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Abstract: Anthracite in a specific area of Shanxi Province is the subject of this essay’s research. In
the creep studies, different porosity intervals and pore water pressures were employed to evaluate
the mechanical properties of creep under various test paths. The conventional Burges model was
coupled in series with the nonlinear viscous elements and plastic elements. The key parameters in
the equation are fitted, and a creep model is created to describe the nonlinear viscosity-elastic-plastic
characteristics of coal under the influence of pore water pressure with varying porosities. The creep
tests used varied porosity intervals, pore water pressures, and test paths to study the mechanical
properties of creep. The conventional Burges model was coupled in series with the nonlinear viscous
element and plastic element. To represent the nonlinear viscosity-elastic-plastic properties of coal
under the effect of pore water pressure with variable porosities, the main parameters in the equation
are fitted, and a creep model is developed. The results show that the porosity and strength of the
coal sample are negatively correlated. In comparison to coal samples with a porosity of 5–10%,
the uniaxial compressive strength of coal samples with a porosity of 10–15% and 15–20% reduced
by 9.6% and 22.3%. Throughout the creep process, instantaneous strain rises with porosity, and
changes in pore water pressure and porosity have an effect on instantaneous creep under low-stress
loading, resulting in different creep curve starting strain values. The duration from stress loading
to the accelerated creep stage in the failure stage and the time from the deceleration creep stage
to the accelerated creep stage are both gradually shortened with an increase in porosity and pore
water pressure. For regression analysis and parameter identification, a creep constitutive model was
developed to describe the creep characteristics of coal samples with varying porosity under varying
pore water pressure. The creep parameters of the new constitutive model were obtained, and they
could very well reflect the creep characteristics of specimens with varying porosity intervals under
the influence of pore water pressure.

Keywords: pore water pressure; creep under fractional loading; porosity; coal and rock mass

1. Introduction

Until now, numerous academics both domestically and internationally have produced
excellent results in experimental studies on the creep properties of coal and rock [1–4].
However, many research discoveries could not be effectively shared through engineering
practise. There are two key reasons for this. First of all, the heterogeneous, inelastic, contin-
uous, and anisotropic features of the coal rock mass cannot be concurrently incorporated
into the theory that we have understood. Some scholars define coal rock mass as having the
attributes of continuity in order to conduct pertinent research and then apply the findings
to mining engineering practises in specific locations [5–9]. As science and technology
improve, researchers and specialists are looking into additional ways to connect theory
and practise in experimental research in order to make the environment as comparable to
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engineering as possible. The engineering community realised the value of the study of rock
rheology tests after altering the experimental settings, and the research findings that can
be applied in engineering practise have helped progress the theory of rock rheology and
increase knowledge of rock rheology [10–15].

The whole “stress-strain” curve of the two types of rock when squeezed in one direc-
tion was obtained by many academics who conducted an experimental inquiry to establish
the creep qualities of rocks such as sandstone and marble. Using the strain curve and data
from the creep experiment, a constitutive model of rock creep was developed to explain the
uniaxial creep process of marble and sandstone [16–18]. Numerous researchers constructed
granite from the Three Gorges Dam’s foundation as a standard specimen, tested its uniaxial
creep, and then collected it. The test findings demonstrated that even under conditions of
high axial pressure and severe deformation, granite would exhibit some degree of creep
deformation to research the mechanical characteristics of coal rock after being submerged
in water [19,20]. Numerous researchers examined the mechanical characteristics of slate
under various soaking times as well as the concept of slate under the influence of water
softening. According to the test results, the water absorption of slate steadily decreased as
soaking time increased, and slate has a noticeable softening impact early on. Numerous
researchers examined the mechanical characteristics of slate under various soaking times
as well as the concept of slate under the influence of water softening. According to the
test results, the water absorption of slate steadily decreased as soaking time increased,
and slate has a noticeable softening impact early on. The uniaxial compressive strength of
SLATE progressively drops as water absorption rises, and its declining curve is compatible
with the negative exponential function [21,22]. Many scholars conducted a short-term
creep experiment on coal and rock mass and concluded that certain plastic failures would
occur in the creep process [23,24]. A non-viscous body model is presented to replicate
the accelerated creep process after extensive research on the accelerated creep process of
coal rock mass and the original model. A novel creep model was established by intro-
ducing nonlinear Newtonian bodies based on Nishihara’s model after many researchers
researched the nonlinear creep process of soft rock. By researching the faster soft rock creep
process [25,26], many scholars improved the Nishihara Masao model and obtained a new
model that could describe the creep process [27,28]. The strength of the coal pillar under
long-term adverse conditions, particularly under long-term immersion in goaf water and
the action of goaf water pressure, will differ from the long-term strength of the coal pillar
under the natural state, and its creep characteristics are also quite different because of the
complex occurrence conditions of coal [29–34]. When the mined-out water volume is large,
the mined-out water pressure will form pore water pressure inside the coal pillar in the
form of equivalent pressure. Firstly, pore water has a softening effect on the coal body.
Secondly, pore water pressure will expand the pores or cracks inside the coal body, thus
reducing the internal friction Angle and cohesion of the coal body, and further reducing
the strength of the coal pillar. Therefore, by studying the creep characteristics of anthracite
under the action of pore water pressure, this paper further reveals the creep law of coal
and rock mass under the action of equivalent pore water pressure and enriches the content
of coal and rock creep experimental research.

