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Abstract: In order to study the influence of the long-term strength of the rock surrounding deep
roadways under the action of groundwater on surrounding rock stability, taking the rock surrounding
the deep roadway of the Wanfu Coal Mine as the main research object, uniaxial compression and
uniaxial creep tests were carried out on sandstone samples under different water-content states.
It was found that the water content had an obvious softening effect on short-term and long-term
strength, and both strengths showed a negative exponentially declining relationship. The viscosity
modulus (Ey) was put forward to describe viscoelastic creep deformation. And damage variables
corresponding to E (the instantaneous elastic modulus) and E, were proposed. A sticky element that
can describe the accelerated creep behavior was also established to improve the Nishihara model,
based on the experimental results and damage theory. A comparison of the identified parameters and
the experimental curves showed that the model can describe the mechanical behavior of various creep
stages well. The model was developed using the ABAQUS user subroutine function, and the uniaxial
compression creep experiment was simulated. The simulation results were basically consistent with
the experimental results, which provide a basis for the further long-term stable use of roadway and
creep failure simulation and have important practical and guiding significance.

Keywords: sandstone creep; water—rock coupling; uniaxial compression creep; numerical simulation;
secondary development

1. Introduction

The theory of rock strength softening holds that water in rock will reduce the short-
term strength and long-term strength of a rock to different degrees. Many scholars have
conducted research on short-term strength under different water-content conditions, includ-
ing uniaxial compression tests, triaxial compression tests, and splitting tests. At present,
scholars around the world have carried out a large number of tests on different rocks to
study the compressive strength, elastic modulus, tensile strength, and other parameters of
rocks affected by water content or saturation, including sandstone, slate, mudstone, etc.
Starting with Price, scholars [1-6] carried out indoor experimental compression studies
and concluded that the strength decline of sandstone mainly occurred when the saturation
was less than 20%, and the strength drop was not significant under high-water-content con-
ditions. From the dry state to the saturated state, the uniaxial compressive strength, elastic
modulus, and tensile strength of the rock decreased by 60-90%. These studies showed
that the decreasing trends of the strength and elastic modulus of sandstone obviously had
negative exponentially declining relationships with the water content. It was found that
the water content was the most important factor leading to decreases in rock strength and
modulus, and the contents of different mineral components had impacts on rock softening,
especially the clay minerals contained in rock materials [7-10]. Feng et al. [11] investigated
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the effects of the moisture content and intermediate principal stress on the failure behavior
and rockburst response of sandstone under true triaxial unloading conditions. The results
indicate that the presence of water may reduce the possibility of rockburst, and the inter-
mediate principal stress exhibits distinct functions in the failure behavior of natural and
saturated sandstone, which represent significant findings for preventing dynamic disasters,
such as rockbursts.

Wong et al. [12] found that the strength effect of sedimentary rocks is generally more
serious than that of igneous rocks and metamorphic rocks through a statistical analysis
of a large number of studies since 1960. Sandstone, as a kind of rock material rich in clay
minerals, is greatly affected by water—rock coupling.

In terms of the study of water—rock coupling creep, scholars [13-16] have carried
out experimental research on the water—rock coupling creep characteristics of a variety
of rocks. It has been found that the instantaneous strain and total creep strain of rock are
positively correlated with the water content under the water-rock coupling effect. Saturated
samples will enter the creep deformation stage at a lower stress level, the cumulative creep
deformation of saturated samples is much larger than that of dry samples, and an increase
in the water content greatly improves the creep speed. On an experimental basis, a creep
model considering water weakening was established using the theory of the primordial
model. Tao et al. [17] conducted a comparative study of the Burgers model and Nishihara
model and believed that both the Burgers model and Nishihara model were suitable for
soft rock, while the Nishihara model had a wider range. Scholars have also carried out
studies of the creep model based on the Nishihara model and described the decay creep
and steady creep characteristics of all kinds of rocks [18-20].

Due to the characteristics of the above models, they can describe the first two stages of
the creep curve, but they are not sufficient to describe the deformation law of rock material
in the accelerated creep failure stage. Rock is a nonlinear, heterogeneous, anisotropic,
and complex material, and its creep process is a complex process of elastic, viscous, and
plastic coexistence. The nonlinear variation in the creep deformation and creep rate in
the accelerated section, coupled with the effects of multiple fields, greatly increases the
complexity of the creep law of rock.

