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The creep and failure mode of stratified coal is complex and challenging to
predict. This is highly attributed to the internal stratified structure generated
during coal forming. In this study, the inner stratified structure of coal during
creep failure was explored. The evolution relationship between the key creep
parameters and the inner stratified structure was evaluated through creep tests.
The creep failure characteristics of coal under complex stress were determined.
A neural network model was established to predict the creep failure modes, and
the output results were subjected to smoothing and tracking to reduce the
error. The results showed distinct creep characteristics of coal with various
types of stratified structure. Key parameters such as creep variable, steady creep
state and creep rate exhibited a nonlinear relationship with stress. The dual
control neural network model constructed in the study showed high accuracy
and stability. This model can be used as a guidance and reference for the study
of creep failure mechanism and elucidation of creep behavior prediction of
stratified coal.

KEYWORDS
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Introduction

Creep damage and coal failure significantly affects safe mining (Hoek and Brown,
1997). Creep failure of the coal body is more common when the mining depth increases.
The disaster management methods previously used do not alleviate new disasters due to
the complexity and variability of the coal creep mechanism. This results in the significant
increase in disaster risk and low efficiency of disaster relief strategies, ultimately
threatening safe mining of coal resources. Therefore, it is imperative to explore the
coal creep formation process to lay a basis for safety coal mining.
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Experimental studies are currently the main approaches used to
study the creep characteristics of coal. Advances in experimental
procedures in the recent past has promoted the development of
experimental coal creep research. Previous researchers modified
experimental equipment according to their needs and upgraded the
original single experimental equipment to multi-functional intelligent
control devices, which enhanced the process of coal creep research.

A study was previously conducted to explore the creep behavior
and characteristics of saturated rock under high stress and in situ
stress under the mode of uniaxial single-stage loading and graded
incremental cyclic loading (Liu et al., 2013). The findings provided a
basis for control of coal deformation and alleviated deep saturated
rock mass risks. Dubey and Gairola (2005) evaluated the effect of
internal structural anisotropy of rock salt on the creep behavior
through experimental methods. The findings indicated that
structural anisotropy significantly modulated the instantaneous
strain, transient strain, steady strain and enhanced strain
development in rock salt. The effect of structural anisotropy on
rock salt deformation is negatively correlated with stress. Pellet and
Fabre (2007) conducted static, quasi-static, and cyclic creep
experiments on sedimentary rocks. The results showed that clay
particles significantly affected the creep behavior, and the particle
creep markedly affected the overall creep behavior. Rahimi and
Hosseini (2014) conducted triaxial creep tests using thick-walled
hollow columnar salt rock specimens, and explored the effects of
confining pressure, deviating stress and strain rate on salt rock creep
behavior. The results indicated that strain rate increased with
increase in deviating stress and confining pressure, and the
lateral pressure had higher effect on tangential strain rate
changes compared with deviating stress. Grgic and Amitrano
(2009) conducted by uniaxial creep experiment to explore the
effect of water saturation on rock creep. Analysis of strain and
acoustic emission monitoring data showed that micro-fracture plays
an essential role in the creep process.

Nadimi et al. (2011) conducted a triaxial creep test using rock
samples to evaluate the aging characteristics of rock mass, and
estimated the dynamic constitutive creep model parameters of rock
mass using creep test and experimental data. The test results were
consistent with the experimental data. These findings thus provide a
theoretical basis for the support design of underground engineering.
Herrmann et al. (2020) explored the creep behavior of shale by
conducting a creep experiment under high confining pressure and
varying temperature. The creep strain was enhanced under high
temperature, axial differential pressure stress and low confining
pressure. The initial creep strain was associated with the
mechanical properties determined by short-term constant strain
rate experiment. Bhat and Bhandary (2013) improved the torsional
ring shear device, determined the change in displacement over time
and under constant creep stress, explored the residual state creep
behavior of typical cohesive soil. A residual state creep failure
prediction curve was generated for determination of the failure
time and prediction of displacement of the creep landslide. Bagheri
et al. (2015) conducted triaxial creep experiments under different
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FIGURE 1
THMC multi-field coupled rheological test system.