The anthracite used in this study serves as the examination object. The paper focuses
on the negative characteristics of anthracite under the action of pore water tension us-
ing trial-and-error methods. It also examines and approves a model that gates the drag
characteristics of anthracite with different porosities under the action of pore water pres-
sure. Finally, it lays out another killjoy constitutive model that can depict sped-up creep
regression and performs regression analysis on the anthracite.

2. Materials and Methods
2.1. Specimen Preparation

This paper selects anthracite as the experimental material and selects anthracite in
Shanxi Province. Its main characteristics are hard black, metallic lustre, hardness, and
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density. Large anthracite samples are selected in the coal face and transported to the
laboratory. The coal samples are taken by a line-cutting machine and processed into
ϕ50 mm × 100 mm standard samples. The broken and relatively broken specimens are
removed, and the generally broken specimens are polished to ensure that the prepared
specimens meet the requirements: the upper and lower-end surface unevenness error is
less than 0.02 mm. The error of non-parallelism is less than 0.005 mm, the end face is
perpendicular to the axis of the sample, and the diameter error along the axis is less than
0.1 mm. The coal sample processing process is shown in Figure 1. The processed coal
sample is shown in Figure 2.
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2.2. Testing Equipment

Porosity measurement based on CT scanning: CT scanning technology, computer-
assisted X-ray object tomography, and stacking of each tomography image to obtain the
entire image of the object are used. The computer CT reconstruction program is used to
recreate each area after the scan data is acquired. To generate the CT reconstruction figure
of the entire object following the reconstruction section, each section figure is overlaid. CT
test system is shown in Figure 3.

Axial compression loading system: Figure 4 shows the axial compression loading
system in the experimental device. The system is composed of a gas cylinder, precision
pressure valve, pressure loading cylinder, pressure buffer container, and precision pressure
regulator. When loading the axial pressure, first open the gas cylinder, adjust the precision
pressure valve, pressure buffer container stamping, pressure loading cylinder by pressure
loading began to load the axial stress, in the process of axial pressure loading slowly adjust
the precision pressure valve, at the same time pay attention to the pressure parameters of
the precision pressure regulator, until the pressure reaches the required test axial pressure,
at this time stop adjusting the precision pressure valve, when the strain occurs in the
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specimen, Precision pressure valve will automatically punch the pressure buffer container
to ensure the stability of axial stress. Figure 4 shows the axial compression loading system
in the experimental device. The system is composed of a gas cylinder, precision pressure
valve, pressure loading cylinder, pressure buffer container, and precision pressure regulator.
When loading the axial pressure, first open the gas cylinder, adjust the precision pressure
valve, pressure buffer container stamping, pressure loading cylinder by pressure loading
began to load the axial stress, in the process of axial pressure loading slowly adjust the
precision pressure valve, at the same time pay attention to the pressure parameters of the
precision pressure regulator, until the pressure reaches the required test axial pressure,
at this time stop adjusting the precision pressure valve, when the strain occurs in the
specimen, Precision pressure valve will automatically punch the pressure buffer container
to ensure the stability of axial stress.
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Figure 4. Axial loading system (a) Place coal sample; (b) Precision pressure valve.

Water pressure loading and stabilising system: Figure 5 shows the confining pressure
stabilising system in the experimental device. The system also uses the idea of feedback
regulation to realise automatic pressure when the reactor pressure is less than the set value,
and automatic pressure relief when it is greater than the set value, to ensure the stability
of the pressure in the reactor, to realise the long-term stability of the environment of the
specimen, and the test data is accurate, stable and reliable. The system can control the
confining pressure error within ±0.02 MPa.



Processes 2023, 11, 638 5 of 19

Processes 2023, 11, x FOR PEER REVIEW 5 of 20 
 

 

value, and automatic pressure relief when it is greater than the set value, to ensure the 
stability of the pressure in the reactor, to realise the long-term stability of the environment 
of the specimen, and the test data is accurate, stable and reliable. The system can control 
the confining pressure error within ±0.02 MPa. 

 
(a) (b) 

Figure 5. Axial compression loading system. (a) Confining pressure regulating valve; (b) Confining 
pressure controller. 

Strain monitoring system: Figure 6 shows that the axial strain monitoring system is 
composed of a precision displacement sensor, a data conversion interface, and computer 
operating displacement monitoring software. The precision displacement sensor is fixed 
on the loading cylinder. When the axial stress is applied, the strain of the specimen can be 
reflected by the sliding momentum of the loading cylinder. After the displacement sensor 
detects the slip momentum of the loading cylinder, the data is transmitted to the data 
conversion interface, which transmits the displacement data to the displacement detection 
software run by the computer for real-time monitoring of specimen deformation. The de-
vice connection diagram is shown in Figure 7. 

 
Figure 6. Strain monitoring system (a) Place coal sample; (b) Strain collection. 

 

Figure 5. Axial compression loading system. (a) Confining pressure regulating valve; (b) Confining
pressure controller.