Therefore, scholars have continuously improved the existing basic model in the re-
search process; analyzed different creep deformation amounts, deformation rates, failure
modes, and viscoplastic deformation relationships caused by different water contents; and
tried to reveal the mechanism of the influence of water on rock creep, thus establishing the
creep constitutive equation considering water damage [21,22]. In addition, some studies
improved the Nishihara model and introduced nonlinear viscoplastic elements [23-26] to
describe the accelerated creep behavior of rocks.

In order to further reveal the influence of the water saturation degree of each creep
stage under the coupled action of water, in this study, the deformation law in the creep
process of each stage was further analyzed and the damage evolution law in the creep
process was classified, based on previous studies. In addition, the creep damage law
of different deformation stages was improved, and an improved Nishihara model was
obtained. At the same time, the secondary development function ABAQUS software [27-29]
was used in the numerical calculation of the creep process. Compared with the experimental
results, the accuracy of the model was verified.

2. Experimental Sample and Scheme
2.1. Sample Preparation and Basic Properties

The sandstone samples selected in this paper were from the Wanfu Coal Mine in
Shandong Province. Cores drilled on site were processed into standard cylindrical samples
(¢ 50 mm x 100 mm) for laboratory experiments. And the surface flatness and the paral-
lelism of the top and bottom faces of all samples were within the specified error range (the
surface flatness was within &+ 0.05 mm). Some sandstone samples are shown in Figure 1.
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Figure 1. Partial creep sandstone samples.

The mineral composition of the sandstone samples was obtained via X-ray Diffraction
(XRD) experiments. They were mainly composed of quartz, clay minerals, potassium
feldspar, and ankerite. Among them, quartz and clay minerals accounted for 78.5% and
17.6% of the mineral content, respectively. The components of the clay minerals were
mainly kaolinite and chlorite, and they also contained a small amount of chlorite. The
average wave velocity of the sandstone samples was 3.52 km/s. Samples with similar
wave velocities were selected for the experiment to reduce the error between samples. In
order to study the effect of the water content in the creep experiment, water absorption
experiments were set up in advance, and the maximum water content of the sandstone
was 3.3%. Therefore, five kinds of sandstone samples with different water contents were
prepared, namely, the dry state (0%), 0.8%, 1.6%, 2.4%, and the saturated state (3.3%).

2.2. Design of Creep Experiment

A creep experiment was carried out on the Five-link Rheological Test System for Deep
Soft Rock (Figure 2) developed by the State Key Laboratory of Deep Geomechanics and
Underground Engineering of China University of Mining and Technology (Beijing, China).
The parameters of the samples in this test are shown in Table 1. The creep experiment
adopted the creep method of single-stage loading. In order to study the creep response of
sandstone under the same stress condition, the initial creep stress was set to 18 MPa, and
the incremental load between the two adjacent loads was 4.5 MPa. In addition, due to the
low compressive strength of saturated sandstone, the initial creep stress was set to 9 MPa.
After the full creep process, the next load was applied, and the creep time of each stage
was set to 24 h until the creep failure of the samples occurred.

Figure 2. The Five-link Rheological Test System for Deep Soft Rock.



Sustainability 2023, 15, 14718

40f 15

Table 1. Parameters of sandstone samples in creep experiment.

Sample Number Natural Quality Dried Quality 2;323;2::& Moisture i Length Diameter Density3
(wn, 8) (wy, 8 (wq, 8 Content (w, %) (I, mm) (mm) (p, g/lcm®)

R-20 463.03 462.33 - 0 100.99 49.48 2.38

R-21 463.20 46247 465.71 0.8 100.46 49.38 241

R-22 472.96 472.10 479.63 1.6 101.35 49.58 2.42

R-23 474.13 473.35 485.07 2.48 101.56 49.56 242

R-24 460.33 459.55 474.66 3.32 99.59 49.43 2.41

3. Experimental Results and Analysis
3.1. Analysis of Strength-Softening Experiment Results

The uniaxial compression experiment results of sandstone samples with five different
moisture contents are shown in Figure 3. The uniaxial compressive strength and elastic
modulus of the sandstone samples showed negative exponential relationships with the
water content, and both of them decreased continuously with the increase in the water
content. From the dry state to the saturated state, the uniaxial compressive strength of the
sandstone decreased from 90.67 MPa to 33.74 MPa, and the softening coefficient was 0.37.
The elastic modulus decreased from 14.1 GPa to 7.3 GPa, a drop of 46%, indicating that the
sandstone was obviously softened by the water content.

