considering the weakening coef-
ficient of surrounding rock, and the fitting results showed
that the model had good applicability to describe the whole
creep process of soft rock. Wang et al. (2022) proposed a
viscoelastic model based on the viscoelastic behavior of
quartz and clay minerals, which provided some reference
for the conduction of this study.

However, previous research did not consider the influence
of mineral composition on the rheological properties of soft
rock, and the rheological constitutive relation considering
the physical characteristics of soft rock was rarely involved,
which has a weak guiding role for the study of rheologi-
cal properties of soft rock rich in clay minerals in western
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mining regions. Therefore, in this study, taking the mud-
stone on the roof and floor in four typical mining regions
as the research object, firstly, the clay mineral characteristic
is analyzed by the X-ray diffraction test, and its rheological
mechanical properties are obtained by the triaxial compres-
sion and creep tests. Further, based on the test results, the
creep damage variable considering the characteristics of clay
mineral is constructed, and the creep damage constitutive
model of soft rock is established. Finally, the correctness of
the creep damage constitutive model of soft rock is verified
by fitting the test data.

2 Clay mineral characteristics of typical soft
rock sample

2.1 Collection and preparation of samples

To obtain the characteristics of clay minerals of typical soft
rock samples in the western regions and other regions, four
types of soft rock samples were drilled for studying, includ-
ing the roof mudstone of the No. 2 coal seam in Zaoquan
Coal Mine of Ningmei Group (NY), the floor mudstone of
No. 3-1 coal seam in Hongqgingliang Coal Mine of Hao-
hua Energy Group (HY), the roof mudstone of No. 8 coal
seam in Luxi Coal Mine of Shandong Luneng Luxi Mining
Co., Ltd. (LY), and Xinji No. 1 Coal Mine of China Coal
Xinji Energy Co., Ltd (XY). The sites where the samples are
drilled and some samples are shown in Fig. 1.

2.2 Analysis of clay mineral composition

The clay mineral characteristics of mudstone samples were
analyzed by the X-ray diffraction (XRD) test. XRD is an
important way to obtain information on mineral composi-
tion, atomic or molecular structure, and morphology of min-
eral crystals (Kuila et al. 2014). The Rigaku Ultima IV X-ray
diffractometer was used in the test, as shown in Fig. 2, and
the powder crystal method was used for testing. The sample
for observation was manufactured by grinding and compact-
ing, and the process is shown in Fig. 3. By the MDI Jade
software, the X-ray diffraction pattern of mudstone samples
is shown in Fig. 4.

Based on the test results, the main mineral types in dif-
ferent mudstone samples and the specific components of
clay minerals are obtained. The specific analysis results are
shown in Tables 1 and 2.

It can be seen from Table 1 that the main mineral
components of mudstones in different regions include
quartz, carbonate minerals, and clay minerals, among
which the quartz and clay minerals account for the major-
ity, which explains the typical argillaceous cementation
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(a) Sampling site

Fig. 1 The sites where the samples are drilled and some samples

(b) Some samples .

Fig.2 X-ray diffractometer

Material Preparation

Fig.3 Test process

characteristics of the mudstone. At the same time, the
result shows that there are significant differences in the
clay minerals content of mudstones in different regions.
The clay minerals content in the northwestern regions

Grinding Sample Testing Sample

is obviously higher than that in the central and eastern
regions. For example, the clay minerals content in NY
and HY samples is 36.33% and 53.5%, and the LY and XY
samples are 12.6% and 15.7%, respectively. In addition,
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Fig.4 X-ray diffraction pattern of typical mudstone samples

Table 1 Types and contents of minerals in typical mudstone samples

Sample Types and contents of minerals (%)
Quartz Carbonate min-  Clay mineral
eral
NY 50.92 12.75 36.33
HY 29.75 16.75 53.50
LY 80.66 6.74 12.60
XY 51.60 32.70 15.70