Strain monitoring system: Figure 6 shows that the axial strain monitoring system is
composed of a precision displacement sensor, a data conversion interface, and computer
operating displacement monitoring software. The precision displacement sensor is fixed
on the loading cylinder. When the axial stress is applied, the strain of the specimen can be
reflected by the sliding momentum of the loading cylinder. After the displacement sensor
detects the slip momentum of the loading cylinder, the data is transmitted to the data
conversion interface, which transmits the displacement data to the displacement detection
software run by the computer for real-time monitoring of specimen deformation. The
device connection diagram is shown in Figure 7.
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2.3. Test Methods

The pore water pressure loading mode: the pore water pressure of coal and rock mass
mainly simulates the low-stress confining pressure of the coal pillar under the action of
mined-out water, and the pore water pressure formed when mined-out water enters the coal
and rock mass through pore cracks under the action of confining pressure. During the test,
the coal rock specimen was first put into the reactor, and then the mine water taken from
the site was added into the reactor, and the water surface is required to exceed the upper
surface of the specimen. Then, the reactor is sealed and the external confining pressure
control system is opened to load the air pressure into the reactor, and the air pressure acts
on the water surface in the form of equivalent pressure, thus forming equivalent pore water
pressure inside the coal rock mass. The loading mode of pore water pressure is shown
in Figure 8.
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Stress loading mode: The following tests are carried out in a hierarchical loading mode.
Testing program: Step 1: under the action of no pore water pressure, specimens with

porosity intervals of 5–10%, 10–15%, and 10–20% in the creep experiment under uniaxial
stepwise loading were tested.

Step 2: creep test under fractional loading is carried out under the action of pore water
pressure of 0.5 MPa, 1.0 MPa, and 1.25 MPa, respectively.

Step 3: under the condition that the pore water pressure is determined to be 1.0 MPa,
creep experiments are carried out under stepwise loading with porosity intervals of 5–10%,
10–15%, and 10–20%.

In the creep experiment under uniaxial fractional loading, the loading grade of spec-
imens with different porosity levels is the same in the loading process, and the loading
stress at each level is as follows: 2 MPa, 4 MPa, 6 MPa, 8 MPa, 10 MPa, etc., the loading rate
is 0.1 MPa/s, and the creep time is 25 h. When the creep time is reached, the next stage of
the creep process is entered until the failure test of the specimen is completed.
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3. Analysis of Test Results
3.1. Creep Deformation Analysis under Different Conditions

Figure 9a illustrates the uniaxial creep process of specimens with various porosities
and the various deformation rules that apply to the creep process of specimens with
various porosity intervals. (1) The strain variable of various porosity interval samples
in each loading grade steadily declined with the rise in loading grade during the entire
creep process, and the instantaneous strain also gradually decreased with the increase in
loading grade during the loading process. (2) The specimen’s immediate strain value is also
impacted by porosity. The specimen with porosity intervals of 5–10%, 10–15%, and 15–20%
has an instantaneous strain value of 2.2 × 10−3, 2.7 × 10−3, and 3.1 × 10−3, respectively. Its
variable for instantaneous strain also steadily rises. This is mostly caused by the initial stage
of stress loading; because there is porosity present, the pores gradually contract during
stress loading. The distortion will be more visible the more porous the material is. (3) The
specimen’s uniaxial compressive strength diminishes as porosity rises. As a result, the
specimen’s loading grade decreases over the course of the loading operation. The specimen
with a porosity interval of 5–10% and 10–15% will be damaged when loading to the fifth
grade, and the specimen with a porosity interval of 15–20% will be damaged when loading
to the fourth grade. (4) The strain variable of the specimens in this grade is smaller than
that in the preceding grade throughout the process of graded loading of the three pore
interval specimens, and the deformation gradually decreases with the loading of stress.
The fact that the coal mass is porous, the support impact of the pores on the coal mass
is minimal, and the skeleton deformation is relatively simple are the main causes of this.
Therefore, the specimen with greater porosity experiences greater distortion during the
early stages of creep. However, as the creep loading level increases, the specimen’s interior
pores gradually contract, making it relatively less susceptible to deformation.
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The creep characteristic curves of specimens in the same porosity interval at various
pore water pressures are shown in Figure 9b. (1) The deceleration creep stage and stable
creep stage occur at all stress levels of loading under the influence of varying pore water
pressure, and the acceleration creep stage occurs at the last stress level at which the specimen
is injured. The deformation of the specimen steadily reduces as the loading grade rises,
which is the same as the law discovered by uniaxial creep studies on specimens with
various porosities. (2) The instantaneous stress variables of the specimen are 2.2 × 10−3,
2.5 × 10−3, and 2.6 × 10−3, respectively, with the pore water pressure increasing from
0.5 MPa to 1.25 MPa, and their initial stress variables are lower than 2.7 × 10−3 of the
specimen with porosity interval of 10–15% in the uniaxial creep experiment. Therefore, it
can be concluded that the presence of pore water pressure somewhat lessens the creep effect
of the specimen. The pore water pressure supports the pore fracture during the low-stress
loading stage. The softening effect depends on the pore water pressure, and it gets stronger
the higher the pore water pressure is. (3) The initial stress variable will be decreased when
the pore water pressure rises from 0.5 MPa to 1.25 MPa; however, the opposite is also true.
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This is mostly because water is the source of the constricting pressure. Water intruded into
the specimen through the pores during the confining pressure loading procedure, resulting
in pore collapse and to some extent softening the specimen. The softening effect of water
invasion becomes stronger with an increase in pore water pressure, and it is stronger than
the supportive effect of pore water pressure on pores. (4) At the same porosity level, as the
stress level rises, the coal rock specimen’s internal starting pores are crushed more closely,
causing more internal damage to accumulate quickly, some of which is irreversible plastic
deformation. As the stress level rises, the irreversible plastic deformation becomes more
apparent, and the window for entering the stable creep stage gets smaller and smaller. The
stable creep deformation of coal rock between different stress levels with an increase in
stress levels after the coal rock pores have been compressed is mostly brought on by internal
damage. When a lot of stress is applied continuously, a lot of new cracks are created in the
coal rock, and the internal particles and cement materials separate, which causes a lot of
dislocation between the internal particles, which causes a lot of deformation, and the coal
rock transitions from a stable creep state to a non-stable state.