100

—u— Yield limit strength
- - - Fitting curve

—a— Uniaxial compressive strength
= Failure strength
0=28.0326+40.9637-exp(—1.1135-w)

I€2*0.997
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60 | <

Stress o/MPa

40 - \\\ l\.

20 e

0.0 0.8 1.6 24 32
Moisture content w/%

Figure 3. Relationship between creep failure stress and moisture content of sandstone.

3.2. Creep Experiment Results

The creep results of sandstone samples with different water contents are shown in
Figure 4. Due to the influence of water on the long-term strength of rocks, the dry samples
failed under high stress. The average failure stress was 69.19 MPa, while the average failure
stress of the saturated samples was 28.13 MPa. The detailed values are shown in Table 2.
It can be clearly seen in Figure 3 that the creep failure stress of the sandstone decreased
exponentially with the increase in the water content. It was found that the ratio of creep
failure stress to uniaxial compressive strength was relatively stable, ranging from 0.76 to
0.84. Due to the limitation of the experimental design, it was suitable for the stress range
when the accelerated creep failure occurred after about 24 h of sandstone creep. When the
stress is less than this range, the rock will be damaged after a longer creep time, and when
the stress is greater than this range, the creep failure will occur in a shorter time. When the
stress is less than a certain threshold, the rock will not enter the steady-state creep stage
after initial creep; therefore, creep failure will not occur. In order to further study the critical
stress of rock entering the plastic deformation stage, namely, the yield limit stress (c5), the
experimental creep data were processed.
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Figure 4. Creep curves of different water-content states.
Table 2. Ratios of yield limit and failure stress to UCS.
Moisture Content (w, %) 0% 0.8% 1.6% 2.4% 3.2%
UCS (MPa) 90.67 56.25 4291 37.30 33.74
Yield limit strength
54 49.50 29.25 40.5 22.5 22.5 18 22.5 18 18
(0s, MPa)
Mean value
(MPa) 51.75 34.88 22.5 20.25 18
os/UCS 0.57 0.62 0.52 0.54 0.53
Accelerated yield strength 54 76.5 27 47.25 27 315 24.75 27 225 27
(04s, MPa)
Mean value
(MPa) 65.25 37.13 29.25 25.88 24.75
0as/UCS 0.72 0.66 0.68 0.69 0.73
Failure stress 59.63 7875 3600 5175 3600 3600 2925 3375 2700  29.25
(o4, MPa)
Mean value
(MPa) 69.19 43.88 36.00 31.50 28.13
o;/UCS 0.76 0.78 0.84 0.84 0.83

Using Chen’s loading method [30], the creep curves were processed, and the uniaxial
creep curves of sandstone with different water contents under different graded loads were
obtained. In order to study the influence of water on the viscoelastic deformation stage of
sandstone creep, the instantaneous strain generated by the applied stress was separated.
Only the viscoelastic and viscoplastic deformation after the creep load was applied in each
stage was studied, and the isochronous viscoelastic stress—strain curves were obtained.
Taking the DR-20 and DR-23 sandstone samples as examples, the creep curves of the graded
loading are shown in Figure 5. When the stress was at the initial load and a low stress level,
the sandstone samples showed viscoelastic deformation characteristics under the creep
stress, and the strain remained stable. With the gradual increase in the load stress level, the
steady creep stage, where the deformation grew steadily, appeared after the initial creep
stage. In the last load stage, the samples entered the accelerated creep stage. There was a
complete three-stage creep deformation and failure process.
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Figure 5. Uniaxial stepped loading creep curves of sandstone using Chen’s loading method. (a) Dry
condition (DR-20). (b) Water content: 2.4% (DR-23).