Table 2 The specific composition and content of clay minerals

Sample  Relative content of clay mineral composition (%)
Kaolinite  Montmorillonite Illite  Illite-montmoril-
lonite mixed layer
NY 46.24 11.19 13.12  29.45
HY 65.78 8.24 432  21.66
LY 70.98 3.96 579 19.27
XY 68.28 3.56 1098 17.18

it can be found from Table 2 that the content of kaolin
in mudstone accounts for about 45% to 75%, the illite-
montmorillonite mixed layer accounts for about 17% to
30%, and the montmorillonite ranges from 3% to 12%.
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3 Rheological properties of soft rock
with different clay mineral contents

3.1 Triaxial compression test under different
confining pressures

The load in triaxial creep test is of great significance for
ensuring the accuracy and reliability of the creep test
results, which is generally determined by the triaxial com-
pression test under different confining pressures. Due to
the limitation of the content of the paper, the process of
triaxial compression test is not described here, and the test
results are shown in Table 3.

Combined with Tables 2 and 3, there is a clear relation
between the content of montmorillonite and illite-montmo-
rillonite mixed layer in clay minerals and the mechanical
properties of mudstone samples. With the increase of the
content of montmorillonite and illite-montmorillonite mixed
layer, the triaxial compression strength, internal friction
angle, and cohesion of mudstone under the same confining
pressure show a significant decreasing trend, and Poisson's
ratio shows an increasing trend. As shown in Fig. 5, when
the confining pressure is 2 MPa, the triaxial compressive
strength of NY sample is decreased by 48.99% compared
with XY sample, the internal friction angle and cohesion is
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Table 3 Main mechanical parameters of typical mudstone

Sample Confining pressure (MPa) Compressive strength Poisson's ratio Internal friction angle (°) Cohe-
(MPa) sion
(MPa)
NY 2 17.63 0.285 37.717 2.9
4 2543 0.271
6 30.96 0.259
8 36.78 0.243
HY 2 19.67 0.254 39.15 32
4 27.62 0.232
6 34.12 0.201
8 41.29 0.192
LY 2 25.87 0.238 42.68 3.7
4 33.12 0.209
6 42.56 0.184
8 50.67 0.179
XY 2 34.56 0.232 46.34 4.9
4 45.14 0.176
6 56.32 0.142
8 65.69 0.124
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Fig.5 Variation characteristics of mechanical properties of mudstone samples

decreased by 18.49% and 40.82%, respectively. It could be
seen that the increase of the content of montmorillonite and
illite-montmorillonite mixed layer has a significant weak-
ening effect on the triaxial compressive strength, internal
friction angle, and cohesion of mudstone.

3.2 Scheme of triaxial creep test

To obtain the rheological mechanical characteristics of mud-
stone under different clay mineral contents, especially the

influence of different montmorillonite and illite-montmoril-
lonite mixed layer contents on the rheological mechanical
characteristics of mudstone, the creep test of the mudstone
samples under different confining pressures was carried out
by the RLIW-2000 rock servo pressure test machine (Fig. 6).
The loading speed of the test machine is 0.05-0.5 mm/min,
the maximum axial force is 2000 kN, and the maximum
confining pressure is 50 MPa, which can satisfy the test
requirements.
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During the creep tests, the first-stage load is applied to the
sample, which the value is equal to 30% of the compression
strength, and then it is increased by 5% of the compression
strength in each stage until the sample is destroyed. The
loading rate is 0.1 MPa/min, and the creep time of each
stage is 4 h.

3.3 Analysis of creep test results

3.3.1 Characteristics of creep deformation

Creep deformation is an important index to analyze the long-
term stability of surrounding rock in underground engineer-
ing. According to the loading scheme, the creep test was
carried out for mudstone samples. The results are shown
in Fig. 7.

478 12 16 20 24 28 32
Creep time t/h
(b) 4MPa

Creep time t/h
(d) 8MPa
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By comparing the creep deformation of mudstone sam-
ples under the same loading stage, it can be found that the
axial load of NY sample is the smallest, but its creep defor-
mation is the largest under the same confining pressure. As
for the initial creep deformation, for example, when the con-
fining pressure is 2 MPa, the deformation of NY sample is
1.02%, which is about 3.25 times larger than XY sample.
However, the axial load of NY sample is 50.96% of XY.
The result shows that the creep deformation of mudstone is
not only related to the load, but also related to its properties.
Combined with the above analysis of clay mineral composi-
tion, the creep deformation of mudstone has a good correla-
tion with the content of montmorillonite and illite-montmo-
rillonite mixed layer. In other words, the creep deformation
of soft rock increases significantly with the increase of mont-
morillonite and illite montmorillonite mixed layer content.