From the creep curves of specimens with different porosity under the effect of pore
water pressure and the uniaxial creep test in Figure 9c, it could be seen that with the
increase of pore water pressure, the instantaneous strain value of specimens in the creep
process increases to a certain extent, indicating that the presence of pore water pressure has
a softening effect on specimens, leading to a certain increase in the instantaneous strain
value of specimens. In the uniaxial creep experiment, the instantaneous strain values of
the specimen with the porosity interval of 5–10%, 10–15%, and 10–20% are 2.2 × 10−3,
2.7 × 10−3 and 3.1 × 10−3, respectively, while the instantaneous strain values under the
pore water pressure are 2.5 × 10−3, 3.3 × 10−3 and 3.6 × 10−3, respectively. (2) In the case
of applying pore water pressure, the law that the strain value gradually decreases with
the increase of loading level does not change. (3) Compared with the uniaxial creep curve
of specimens with different porosity under the effect of pore water pressure, the strain
difference between the lower level and the upper level of the creep curve increases when
the specimen reaches stable creep, which is mainly due to the effect of pore water pressure
(the specimen is softened and the stress threshold for creep decreases, so the strain value of
the specimen increases at the early stage of loading). However, with the accumulation of
strain in the later stage of loading, the strain variable of the specimen decreases.

3.2. Creep Curve Analysis under Different Stress Levels

According to the creep deformation curves of specimens with different porosity at all
levels of stress in Figure 10, the following is obtained:

(1) With the increase in stress (the increase in stress grading), the strain difference of
specimens with different porosity intervals gradually decreased compared to the
previous grading during stress loading. The strain value of the specimen ceased
increasing at the start of the first stage of loading, and the total strain variable of
the specimen was around 2.5 × 10−3, using the specimen with a porosity interval
of 5–10% as an example. At the end of the second stage of loading, the total strain
variable of the specimen was about 4.5 × 10−3. When the third stage of loading was
completed, the value was about 5.7 × 10−3. The total strain difference of each grade
was 2.0 × 10−3 and 1.2 × 10−3, respectively. In addition, the strain difference between
other porosity interval samples is also consistent with this rule.

(2) In the first, second, and third stage loading process, the deformation of the specimen
with larger porosity is larger. The deformation of the specimen with porosity of 5~10%,
10~15%, and 15~20% in the first stage loading process is 0.4 × 10−3, 0.5 × 10−3, and
0.6 × 10−3, respectively. In the second graded loading operation, the deformation of
the specimens with various porosities was 0.2 × 10−3, 0.3 × 10−3, and 0.4 × 10−3,
respectively. After the first and second graded creep process was completed, the
deformation of the specimens with different porosity had little relative change, and
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the specimens with smaller porosity had more grades. The specimens with porosity of
5–10%, 10–15%, and 15–20% were damaged in the fifth and fourth grades, respectively.

(3) With an increase in loading grade, the duration of the deceleration creep stage of
each grade gradually decreased for specimens with varying porosities. The porosity
interval was 5–10%, and the duration of deceleration creep from the first to the fifth
grade was 6 h, 4 h, 3 h, 2 h, and 1.2 h, respectively.
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Figure 10. Creep deformation curves at different porosity levels. (a) The porosity interval is 5~10%;
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According to the creep deformation curves of different pore water pressure and the
same porosity classification in Figure 11, it can be seen that (1) at all stress levels of loading,
there are instantaneous creep stages, deceleration creep phases, and stable creep stages, and
ultimately instantaneous failure occurs in specimens with considerable axial compression
deformation. (2) The specimen gradually becomes less deformed as the loading grade rises.
Additionally, as with the uniaxial creep experiment, the instantaneous strain variable of the
specimen steadily decreases as the stress grade increases. The primary cause is that as the
loading grade increases, the specimen gradually becomes compacted, making deformation
difficult to occur.
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Figure 12 shows the stress loading creep curves of specimens with different porosity
at all levels under the same pore water pressure. Through the analysis of the test data, it is
concluded that

(1) With the increase in the porosity of the specimen, the instantaneous strain of the
specimen gradually increases at the initial stress loading stage (the stress level is low).
The porosity interval of the specimen is 5–10%, 10–15%, and 15–20%, respectively,
and the instantaneous strain of the specimen is 2.5 × 10−3, 3.3 × 10−3, and 3.7 × 10−3

during the first-grade stress loading process, respectively.
(2) The specimen’s distortion gradually reduces when the stress level is raised. Addition-

ally, as with the uniaxial creep test procedure, the instantaneous stress variable of the
specimen steadily decreases as the stress level rises. The fundamental cause is that as
the force level is increased, the specimen gradually contracts, making deformation
difficult to occur.
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Before the failure of the specimen, there will be an instantaneous creep, deceleration
creeps stage, and stable creep stage in each loading grade, which indicates that the stage
before the creep failure of the specimen can be described by the commonly used five-
element model of rock. However, it is necessary to introduce new components to describe
the accelerated creep in the stage of specimen failure classification. A nonlinear creep
model describing accelerated creep can be established to simulate the creep characteristics
of coal and rock masses with different porosity under the action of pore water pressure.