By processing the stepped loading creep curve of sandstone, the isochronous stress—
strain curves of sandstone with different moisture contents could be obtained [30]. A total
of nine times were selected, including 0, 3, 6, 9, 12, 15, 18, 21, and 24 h, and the stress—strain
curves at different times formed a curve cluster. In this paper, the viscoelastic stress—strain
isochronous curves of the DR-21 and DR-24 sandstone samples were obtained, as shown in
Figure 6. The following results could be obtained by analyzing the creep curves. When
the creep stress was small, the strain was basically stable after a short period of the initial
creep stage, and the strain remained basically unchanged after 24 h of creep. The value
was related to the creep stress, and there was a linear increase in the first stage, as shown
in Figure 6. According to the creep theory, the strain in this process was a viscoelastic
deformation, which could be fitted by the viscoelastic equation in the Nishihara model.
When the stress exceeded a certain value, the isochronous creep curves entered the second
stage, and plastic deformation occurred during the creep process. It can be seen that the
isochronous creep curve also showed a linear increase after 24 h of creep, and it indicated
that the plastic deformation increased linearly with the increase in the creep stress. The
critical stress between the two stages was expressed by the yield limit strength (o) in the
Nishihara model. Then, with the stress further increasing, the strain increased nonlinearly
after reaching a certain stress, and the isochronous creep curves entered the third stage.
Therefore, this critical stress is defined as the accelerated yield limit strength, which is
expressed by os. Therefore, the creep process can be divided into three stages according to
the stress in the isochronous curve.

Stress o/MPa

1T
1/
<
% i
B
s
) 24 h
—<— 16 h
8h 1
—e— 3h
—u— (Oh
0.50 . . 0.00 0.05 0.10 0.15 0.20 0.25
Strain &/% Strain &/%
(a) (b)

Figure 6. Isochronous viscoelastic stress—strain curves in dry state. (a) DR-21. (b) DR-24.
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The difference in slope between the first-stage curve and the second-stage curve was
small. In order to study the effect of different moisture contents on the viscosity during
creep, the slope of the two-stage isochronous curve could be defined as a new viscous
elastic modulus. It was expressed as E,, and the value was equal to the average value of
the slope of the isochronous curve with the same moisture content. It was used to describe
the evolution law of the viscous strain in the whole creep process. It was found that the
ratio of the accelerated yield limit to the compressive strength ranged from 0.66 to 0.73,
as shown in Table 2, and there was little difference in the final failure stress. Therefore,
this modulus can be used as an approximate substitution of the whole process of creep.
It can be seen that the viscous modulus (E,) and the instantaneous elastic modulus (E)
decreased nonlinearly with the increase in the water content, and their softening equations
were obtained as shown in Figure 7.

20 60
= FElasticmodulus ® Viscoelastic modulus
Fitted curve Fitted curve
=
g g
S 2
= {402
B 154 E ~19.2633+34.6373-exp(—0.8253-w) g
El 2 -2
"é R=0.9978 %
2] ]
o >
E=11.0933+6.7234-exp(~1.1951-w) = 120
10 R%=0.9949 ) ) )
0 1 2 3

Moisture content w/%

Figure 7. Softening curves of elastic modulus and viscoelastic modulus.

4. Constitutive Creep Damage Model
4.1. Damage Variable

According to the basic definition of damage theory, the ratio of the material defect
area to the total effective bearing area is used to represent damage:

M

where Ap and Ay, are the effective bearing area and the effective bearing area in a damaged
state, respectively.
Therefore, the damage variable of the water absorption strength of sandstone can be

defined as E
Dp=1-—% 2
E Eo @
Combined with the fitting equation of the elastic modulus changing with the moisture
content, the damage equation of the elastic modulus is as follows:

D = 0.4209 — 0.4209 - exp(—1.554 - w) 3)

The long-term creep damage is defined according to the change in the viscous mod-
ulus, which is consistent with the idea of defining instantaneous elastic damage. It was
considered that the rock was in a non-destructive state in the dry condition, and its viscous
modulus was Eg. When the water content of the sandstone changed, the creep modulus
of the sandstone gradually decayed, and when the water content reached a saturation
state, the creep modulus tended to reach a stable value. The creep damage variable can be
defined as

Di=1--" )
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Combined with the fitting equation of the creep modulus changing with the moisture
content, the damage equation of the creep modulus can be expressed as

D, = 0.6445 — 0.6445 exp(—0.8253 - w) ()

4.2. Accelerated Creep Model

Compared with the initial creep stage and the steady creep stage, the accelerated creep
failure stage only occupied a very small part of the processes of the creep experiment, but
it could produce great nonlinear deformation. Figure 8 shows the accelerated creep process
of sandstone samples under dry and saturated conditions. The last step of the creep curve
showed a complete three-stage creep curve characteristic of the whole creep process. From
the end of the instantaneous elastic deformation of the loading to the initial creep stage, the
creep rate finally reached a stable level. After a period of steady creep, the accelerated creep
stage began to appear, and finally creep failure occurred. The duration of each acceleration
curve varied from 2 h in the dry state to 27 h in the saturated state because of the influence
of different moisture contents and different creep stresses.