When the axial load increases gradually, the sample will
eventually enter the accelerated-speed creep stage, but the
timing of entering the accelerated-speed creep is different
due to the different montmorillonite and illite-montmoril-
lonite mixed layer content. For example, when the confin-
ing pressure is 2 MPa, the axial load of the NY sample is
10.6 MPa when it occurs accelerated-speed creep, but the
XY sample is 24.2 MPa. It can be seen that the increase in
the content of montmorillonite and illite-montmorillonite
mixed layer will significantly decrease the strength of mud-
stone, resulting in occurring accelerated-speed creep under
low stress.

In summary, the creep deformation of mudstone samples
is not only related to the deviatoric stress, but also to the
content of montmorillonite and illite-montmorillonite mixed
layer. In other words, with the increase of montmorillonite
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Fig.8 Curve of the viscosity coefficient

and illite-montmorillonite mixed layer content, the creep
deformation of mudstone shows an obvious increasing trend,
and the time to enter accelerated-speed creep is advanced.

3.3.2 Characteristics of the viscosity coefficient

The viscosity coefficient is a characteristic index of creep
and flow of soft rock, which reflects the rheological proper-
ties of materials, and the value can be obtained according to
the slope of the stress—strain rate curve. For example, when
the confining pressure is 2 MPa, the relation between the
viscosity coefficient of mudstone and the creep time under
different montmorillonite and illite-montmorillonite mixed
layer content is shown in Fig. 8.

Figure 8 shows that the viscosity coefficient with dif-
ferent montmorillonite and illite-montmorillonite mixed
layer content is significantly different, which increases
in the form of power function with the decrease of
montmorillonite and illite-montmorillonite mixed
layer content. For example, the viscosity coefficient of
XY sample is 2.54 x 10° MPa s, and the NY sample is
4.93 x 10® MPa s, which is decreased by 80.59% com-
pared with XY sample. It can be seen that the increase of
montmorillonite and illite-montmorillonite mixed layer
content has a significant weakening effect on the viscosity
coefficient of mudstone.

3.3.3 Characteristics of long-term strength

Long-term strength is an important parameter to distin-
guish stable creep and unstable creep stages, and it is also
an important reference for evaluating the long-term sta-
bility of underground engineering. The traditional meth-
ods to determine the long-term strength include the tran-
sitional creep method and the isochronal curve method
(Salmi et al. 2020; Hamza and Stace 2018; Atsushi and
Hani 2017). Transitional creep method can only determine
a certain range for long-term strength, but cannot obtain
the specific values, which is of little guiding significance
to the engineering. Although the isochronal curve method
is relatively simple, it requires a large number of test data
under different conditions to fit and analyze it. The process
is extremely complicated, which easily leads to the accu-
mulation of test error, resulting in inaccurate calculation
results.

Some scholars obtained the long-term strength by
the inflection point of the relation between stable creep
rate and stress. Wang et al. (2018) proposed an improved
inflection point method of stable creep rate and discussed
its feasibility, which indicated the intersection of the two
curves obtained by fitting the reciprocal of stable creep
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Fig.9 Determination of long-term strength of mudstone

rate and low/high stress is the long-term strength of rock.
In this study, the long-term strength of mudstone with dif-
ferent montmorillonite and illite-montmorillonite mixed
layer content is obtained by using this method. Taking
the confining pressure of 2 MPa as an example, as shown
in Fig. 9.