3.3. Accelerated Creep Phase Analysis

The creep strain rate of coal rock refers to the strain speed of creep of coal rock per
unit time, which can reflect four typical stages of coal rock, namely instantaneous creep
stage, deceleration creeps stage, stable creep stage, and acceleration creep stage.

By calculating the curve slope of the strain curve with time, the relationship between
the creep rate of the specimen and the specimen during the whole creep test can be
determined. However, the creep curves of the uniaxial creep test, the effect of pore water
pressure on creep characteristics, and the effect of porosity on creep characteristics studied
in the previous study show the same curve characteristics under low-stress conditions.
Therefore, the creep curves of the specimen in the loading failure stage are only studied
here, and the creep velocity rate in the loading failure stage is analysed. The effect of
porosity and pore water pressure on the condition of coal rock entering the accelerated
creep stage is obtained.

3.3.1. Rate Analysis of Accelerated Creep Phase in a Uniaxial Creep Test

When specimens with different porosities are loaded with lower stress levels, the
strain rates of creep curves at all levels exhibit two stages: the first is the deceleration creep
stage, in which the strain rate gradually decreases at the initial low-stress loading stage,
and the second is the stable creep stage, in which the strain rate tends to be stable after a
period. This is evident from the analysis of the accelerated creep curve of specimens with
the same porosity in Figure 13. The accelerated creep stage, however, in which the creep
rate increased quickly in a short period, and the specimens’ deformation grew suddenly
and swiftly, caused the specimens to fail when they were loaded to the failure threshold.

The strain rate analysis mainly concentrates on the creep rate of the accelerated creep
stage with evident changes since the properties of the specimens in the lower stress loading
stage are the same and the two stages previously described appear. In addition, the
examination of the accelerated creep stage creep rate gives trustworthy data support for
the creation of the creep model. Give instructions for choosing a creep model. So that the
deformation characteristics of the creep acceleration phase can be better described by the
suggested creep model.
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Figure 13. The curve of the accelerated creep stage of specimens with different porosity. (a) The
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It has been determined through rate analyses of the creep failure stages of speci-
mens with various porosities that the porosity not only significantly affects the specimens’
strength but also significantly affects the creep rate of the accelerated creep stage. It is clear
that when porosity increases, the law of the creep rate that is observed when the specimens
approach the failure threshold varies significantly. The specimen’s creep rate curve for
the porosity ranges of 5–10% and 10–15% reveals that when the specimen is loaded to the
failure level, it first exhibits a primary creep stage with a reduced creep rate and then, at
a certain degree of creep, it exhibits a stable creep stage with a constant creep rate. The
creep rate then enters an exponentially increasing phase known as accelerated creep, which
lasts until failure. The creep rate curve of the specimen with 15–20% porosity demonstrates
that the initial loading stage also experiences the deceleration creep stage, during which
the creep rate decreases, and that the inflection point then immediately transitions into
the acceleration creep stage, during which the creep rate increases. The duration of the
deceleration creep stage of the specimen with porosity of 5–10%, 10–15%, and 15–20% is
1.5 h, 1.0 h, and 0.5 h, respectively. Continuous specimens in the deceleration creep stage of
the specimen gradually become shorter as porosity increases.

3.3.2. Effect of Porosity on Creep Rate under Pore Water Pressure

By analysing the acceleration phase of the creep test curve of the specimens with the
same porosity interval under the action of different pore water pressure, the creep strain rate
change curve of the specimens in the loading failure stage was obtained, and the influence
law of pore water pressure on the accelerated creep stage of coal rock was obtained.

Figure 14 depicts the specimens’ accelerated creep curve under various pore water
pressures. The accelerated creep rate of coal rock under pore water pressure is significantly
influenced by the pore water pressure, and there are obvious differences in the creep rate
during the creep failure stage, according to the analysis of the coal rock’s accelerated creep
rate curve when loaded to the failing grade of the specimens. The period between the
deceleration creep stage to the acceleration creep stage is shorter in the failure stage due
to an increase in pore water pressure. When the pore water pressure is 0.5 MPa, it takes
roughly 2 h from the start of loading in the failure stage to go from the deceleration creep
stage to the acceleration creep stage. The transition from the failure stage loading to the
accelerated creep stage takes around 1.7 h when the pore water pressure is 1 MPa. The
transition from the failure stage loading to the accelerated creep stage takes roughly 0.7 h
when the pore water pressure is 1.25 MPa. There is a deceleration creep stage in the failure
stage under the influence of various pore water pressures, but unlike the uniaxial creep
experiment, there is no steady-state creep stage (the creep rate is unchanged).
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with a rise in porosity and pore water pressure, and the increase in porosity and pore 
water pressure had an impact on the specimen’s entrance time into the accelerated creep 
stage. 

4. Creep Constitutive Model of Coal Rock under Pore Water Pressure 
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3.3.3. Effect of Porosity on Creep Rate

The creep loading failure stage is where porosity’s impact on creep rate is most
noticeable. The creep rate law of various porosity samples is the same during the creeping
stage with a lower loading level. The deceleration creep from the first loading stage to the
stable stage of the specimen with a time creep rate of zero represents the creep rate in the
early stage of creep with a low loading level. The specimen creep rate curves under the
three porosity settings differ at the specimen failure stage.