8 1.1 12
4 Strain o Creep strain rate A Strain o Creep strain rate
Initial creep steady creep  accelerated creep L, Initial creep steady creep accelerated creep
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I ) o 6 1 I il
! PN — ! [N B
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| Lannnssssf = < 09F i Pl 2
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Figure 8. Uniaxial accelerated creep curves and creep strain rate curves of sandstone under dry and
saturated conditions. (a) Dry condition (0%). (b) Saturated condition (3.3%).

After the rock creep process entered the accelerated creep stage, the strain increased
nonlinearly, and the growth of strain in this stage became the most important factor in
the rock failure. In general, the elastic element was used to describe the instantaneous
elastic behavior of the rock during the loading process. The deformation characteristics of
the rock conformed to Hooke’s law, and it was considered that the deformation was only
related to stress and had nothing to do with time. A viscous body was used to describe the
viscoelastic behavior of the rock, and the mechanical properties conformed to the definition
of a Newtonian fluid. A Newtonian fluid is a material whose stress is proportional to
the strain rate. Therefore, during the study of the accelerated creep model, this paper
mainly researched the internal relationships between stress and strain or the strain rate and
established a new element to describe the accelerated creep behavior.

By analyzing the data of the accelerated creep failure stage in the creep experiment, it
was found that the creep strain rate (¢ = de/dt) increased exponentially with time. And
the derivative of the creep strain rate showed that ¢ increased linearly with time, so a
quadratic function could be used to fit the relationship between the creep rate and time.
The fitting results are shown in Figure 9. A new nonlinear viscous kettle model with strain
triggering was established to describe the process of accelerated creep, and the specific
model is shown in Figure 10. When the strain was greater than ¢;,, the model would work
in the accelerated creep stage. When the overall strain of the model was less than ¢, the



Sustainability 2023, 15, 14718

9of 15

e(t) =

kettle did not act. Similar to the definition of an ideal viscous body, the viscous element,
which was independent of time, was defined as

de
g = Una = 1771 £ (6)
3
= Creep strain rate .
) Fitting curve
=
<
b2t .
> [ ]
£ | y=12.9373-(x-0.0027)"2+0.0302
=1
‘S | R7=0.7237
@ 1k
g L]
O
L]
0 . . .
0.0 0.1 0.2 0.3 0.4 0.5

Accelerated creep time/h

Figure 9. Accelerated creep strain rate fitting curve.

ve “vp n

(b)

Figure 10. Modified Nishihara model. (a)Traditional creep elements and accelerated creep elements.
(b) Nishihara model with viscous kettle.

According to the research on the creep law of the water—rock coupling damage state
of sandstone above, a new nonlinear creep damage model was constructed considering the
instantaneous damage of the water content and creep damage, and the triggered viscous
model was superimposed, as shown in Figure 10. When ¢ < ¢, the model degenerates into
a simple Kelvin model, which can describe the instantaneous deformation and the initial
creep process. When o > 05 and € < ¢, the model degenerates to the Nishihara model,
which can describe the initial creep and steady creep stages in the creep curve. When
o > 0s and € > ¢, the newly established viscous damage model can work and describe the
accelerated creep stage in the creep process. According to the series—parallel relationship,
the equation of the current creep model can be obtained through theoretical derivation.
The creep equation of the improved Nishihara creep damage model is shown in Formula 7.

1 E1(1-D,)

Eo(la—De) + El(la—DB) — OXP | 5(1-D¢) (o <os)
Ey(1-D.) —0s
e eTeen R R v o D g a (o> o) @)

E;(1-D.) o—0s

o o o -3
B0y TEA DL TP S ta ot teanT (@2 0se>e)

Based on the experimental creep data of sandstone with different moisture contents
from the Wanfu Coal Mine, the rheological beginning of the accelerated creep stage was
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determined. For example, the sandstone in the dry state entered the accelerated creep stage
when t = 12.12 h, and the corresponding strain was used as the trigger strain value of the
viscous kettle. The strain value was 7.68 x 1072 at this time. First, the parameters of the
damaged viscoelastic element (Ey, E1, %1, and #2) were obtained by fitting the curves of
the first two stages. Then, the accelerated creep curve was fitted to obtain the accelerated
rheological parameters (77,;), as shown in Table 3.