For the mudstone samples of NY, HY, LY, and XY,
the long-term strength obtained by the above method is
8.60, 9.52, 11.98, and 18.67 MPa, respectively, and the
NY sample is decreased by about 53.94% compared with
the XY sample. It can be seen that the long-term strength
decreases with the increase of montmorillonite and illite-
montmorillonite mixed layer content, which is consistent
with the above creep test results. That is, the integrity of
mudstone is decreased by the increase of montmorillonite
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and illite-montmorillonite mixed layer content, which ulti-
mately leads to the decrease of stress conditions for occur-
ring accelerated-speed creep of mudstone.

4 M-S creep damage constitutive model
of soft rock

In order to further explain the creep failure mechanism of
soft rock with different clay mineral content, combined with
the above test results, the creep damage variables of soft
rock can be put forward, and the creep damage constitutive
model can be constructed, which can provide an important
method and idea for this study.
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4.1 Relation between montmorillonite content
and mechanical parameters

Based on the above test results, the strength and internal
friction angle of soft rock will obviously decrease with
the increase of montmorillonite and illite-montmorillonite
mixed layer content. At the same time, for the shear strength
of clay minerals, many studies have shown that kaolinite is
the largest, followed by illite, and montmorillonite is the
lowest, which explains that the content of montmorillon-
ite has a significantly weakening effect on the strength of
clay minerals (Kang 1993). Therefore, the relation between
montmorillonite content and internal friction angle can be
established by combining the XRD and triaxial compression
test results. Considering the number of samples, the internal
friction angle of soft rock under different montmorillonite
content was investigated combined with the existing research
about the physical composition analysis of mudstone sam-
ples and its mechanical properties (Liu 2022; Zhou 2022;
Wang 2022; Jin 2021), as shown in Table 4. Kang (1993)
discussed the relation between mineral composition and
mechanical properties of soft rock, and the fitting function
adopted in this study is based on that, as shown in Fig. 10.

As shown in Table 4, The BY sample is the Purple red
mudstone of T,b? member of typical Badong Formation in
western Hubei-eastern Chongqing area, the FY sample is
the landslide mudstone in Xiangning, Linfen, the JY sam-
ple is the landslide mudstone in Zezhou, Jincheng, the MY
sample is the floor mudstone of 37! coal seam in Anshan
Coal Mine of Miaohagu mining area, the SY sample is the
roof mudstone of the No. 2 coal seam in Shanghaimiao
mining area, the TY sample is the landslide mudstone in
Dongshan, Taiyuan, and the VY sample is the landslide
mudstone in Linxian, Lvliang.

Table 4 Relation between montmorillonite content and internal fric-
tion angle of mudstone in different regions (Liu 2022; Zhou 2022;
Wang 2022; Jin 2021)

Sample Relative content of Internal fric-
montmorillonite in clay tion angle (°)
minerals (%)

BY 2.80 45.55

FY 32.76 17.74

HY 8.24 39.15

Y 17.74 22.78

LY 3.96 42.68

MY 39.62 17.60

NY 11.19 37.717

SY 28.00 22.95

TY 13.11 25.17

VY 29.79 21.31

XY 3.56 46.34

o Test data
45) —Fitting curve

8
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Fig. 10 Fitting result

The relation between the internal friction angle and
montmorillonite can be obtained:

@ = 15.57 + 38.17 exp(—0.0725m) (1)

where, ¢, is the internal friction angle of soft rock under
different montmorillonite content, °; m is the montmoril-
lonite content, %.

According to the Mohr—Coulomb strength theory and
the envelope theorem of the Mohr circle, the general cal-
culation equation between cohesion ¢ and internal friction
angle ¢ can be obtained (Yang et al. 2007).

O¢

2VK

E—1 (2)
n(s2)
2V K

where, K is related to the rock material itself; o, is the uni-
axial compressive strength, MPa.

Based on Egs. (1) and (2), the expression of cohesion
¢, with different montmorillonite content can be obtained:

CcC =

Oc

" 2\/T+ 2iggn (1 £ 1/sing,) ©

4.2 Construction of creep damage model

4.2.1 Definition of damage variable

Damage has always been an important research direction
in creep constitutive relation, especially the definition

of damage variable and the solution of damage evolution
equation. As early as 1971, Lemaitre et al. (1971) proposed
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the equivalent strain hypothesis. Based on this method, the (1 —sin @)Ey€,,,« — 2(c cos @ + o5 sin @)
stress without damage is changed into effective stress, and b= (12)

the damage constitutive equation can be established:

. O o’

T ET0-DE, )

where, e: is the equivalent elastic strain; o is the effec-
tive stress; MPa, D is the damage variable; E is the elastic
modulus of soft rock without damage, GPa.