TABLE 1 Sample grouping list.
Number Structural features Angle Quantity
USN None None 4
USH Horizontal stratified structure 5.0° 8
Uso Oblique stratified structure 45.0° 8
Usv Vertical stratified structure 87.0° 8

shear stresses and strain rates using clay samples, evaluated the
volumetric strain rates, and explored the relationship between
initial volumetric strain and time. The volumetric strain-time and
volumetric strain rate-time responses were found to be in good
agreement with the literature, the observed time- and stress-level-
dependency of the were found to be in contradiction with the general
assumption as a material constant.

Fabre and Pellet (2006) carried out creep experiments on
argillite under multiple stresses. The findings indicated that the
overall mechanical properties of the argillite rapidly deteriorated
when the cracks of argillite were unstable, and the creep process of
clay particles caused viscoplastic strain of the argillite. Brantut et al.
(2012) constructed a micromechanical model for simulation of
brittle creep of rock under triaxial stress. Davis et al. (2008)
conducted triaxial compression experiments on dolomite under
varying temperature conditions. The results revealed the
differences in creep mechanisms between coarse-grained
dolomite and fine-grained dolomite with different grain sizes.

Several scholars have widely explored the mechanical properties
of coal with significant findings. Cao et al. (2016) established a
nonlinear damage creep constitutive model of soft rock under
high stress based on the nonlinear damage creep characteristics
and damage variables of rock to explore the creep deformation
of soft rock. Tomanovic (2006) conducted experiments on the
creep of soft rock at room temperature, and established a
rheological model of soft rock. The rheological model was used to
evaluate the creep process after loading, full unloading or partial
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Laboratory findings of USN group samples.

unloading, It is imperative to explore the creep process of tunnel
surrounding rock. Fahimifar et al. (2015) modified a viscoplastic
model originally established under high stress during the extrusion
state. The numerical finite-difference method was used to solve the
equation of the model by approximating derivatives with finite
differences. The model was applied to a series of indoor creep
experiments and it exhibited high accuracy.

Nazary Moghadam et al. (2013) established creep process
numerical models to determine dilatancy, short-term failure
and long-term failure of salt rock samples during transient and
steady creep processes in underground cavern. The validity and
applicability of the proposed model were evaluated by finite
element analysis. Firme et al. (2018) optimized the DM creep
model using different methods and the optimized model effectively
expressed the transient creep process. Hajiabadi and Nick (2020)
established a rate-dependent constitutive model for accurately
predicting the change in axial yield stress as a power function
of applied axial strain rate. The model reproduced the rate-
dependent behavior of porous rock under various loading
conditions. Sterpi and Gioda (2009) evaluated the effect of
viscoelasticity (primary) and viscoplastic (secondary) on the
rheological model, performed finite element analysis on the
strain of deep circular tunnel, and determined the effect of
creep on tunnel shrinkage the finite element results show that
the contribution of tertiary creep is crucial in the prediction of the
short-term closure of the tunnel. This could have a notable
negative effect in case of TBM driven tunnels. Pellet et al.
(2005) established a rock constitutive model that considered the
viscoplastic behavior and damage evolution over time. The model
was used to simulate the creep delay instability of the third stage,
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which represented simulation of the evolution of the damage zone
during underground cavern excavation. Nedjar and Le Roy (2013)
constructed a local damage model based on the concept of yield
surface and verified its applicability through numerical simulation.
Heusermann et al. (2003) constructed a constitutive model for
exploring the nonlinear creep behavior of rock salts and verified its
stability and validity. Olivella and Gens (2002) established a creep
constitutive model based on transfer creep and dislocation creep,
which accurately predicted the creep strain rate of rock.

Coal is characterized by several micro-cracks, voids and
defects, which
Currently, the rheological behavior model is commonly used

cause nonlinear mechanical behavior.
idealized analysis model in studying coal creep behavior. The
mechanical properties of coal have high variability. Therefore,
study of the mechanical properties of coal using an idealized
model is challenging.