Table 3. Fitting parameters of creep damage model based on modified Nishihara model.

Model Parameters

Moisture Creep w y "
9 ! ! 1 2 n
Content (%) Stress E'y (GPa) E'1 (GPa) (GPah) (GPaP) (GPahd)
18 6.03 192.34 825.89
225 6.93 133.18 690.22
27 7.64 108.20 417.22
315 8.31 60.12 343.23
0 36 8.94 56.00 262.78
45 10.23 53.00 247.11 1964.02
54 11.26 52.11 196.44 1330.20
59.625 11.88 40.33 136.00 634.30 7.25

Figure 11 shows a results comparison between the uniaxial experimental creep curve
under graded loading and the creep damage model curve of DR-20 sandstone. The experi-
mental curve was in good agreement with the theoretical curve, and it indicated that the
model can not only accurately describe the whole process, including the initial creep pro-
cess, steady creep process, and accelerated creep process, but can also effectively describe
the creep characteristics of sandstone samples with different moisture contents.

104 = I8MPa » 45MPa —Fitting curve
4 27MPa * 54 MPa
36 MPa ° 59.625 MPa
8 -
X
®
R
s
a6 -/’—'—— —
L
/_'
44
1 1 1 1
0 6 12 18 24
Time/h

Figure 11. Experimental and theoretical curves of creep.

5. Numerical Calculation
5.1. Damage Calculation Model

The total strain of the model rock (g;;) is composed of four parts, including the elastic
strain (e‘l?j), viscoelastic strain (ef].e ), plastic strain (ezp ), and accelerated viscous strain (8’17].).

— o€ ve vp n

The strain deviator rate form is

. _ -e -ve 'Up ‘N
gj = &j & T&; & )
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Combined with the Perzyna viscoplastic theory, the three-dimensional incremental

form of elastic deformation is A
ey = o) (10

0
The viscoelastic three-dimensional constitutive incremental form is

(e} = [Ig]-[l—exp(—it>]{a} (1)

vet+At __ ¢ _veyt a(sve)f a(sve)f
{e7 YA — Loyt 30, Aa+8(f(t))

Formula (11) can be obtained by expanding Formula 10 with the first-order Taylor series.

A(f()) (12)

Al-
where B = %Af(t), Af(t) =exp (—%) - exp (1 —exp (—%At) ) .
The incremental form of plastic deformation is

- (B ()

Using the Drucker-Prager yield criterion, the following equation can be obtained:

(e} =

F=al+/J-K=0 (15)

where I and ], are the first invariant of stress and the second invariant of stress deviation.
o and K are experimental constants only related to the internal friction angle (®) and
cohesive force of rock. In the principal stress space, the yield surface of the D-P criterion is
a conical surface.

In this paper, the associated flow rule was adopted, so the plastic strain increment can
be expressed as

{e}, =A{§§} (16)

Then,
1
x + @(ZUX — oy —02)
®+ %EEZUy_UZ _o-x;
oF x+ -1 (20, — 0 — 0,
{a}_ o VR a7
(o
J2
Yz
Vi
Tzx
Vi
Therefore,
. t-+At . t a{évp}t a{gvl’}'
op . op
{€ } - {8 } + t o0 Ao + K AK (18)
t
where G! = (s +o%) CH = (Sem+od)

12 )
Without considering material hardening, the plastic strain increment can be expressed as

AP = {(é“”)t LGt AJ} At (19)
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The incremental form of accelerated creep strain can be obtained:

nl 9" 9s . s
Ae =5 53%" Ao + 6’MZTAT

1 o9s . s
= G0 Ao + %ZTAT

(20)

The incremental form of this damage calculation model can be obtained by
further derivation:

S
67]711

Ao =D":Ae—D": (BW + &P AL+ ZTAT) (21)

where D" = (Ce + ] + G'At + ﬁ g%) ' and C° is the flexibility matrix corresponding
to the elastic stiffness matrix.