The damage variable D can be expressed as:
p=1-%

- TE Q)

Duncan-Chang model is established based on a large
number of triaxial test results, which describes the hyper-
bolic relation between deviatoric stress and axial strain
(Zhang et al. 2018), as shown in Eq. (6). The related work
of this study is carried out on its basis.

- _ &
" a+be, (6)

0 — 03

where ¢ is the axial strain.

During the process of triaxial compression, there is a
certain relation between axial strain and time, so the above
equation can be expressed as:

_ t
a+ bt

0 — 03 (7)
where a and b are related to the rock material itself.

During the loading process of the sample, based on Eq. (7),
the elastic modulus E| at any time has the following relation:

d(o, —03) 2bt
e S g = Et = L (8)
dr (a + br)?
When the sample is initially loaded, ¢ is O, there is
1
~=E
p 0 9)

When the sample reaches the compression strength during
the triaxial loading process:

2ccos @ + 205 sin @

170 = 1 —sing (10)
Combined with Egs. (6) and (10):
2ccosp+2038inp  Epy,
1 —sing ©a+bey,, an

where ¢, is the corresponding strain when the rock reaches
the compression strength.
Combined with Egs. (9) and (11):
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2E )€ . (c cos @ + o3 sin @)

The relation between parameter » and montmorillonite con-
tent m in Duncan-Chang model can be obtained by combining
with the Egs. (2), (3), and (12):

(1 —sin @, )Eg€max — 2(cpy, €OS @, + 03 SIN @)

b=
2E € ax (€ COS @, + 05 SIN @) (13)
At the same time, the Eq. (7) is further simplified:
1 1
E[ = ; 1 —_ j (14)
<1 + E)
Therefore,
1
E =Efl- —— as)

1 2
(”Eoz)

Based on the Eq. (5), the damage variable can be expressed
at:

E
D=l——t=l— 1_; (16)

E 2
0 <1+$>
0

It can be seen that the damage variable D increases with
the increase of time, ranging from O to 1, which conforms to
the evolution law of damage variables and has high reliability.

Thus, the damage constitutive equation can be
established:

c=|1-————|Ese a7)

where

(1 = sin @) Ey€ nax — 2(cp, COS @, + 03 5in @)

b=f(m,o;) =

2E€ (€ COS @, + 05 5in @)
(18)
According to Eq. (17), the damage of soft rock during
triaxial loading can be divided into two aspects: On the
one hand, the damage of soft rock is greatly affected by its
montmorillonite content and confining pressure in the ini-
tial loading stage. The damage at this time can be defined
as the initial damage. On the other hand, during the middle
and late stage of loading, the damage is mainly affected by
material strain, and the damage at this time can be defined as
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Fig. 11 Cvisc rheological con-
stitutive model
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the loading damage. The initial damage and loading damage
together constitute the nature of the damage of soft rock with
montmorillonite.

4.2.2 M-S creep damage model

Cvisc model is a composite viscoelastic-plastic model
composed of the Burgers model and the Mohr—Coulomb
model in series, which has good applicability to describe
the creep behavior of soft rock dominated by shear failure.
Especially for the damage constitutive equation established
in this study, the shear strength indexes such as cohesion and
internal friction angle are comprehensively considered, so
the Cvisc model can better explain the influence of the dam-
age variable. In the one-dimensional stress state, the Cvisc
model is shown in Fig. 11.

Considering the influence of initial damage and load-
ing damage, the M-S (Montmorillonite—Stress) soft rock
creep damage constitutive model is established by con-
necting the damaged body and the Cvisc model, as shown
in Fig. 12.