The acceleration creep phase curves of specimens with different porosity are shown
in Figure 15. Through the analysis of the creep rate curve of the specimens with different
porosity in the loading failure stage, it is concluded that there are obvious differences in the
creep curve of the specimens with different porosity in the loading failure stage of the coal
rock specimens, and the effect of porosity on the accelerated creep stage of the coal rock
specimens is more significant. With the increase in the porosity of the coal rock specimens,
the time from the loading stage to the accelerated creep stage of the coal rock specimens
is gradually shortened. For the samples with porosity intervals of 5–10%, 10–15%, and
15–20%, the time from loading to the accelerated creep phase in the failure stage was 1.25 h,
0.5 h, and 0.25 h, respectively.
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The creep strain rate of coal rock under various situations was examined using the
curve analysis of the specimen’s failure stage under various conditions. The failure stage
of the specimens from the stress loading to the accelerated creep stage gradually reduced
with a rise in porosity and pore water pressure, and the increase in porosity and pore water
pressure had an impact on the specimen’s entrance time into the accelerated creep stage.

4. Creep Constitutive Model of Coal Rock under Pore Water Pressure

Through the laboratory creep test of anthracite, it is found that the specimens with
different porosity will show nonlinear creep characteristics (accelerated creep stage) under
the corresponding stress conditions. The combined model alone cannot express the acceler-
ated creep phase and cannot match the creep characteristics in the experiment. Therefore,
it is necessary to establish a model that can describe the accelerated creep phase.
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4.1. Deformation Mechanism of Porous Media

Through the laboratory creep test of anthracite, it is found that the specimens with
different porosity will show nonlinear creep characteristics (accelerated creep stage) under
the corresponding stress conditions. The failure of rock is mainly due to the generation of
new cracks in the rock under the action of load, and the expansion of the original cracks
under the action of stress, resulting in the increasing ratio of internal cracks in the material,
and finally the failure of the mutual penetration between the cracks. It can be concluded
that the viscosity coefficient of the material will gradually decrease with the generation
and expansion of the fracture in the creep process. When the fracture expands to a certain
extent, the viscosity coefficient will decrease rapidly, and accelerated creep will occur until
the failure occurs. The internal stress of the rock will gradually decrease with time under
the condition of the same deformation rate, which is similar to the deformation described
in non-Newtonian fluids. The combined model alone cannot express the accelerated
creep phase and cannot match the creep characteristics in the experiment. Therefore, it is
necessary to establish a model that can describe the accelerated creep phase.

For the anthracite introduced above, the same characteristics will also be realised in
the creep process. However, the three basic elements commonly used in the combined
model cannot accurately describe the essential characteristics of the anthracite creep process
under the action of pore water pressure, so it is necessary to introduce new mechanical
elements to describe it. Combined with the above analysis, the new component model is
established as shown in Figure 16.
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Figure 16. Creating a new component model.

In the new component model, there is a smooth cylinder in the original component,
and the cylinder is relatively backward due to friction, because the length of the piston is
no longer considered, so the friction exists until the end. Because the rock strain value is
not a variable that tends to infinity, failure will occur after a certain value, and there is no
friction in the part where the piston is located. If this strain value is exceeded, the cohesion
is zero and the rock becomes loose and scattered. Its viscosity coefficient is as follows:

η(t) =
Cη0

At2 − Bt + C
(1)

A, B, and C are all constants, which are determined by the deformation properties of
coal and rock mass, and B2–4 ac ≥ 0

dε

dt
=

σ

η(t)
=

σ(
Cη0

At2−Bt+C

) =
σ
(

At2 − Bt + C
)

Cη0
(2)

The creep equation of this element is solved as,

ε(t) =
σ

η0
(

A
3C

t3 − B
2C

t2 + t) (3)

In the formula, σ is the stress and η0 is the rock viscosity parameters.
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4.2. Creep Constitutive Models of Coal and Rock with Different Porosity under Pore Water Pressure

According to the creep test curve of anthracite under graded loading under pore
water pressure, the instantaneous elastic strain is reflected in the curve at the beginning
of stress loading, so the creep constitutive model must contain elastic elements (Hooking
body), and then the creep curve reflects the obvious creep stage of building speed. Since
the starting value of the slow creep stage is not zero, the initial value of the slow creep
stage is not zero. To reflect this feature, a viscous element (Newtonian body) is connected
in series in the creep model. To reflect the characteristics of the creep reaching stability
and entering the steady-state creep stage in the model at the same time, a Kelvin body
is connected in series in the model. When the creep enters the accelerated creep phase,
the newly established components reflecting the accelerated creep phase are connected in
parallel with the plastic components and then connected in series into the Burgers model.
The new model is obtained by combining the new components with the Burgers model, as
shown in Figure 17. The strength of the plastic element in the model is set as.
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The following are the creep constitutive equations of the new creep model in 1D and
3D states.