According to Equation (21), the stress increment can be calculated, and the next step
in stress value calculation can be taken. A numerical calculation of creep damage based on
the D-P yield criterion can be realized by programming the corresponding program with

ABAQUS User-defined Material Mechanical Behavior (UMAT).

5.2. Numerical Model and Calculation Parameters

Based on the new damage calculation model, ABAQUS software was used to simulate
the creep behavior of uniaxial compression creep under different load conditions. The
graded loading creep curves of sandstone with different moisture contents are shown in
Figure 12, and Table 4 shows the parameters of the numerical calculation.

" 0% v 24%
1.0 o 0.8% o 33%
1.6% Fitting curve *

Strain /%

5 10 15 20 25 30
Time/h

Figure 12. Creep fitting curve of sandstone under uniaxial graded loading.

Table 4. Numerical calculation parameters of the uniaxial compression creep in the last load stage.

. Internal . ,

Number Cohesive Force Friction Poisson’s  Ej Eq 11 12 Wl €

(c, MPa) oy Ratio () (GPa) (GPa) (GPa-h—1) (GPa-h—1) (GPa-h—2) (10-3)

Angle (g, °)

DR-10 17.0 195 240 900 15.0 —8.63
DR-20 18.93 45.96 013 155 195 260 2200 100.0 835
DR-11 135 25 240 1000 5.0 —7.15
DR-21 13.03 42.97 0.23 11.8 36,5 600 2600 50.0 ~9.40
DR-12 9.8 15.0 300 800 25.0 —7.03
DR-22 9.60 41.35 0.25 103 14.0 1600 4200 50.0 —7.09
DR-13 9.7 19.0 380 650 40.0 _743
DR-23 8.96 40.16 0.28 10.1 155 440 840 20.0 —7.70
DR-14 1 . 2 7 —7.7

8.14 39.75 0.30 2 35.0 580 520 0 0

DR-24 8.9 55 1580 3200 7.0 -11.13
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It can be seen that the simulation curves obtained by ABAQUS software could better
describe the initial creep process, although there was a little deviation from the experimental
creep curves in the initial creep stage. In the stable creep stage and the accelerated creep
stage, the simulation curves were highly consistent with the experimental curves, and good
simulation results were achieved. Therefore, based on this new damage calculation model,
ABAQUS software can effectively simulate the whole creep process of sandstone.

6. Conclusions

Based on the creep experiment using sandstone from the Wanfu Coal Mine, this paper
studied the whole process of the water—rock coupling creep of sandstone with different
moisture contents and analyzed the deformation law in the creep process of each stage.
Based on the traditional Nishihara model, the damage theory was used to modify the
different deformation stages, and an original model describing the multi-stage creep was
obtained. At the same time, the secondary development function of ABAQUS software was
used to numerically calculate the creep process, and good simulation results were obtained.
The conclusions were as follows:

(1) In this paper, uniaxial compression experiments and the uniaxial compression creep
experiments using five kinds of sandstone samples with different moisture contents
were carried out. The experimental results showed that the compressive strength, the
elastic modulus, and the parameters related to the long-term strength had negative
exponential relationships with the moisture content. The isochronous viscoelastic
curve was obtained using the curve of uniaxial compression step loading of the whole
creep process. The critical stress of different stages of creep also had a negative
exponential relationship with the water content, but there was a stable proportional
relationship between it and the uniaxial compressive strength.

(2) A new viscous modulus (E,) was introduced to describe the evolution law of the vis-
cous strain in the whole creep process according to the slope change of the isochronous
viscoelastic curve, and the nonlinear softening equation with the change in the mois-
ture content was obtained. At the same time, a new viscous modulus was defined
based on the accelerated creep deformation law of uniaxial graded loading creep. A
nonlinear viscous kettle model with strain triggering was introduced to describe the
accelerated creep process. In addition, a new creep constitutive model was derived,
and the creep equation was given.

(38) According to the viscoelastic constitutive relation, the iterative incremental form of the
improved Nishihara model based on the D-P criterion was established. The calculation
curves of the creep process of sandstone were obtained using ABAQUS software and
were in good agreement with the experimental creep curves. The whole creep process
of sandstone can be accurately simulated, and it provided a new research idea to
study the creep process of sandstone using the method of numerical simulation.
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