When the two ends of the model are subjected to external
stress, the strain generated by the whole model is the sum of
the strains generated by each part, and the stress of the whole
model is equal to that of each part, that is:

22r
20 —— Fitting curve
L + Test data
§1-8‘ 9.7 MPa .
SR SR e —
‘2 8.8 MPa
S16F e
@ bttt
.g F 7.9 MPa
< +—t—t—t——t
7.1 MPa
Attt
tof M
F 5.3 MPa
10_/4._-;7+ A ——————————+
0 1 2 3 4

Relative creep time #/h

Fig. 13 Fitting results of NY sample (confining pressure 2 MPa)

6 =0y togtopto,

19

E=¢gy téegtéepteg,

where oy, ok, op, and o, are the stress of Maxwell’s
body, Kelvin’s body, Damage body, and the yield stress of
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Table 5 Fitting constants and determination coefficients

Axial stress E,; (MPa) ny (GPas) Ex (MPa) ng (GPass) a b R?

5.3 7.468 1.000e+ 11 251.6 0.090 5.966 x 1078 2.198 x 1078 0.9283
6.2 6.271 1.000e+11 351.6 0.162 0.9046
7.1 5.440 1.000e+ 11 251.6 0.090 0.9070
7.9 4.807 1.000e+ 11 251.6 0.090 0.9602
8.8 4.281 1.000e+ 11 251.6 0.100 0.9020
9.7 3.861 1.100 160 0.251 0.9501
10.6 3.456 0.053 10,010 0.010 0.9741

MC-Plastic elements, respectively, €y, ex and e are the
strain of Maxwell’s body, Kelvin’s body, and Damage body,
respectively, &, is the corresponding strain under the yield
stress.

Combined with the Cvisc creep model, the M-S creep
damage model can be expressed:

-

5 Discussion

Currently, some scholars have obtained the damage failure
mechanism of soft rock by various methods (Xie et al.
2019; Liu et al. 2021b; Li et al. 2022; Torabi-Kaveh et al.

2022). However, the creep damage mechanism and long-

c o oy | E:\ | c
s(t):E—0+]1—0t+E—0 1—exp<—n—K>t + 0 ,0 <0y
M M K L K/ |
1-—- )2
< <1+f,>2>“
< _ i
09 0y 0 (o (20)
)= —+ —t+ —|l—exp| —— )t| + +é&p, 020,
Eyo fm Eg | Mk / | . 1 |
<1+§/)2 a

where Ey; and Ey are the elastic modulus of Maxwell’s body
and Kelvin’s body, GPa, 7y, and 7 are the viscosity coef-
ficient of Maxwell body and Kelvin body, Pa s, which can be
obtained by fitting the test data, ¢ is the creep time, s.

4.3 Verification of constitutive model

In order to verify the correctness of the M-S creep damage
constitutive model proposed in this paper, Eq. (17) is used
to fit the creep test result of NY sample under confining
pressure of 2 MPa. The fitting tool adopts the Curve Fit-
ting Toolbox in MATLAB, and the fitting algorithm is the
Trust-Region-Reflective Algorithm. The fitting results are
as shown in Fig. 13, and the fitting constants are shown
in Table 5.

Figure 13 shows that the calculated results of the model
are consistent with the creep test result. The determination
coefficients are 0.9020-0.9741, which indicates that the
M-S creep damage constitutive model of soft rock pro-
posed in this paper has good practicability and reliability.

@ Springer

term stability of soft rock are not only affected by stress,
but also by its physical characteristics. Especially for the
western mining regions where are rich in clay minerals in
coal-bearing strata, this effect is more obvious (Sun et al.
2021; Fan et al. 2022; Jin et al. 2023; Guo et al. 2019).
Many scholars have carried out a lot of creep tests on soft
rock to obtain the creep characteristics, such as the step-
loading tests, stress-seepage coupling creep test, and creep
test under the influence of different temperatures, relative
humidity, and other factors (Chen et al. 2021; Zhou et al.
2020; Liu et al. 2020). The research results provide a ref-
erence for revealing the creep characteristics of soft rock.