In the one-dimensional state:

(1) When the creep model is shown in Part I, the constitutive model will return to the
Burger model, and the equation of the creep model is the following:

ε I(t) = σ0

(
1

E1
+

t
η1

)
+

σ0

E2

(
1 − e−

E2
η2

t
)

(4)

(2) When part II is involved in the model, the model is the integration of part I and part
II, and the equation of part II creep model is as follows:

εä(t) =
σ0 − σs

η0

(
A

3C
t3 − B

2C
t2 + t

)
(5)

In this case, the overall creep model equation is given by

ε(t) = ε I(t) + εä(t)

= σ0

(
1

E1
+ t

η1

)
+ σ0

E2

(
1 − e−

E2
η2

t
)
+ σ0−σs

η0

(
A

3C t3 − B
2C t2 + t

) (6)

where E1 and E2 are the elastic moduli of the model; η1, η2, and η0 are the viscosity coeffi-
cients of the model.

In the three-dimensional state, the stress tensor can be decomposed into spherical
stress tensor and deviatoric stress tensor.

σm =
1
3
(σ11 + σ22 + σ33) =

1
3

σkk (7)
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eij = εij − δijεm = εij −
1
3

δijεkk (8)

Let the shear modulus of the rock be G and the bulk modulus be K, then

G =
E

2(1 + v)
, K =

E
3(1 − 2v)

(9)

where E and v represent the elastic modulus and Poisson’s ratio of the rock, respectively.
Combined with the creep model equation of coal rock under uniaxial stress, the creep

model equation of coal rock under triaxial stress can be deduced. The creep model equation
in the three-dimensional state is measured as

When σ < σs,

eij(t) =
(
Sij
)

0

(
1

2G1
+

t
η1

)
+

(
Sij
)

0
2G2

(
1 − e−

G2
η2

t
)

(10)

When σ ≥ σs,

eij(t) =
(
Sij
)

0

(
1

2G1
+

t
η1

)
+

(
Sij
)

0
2G2

(
1 − e−

G2
η2

t
)
+

(
Sij
)

0 − σs

η0

(
A

3C
t3 − B

2C
t2 + t

)
(11)

is the constant deviatoric stress during the test, and the shear modulus of the model is
the Newton viscosity coefficient in the Burgers model and is the initial Newton viscosity
coefficient in the new model. The long-term strength of rock deviatoric stress can be
determined by conventional experiments.

The main process of the rock creep test is to obtain the creep law of the specimen
under pore water pressure from the relevant data obtained from the creep test and establish
the applicable creep model and give the corresponding creep parameters according to the
creep test law. At present, the method of obtaining the creep parameters mainly uses the
method of test curve fitting.

4.3. Analysis of the Applicability of the New Model to Specimens with Specific Porosity

According to the coal rock classification chart, the average uniaxial compressive
strength σc of samples with a porosity interval of 10~15% is 8.5 MPa. The loading stress of
the first grade (fourth grade) for creep failure of the specimen with a porosity interval of
10~15% under the action of 1 MPa pore water pressure is 8.0 MPa. That is, σs = 8.0 MPa.
After the fourth-grade loading, the accelerated creep time of coal and rock specimens is set
as t, and the creep test curve shows that t = 3 h.

When the creep model of coal rock under the action of pore water pressure degenerates
into the Burgers model, its one-dimensional constitutive equation is as follows:

ε(t) = σ

(
1

Em +
t

ηm

)
+

σ

Ek

(
1 − e

− Ek

ηk t
)

(12)

ε(t) =
σ

E1
+

σ

E2
+

σ

η1
t − σ

E2
e−

E2
η2

t (13)

Let P1 = σ
E1

, P2 = σ
E2

, P3 = σ
η1

, P4 = E2
η2

, and then the above formula can be simplified
as

y =P1 + P2 + P3x − P2e−
x

P4 (14)

where y represents ε and x represents t.
Using the function of Origin custom function, the strain-time relationship of the

Burgers model shown in the equation was fitted with the test data, and the parameters of
the constitutive model were obtained.
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First, the parameters of the creep constitutive equation were fitted for the first three
stress levels. Tables 1 and 2 show the fitting parameters and creep parameters obtained.

Table 1. Fitting parameters under the first four stress levels.

σ P1 P2 P3 P4 R2

2 0.0013 0.0018 3.98 × 10−7 7.013 0.9903
4 0.0032 0.0026 2.25 × 10−7 12.985 0.9985
6 0.0065 0.0035 1.26 × 10−7 18.976 0.9632
8 0.0083 0.0043 9.85 × 10−7 19.534 0.9565

Table 2. Creep parameters under the first four stress grades.

σ E1 E2 η1 η2 R2

2 1538.46 1111.11 5.03 × 106 158.44 0.9335
4 1250 1538.46 1.78 × 107 118.48 0.9658
6 923.07 1714.29 4.76 × 107 90.34 0.9532
8 963.85 1860.47 8.12 × 107 95.24 0.9415

When σ > σs, the creep model under the action of pore water pressure includes the
accelerated creep stage model, so the one-dimensional constitutive equation is as follows:

ε(t) = σ
(

1
E1

+ t
η1

)
+ σ

E2

(
1 − e−

E2
η2

t
)
+ σ−σs

η0

(
A

3C t3 − B
2C t2 + t

)
(15)

ε(t) =
σ

E1
+

σ

E2
+

σ

η1
t − σ

E2
e−

E2
η2

t
+

σ − σs

η0

(
A

3C
t3 − B

2C
t2 + t

)
(16)

Let P1 = σ
Em , P2 = σ

Ek , P3 = σ
η1

, P4 = E2
η2

, P5 = σ−σs
η0

, P6 = A, P7 = B, P8 = C.
The relevant parameters obtained are shown in Table 3.