Several constitutive models have been established to explore
the creep behavior characteristics of coal under different stress.
Constitutive models have been used to obtain the deformation
features of underground space such as tunnel or chamber surface
(Zhifa et al., 2001; Kontogianni et al., 2006; Fahimifar et al.,
2010). Different properties and the behavior characteristics of the
same material under different mechanical parameters have been
elucidated. Previous findings indicate that the classical
viscoelastic model has limitations. Several rheological models
have been proposed in different studies to simulate the creep
damage-failure mechanical behavior of coal (Guan et al., 2007).
Previous experimental results exhibited an unrecoverable creep
of rock even under minimal stress. Therefore, scholars assumed

that the first, second and third stages of creep curve were

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1031604

Yang et al.
4.0 8
30 7
20 6
L 10 s
g i :; second stage . §
ﬁ-lﬂ 3 ss
20 ; = 2
-3.0 1
L— . -
40 T 0
ol 20 40 60 80 100 ST
Duration (k)
(A) Creep curve of USH-1
40 faiture g [ 8
30 7
4 Lg
s
second stage "’=f s
o3
3 i
' C— ~N[E
20 R 2
X
wofm I l .
sy -
— e B ) _—
4.0 0
0l 02 8 16 24 2 40 R
Duration (k) USIL3
(C) Creep curve of USH-3
- Tailure: 16
30 J 14
third
20 / sage [ 12
second stage -
X » = "0
z i z
N £ il
z k 6 §
]
2
rrii
. . o
10 12 VSIS
(E) Creep curve of USH-5
" "
sas
l—h{Id It
second stage el
. o,
h Vb E
i ‘ 2
3 ___J 6 F
== - 4
m )
7 s e
R “ 21 28 .5 rroee
(G) Creep curve of USH-7
FIGURE 3

Laboratory findings of USH group samples.

completely irreversible deformation stages. A model with
different characteristics compared with the viscoelastic model
was constructed based on this assumption to evaluate the long-
term stability of surrounding rock after underground chamber
excavation (Parsapour and Fahimifar, 2016). (Li and Xia, 2000)
studied the influence of strain history on rock specimen
deformation during multi-level loading and unloading cyclic
uniaxial compression creep tests. Results show that the creep
of rock usually undergoes the three stages of deceleration, steady,
and accelerated for a given constant stress, whether each stage is
evident and the duration of every stage depends on the behavior
of the rock material observed and the load level applied.
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Construction of creep model requires accurately describing the
creep and failure characteristics of rock under varying stress. The
coal creep prediction model based on artificial neural network is
currently used to determine the creep characteristics of coal.
Neural network has be used in previous studies to explore coal
creep characteristics and good results have been obtained.
However, the results from previous studies are not consistent.

In this study, the failure characteristics of coal under
complex stress were studied based on the underground
stress path. In addition, artificial neural network was
utilized to explore the creep-damage-failure characteristics of
coal, and for simulation of the creep characteristics and
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Strain-time curve of USH group samples.

instability mechanism of coal. A BP neural network model was
established and optimized using creep test data, then, the
Lyapunov function was used to verify the stability of the model.

Materials and methods

The creep test under uniaxial static load used in this study
adopts the method for measurement of rock creep characteristics
recommended by ISRM (2014). Saturated sodium nitrate
solution infiltration was used during the test to maintain a
stable relative humidity. The relative humidity was maintained
at 40% at 20°C. The range of relative humidity and temperature
was maintained at #5.0% and +1.0°C, respectively.

The rock THMC rheological test method was used in this study.
A calibration curve was generated to evaluate the relationship
between the effective stress of the equipment and the applied
stress, which was expressed as (y=0.244x-0.511) (Figure 1). Other
equipment used in the study included strain gauge, digital Micro II-
Express multi-channel acoustic emission device, and high-speed
digital camera. Strain gauge and DDI cantilever strain sensor were
used to determine the axial and radial strain to obtain various signal
forms generated by the sample under stress.