Compared with previous studies, the main focus of this
study is to establish the relation between the composition
and content of clay minerals in soft rock and their creep
characteristics. Therefore, taking the mudstone samples in
four typical mining regions, the similarities and differences
of creep mechanical properties are analyzed and revealed
based on the differences in clay mineral composition and
content. The results show that the content of clay minerals
in the northwestern regions is higher than that in the central
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Fig. 14 Comparison of fitting results

and eastern regions, and the rheological properties of mud-
stones in different regions are also different, which is con-
sistent with the existing research (Sun et al. 2021; Chen et al.
2021). In addition, the difference of clay minerals content
such as montmorillonite and illite-montmorillonite mixed
layer in mudstone samples have a good correlation with
their rheological properties. The higher the content of clay
minerals, the greater the creep deformation of soft rock, the
earlier the soft rock enters the accelerated-speed creep, the
greater the creep deformation rate, the smaller the viscos-
ity coefficient, and the lower the long-term strength. This
research results have not been found in previous studies,
which can provide a more accurate reference for the design
and construction of underground engineering in western
mining regions.

The rheological constitutive model is one of the research
hotspots in recent years, which provides an effective method
to reveal the creep damage mechanism of soft rock. How-
ever, most of the existing constitutive models mostly con-
sider the influence of external factors, the influence of min-
eral composition on the rheological properties of soft rock
is rarely involved, and the rheological constitutive relation
considering the physical characteristics of soft rock has
not yet been established. When they are used to study the
mechanical properties of soft rock with the same lithology
but different clay mineral content, the error is unacceptable.
For example, when the creep model of soft rock established
by Tarifard et al. (2022) and Chen et al. (2022) is used to fit
the creep test results of NY sample under confining pressure
of 2 MPa (Axial load is 5.3 MPa), as shown in Fig. 14, and
the determination coefficients are only 0.7782 and 0.8297,
respectively. However, the M-S creep damage constitutive
model of soft rock established in this study has high fitting
accuracy to the test results, and the determination coefficient

can reach 0.9283. The model established in this study com-
prehensively reflects the influence of clay mineral content
and stress level of soft rock, which provides an innovative
method for revealing the creep deformation mechanism of
soft rock rich in clay minerals in the western mining regions
and carrying out the study on the stability control of soft
rock roadway.

In summary, compared with previous studies, the rheo-
logical mechanical properties of soft rock with different
clay mineral contents are accurately obtained in this study,
and the M-S creep damage constitutive model considering
the difference in clay mineral content is established. The
research results have important scientific value for correctly
understanding the influence of clay minerals on the rheologi-
cal properties of soft rock and revealing the relation between
clay mineral content and creep damage mechanism. At the
same time, it also provides a more accurate method for stud-
ying the failure mechanism of soft rock roadway rich in clay
minerals in western mining regions. In future research, it is
necessary to discuss the influence of other physical compo-
nents on the rheological mechanical properties and establish
the corresponding constitutive model for revealing deeply
the creep damage mechanism of soft rock.

6 Conclusions

(1) With the increase of clay mineral content such as mont-
morillonite and illite-montmorillonite mixed layer, the
mechanical properties of mudstone under the same
confining pressure show a significant decrease trend.
For example, compared with XY sample, the triaxial
compressive strength, internal friction angle and cohe-
sion of NY sample decreases by about 48.99%, 18.49%
and 40.82%, respectively.

(2) With the increase of clay mineral content and stress
level, the creep deformation of mudstone shows a sig-
nificant increasing trend, while the viscosity coefficient
and long-term strength show a decreasing trend. For
example, compared with the XY sample, the initial
creep deformation of the NY sample is increased by
3.25 times, the viscosity coefficient and long-term
strength are decreased by 80.59% and 53.94%, respec-
tively.

(3) A creep damage variable considering the initial damage
and loading damage is constructed, and the M-S creep
damage constitutive model of soft rock is established.
The new creep damage model can comprehensively
reflect the influence of physical composition, damage
and viscous characteristics on the rheological mechani-
cal properties, which provides an important method for
studying the failure mechanism of soft rock roadway
rich in clay minerals in western mining regions.
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