Table 3. Fitting parameters under the fifth stress.

P1 P2 P3 P4 P5 P6 P7 P8 R2

0.052 4.12 × 10−3 0.352 15.32 156.32 0.052 9.325 0.128 0.9403

The creep parameters including the accelerated creep stage are obtained by fitting the
parameter formula 16 above. The relevant parameters obtained are shown in Table 4.

Table 4. Creep parameters under the fifth stress grade.

E1 E2 η1 η2 η0 A B C R2

192.31 2427.18 28.41 965.87 734.28 0.0026 5.18 0.03 0.9512

As shown in the tables, the correlation coefficients of parameter identification of the
creep equation are all greater than 0.96 after parameter fitting. The correlation coefficients of
model parameters under different loading levels under pore water pressure are all close to
one, indicating that the model can well describe the creep characteristics of coal rock mass
under pore water pressure, according to the above identification results under different
parameters. The obtained parameters were used to fit curves at each stage, as shown in
Figure 18. Through the analysis of the fitted curve, the following conclusions can be drawn:

(1) According to the observation of the curves, the specimens with porosity interval of
10~15% are nearly identical with the curves of the test data under the three stress
loading levels of 2 MPa, 4 MPa, and 6 MPa, indicating that the model can well describe
the creep characteristics of coal mass.
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(2) By analysing the fitting parameters of the model under the first three loading levels, it
is found that the correlation coefficients of model parameter identification under the
first three loading levels are all above 0.99, which verifies the correctness of the model
at this stage and shows that the model can well describe the creep characteristics of
coal samples with porosity interval of 10~15%.

(3) When the loading stress reaches 8 MPa, with the increase of creep time, the coal
and rock specimens transition from the deceleration creep stage at the beginning of
loading to accelerated creep after 3 h. The fitting curve is consistent with the test
curve when the stress is loaded to 8 MPa (the fourth stage loading), indicating that
the established creep model can accurately describe the accelerated creep process of
the specimen.
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(4) (It can be seen from Figures 15 and 16 that the fitting curves of coal and rock specimens
with porosity intervals of 5–10% and 15–20% are almost identical with the creep curves
under different loading stages of the test, indicating that the theoretical values of the
creep equation derived from the creep model are consistent with the data obtained
from the test.

(5) According to the tables, the correlation of coal creep parameters identification is
strong, with all values greater than 0.93. When applied to different grades in different
porosity intervals, the fitting accuracy is high, and the correlation coefficients of model
parameters are close to one, indicating that the model is applicable to coal samples of
varying porosity.

In summary, the model uses the data obtained from the coal rock test with pore
intervals of 5–10%, 10–15%, and 15–20%, respectively, for parameter identification, and the
identification correlation coefficients are all above 0.93, which verifies the rationality of
the model. It can be concluded that this model can well reflect the creep characteristics of
specimens with different porosity intervals under the action of pore water pressure.

5. Conclusions

The research object in this paper is anthracite, and the basic data was obtained through
laboratory experiments using the results of uniaxial creep tests on specimens with varying
porosity intervals. In order to determine the accelerated creep laws for various scenarios,
the results of creep tests performed on specimens with varying pore water pressure and
porosity intervals are compared to those of uniaxial creep tests. Regression analysis is
used to develop and validate a model that accurately represents the creep properties. The
following are the outcomes:
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(1) It is obvious how porosity influences a specimen’s strength. As porosity increases,
specimen strength gradually decreases. When the porosity of specimens increases
from 5–10% to 10–15% and 15–20%, the uniaxial compressive strength decreases by
9.6% and 22.3%, respectively.

(2) Porosity has an impact on the instantaneous strain value of specific materials, accord-
ing to a uniaxial creep test. For samples with porosity ranges of 5–10%, 10–15%, and
15–20%, the corresponding instantaneous strain values are 2.2 × 10–3, 2.7 × 10–3, and
3.1 × 10–3, respectively. It is possible to conclude that as porosity increases, so does
the instantaneous strain of species in different porosity intervals. This is primarily due
to the fact that the pores of the specimen gradually become compact during the initial
stress loading, and the greater the porosity, the more pronounced the deformation.
However, as the loading stage increased, the compression phenomenon subsided.

(3) At all stress loading levels, there are deceleration creep stages, steady creep stages, and
accelerated creep stages at the last stress level where failure happens. Additionally, when
the loading grading increases, the deformation of the specimens gradually reduces, just
as it did in the uniaxial creep experiment with specimens of various porosities.

(4) With increased porosity and pore water pressure, the time for specimens to enter the
accelerated creep stage of stress loading in the failure stage is gradually shortened.
The time for specimens to enter the accelerated creep stage from the deceleration creep
stage is also shortened, according to the analysis of the creep rate in the accelerated
creep stage under various conditions.

(5) To more accurately represent the accelerated creep stage, a new mechanical component
is added to the conventional Newtonian body. The creep constitutive model, which
can accurately represent the creep characteristics of coal samples with variable pore
water pressure and porosity, is developed in sequence with the traditional Burgers
model. After performing a regression analysis and determining the parameters of
the creep model, the creep parameters for the new constitutive model are acquired.
The application of the model is confirmed, and it is found that the model accurately
depicts the creep characteristics of specimens in different porosity zones under pore
water pressure.
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