The test samples were assigned to four groups according to the
differences in the internal structure (Table 1). In the current study,
30%, 40%, 50%, 60%, 70%, 75%, 80% and 85% compressive stresses
of the uniaxial compressive strength were applied to simulate the
effect of comprehensive in situ stress caused by overburden
geological body and tectonic stress. The unstructured samples
were subjected to compressive stress equivalent to 50%, 60%, 70%,
80% of the respective uniaxial compressive strength. The stress
control method was used for sample loading, and the loading rate
was 0.01 kN/s. Experimental parameters were determined at the
initial stages of the creep test at intervals of 1.0 min, 5.0 min, and
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10.0 min, and then the interval was extended to 0.5-1.0 h at the
course of the experiment. At the end of the experiment, the interval
of recording the parameters were changed to 10.0 min, 5.0 min and
1.0 min when the samples approached the failure mode.

Results and Discussion

Experimental analysis of coal specimen
without stratified structure

Static creep tests for rock specimens without stratified structures
were performed at stress levels comparable to the average o4 of CI
threshold oy and CD threshold ocp. The constant stress was applied
in this test and maintained by controlling the axial load. Increase in
strain (axial and transverse) was monitored as the sample progressed
to the failure mode.

The strain-time evolution and failure characteristics of USN-
1 under a loading stress of 50% UCS are presented in Figure 2A.
The results showed that the specimen underwent three typical
creep stages. The creep experiment lasted for about 43.1 h. In the
initial stage, cracks developed and evolved inside the specimen
when the force was applied to the specimen. The acoustic
emission signal gradually increased and reached the initial
peak value. The creep then progressed to the second creep
stage. The AE signal weakened gradually, however, the AE
signal did not progress to the silent stage and was stable and
active during the entire experiment. The cracks significantly
changed as the experiment progressed to the third creep stage.
The second peak value of AE signals was caused by emergence of
new cracks and the development of original cracks, and the
specimen was markedly deformed and fractured. The entire
specimen was ultimately destroyed. Fracture development and
evolution of the sample during the experiment exhibited random
characteristics, and the final failure mode was not predictable.

The strain-time evolution and failure characteristics of USN-2
under a stress load of 60% UCS are shown in Figure 2B. The creep
stage duration of USN-2 was shorter compared with USN-1, and the
behavior of the three typical creep stages was predictable. The
number of acoustic emission signals of USN-2 was higher. The
number of signals significantly increased when the creep progressed
to the second peak. This finding indicates that more energy was
stored in the failure mode of the sample under relatively high stress
state. The energy was released immediately after destruction of the
sample resulting in evident failure characteristics. The specimen
exhibited irregular failure development path. The blocks in some
positions were completely detached from the sample and exhibited
fragmentation phenomenon.

The failure characteristics of USN-3 under a stress load of
70% UCS are shown in Figure 2C. The duration of the overall
creep stage was about 11.7 h, and the maximum axial creep
before failure was 2.1%. The acoustic emission signal was
restored to the normal state when the sample progressed to
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Laboratory findings of USO group samples.

the second creep stage, and the sample exhibited a relatively
strong signal. Medium and large cracks were observed on the
surface of the sample at a creep time of 8.3 h. In addition, acoustic
emission signals increased at this point, and the sample
progressed to the stable creep state and the third creep stage.
The sample exhibited completely detached and scattered blocks,
accompanied by significant slagging phenomenon. The crack
development path was irregular, which was attributed to the
occurrence of impurities and the sample mechanical properties.

The USN-4 creep stage was 3.3 h long (Figure 2C). The
maximum axial deformation of specimen before failure was 2.7%.
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The intensity and quantity of AE signals enhanced the
phenomenon of energy concentration and significant energy
release was observed. The overall failure of the sample
ultimately occurred under the synergistic action of transverse
and longitudinal cracks. The USN-4 exhibited a crumpled bulk
structure and had essentially no bearing capacity. The
longitudinal cracks played a dominant role in the failure
process, whereas the transverse cracks mainly accelerated the
failure process and caused loss in residual strength. Loss in
residual strength markedly affected the overall failure of the
sample.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1031604

Yang et al.

g
e

axial strain

oo
e

() wens
e
=

-1.0 1501
LSO-2
1503
S04
LSO
1806
U507
USO8

T
75.0

-2.0

radial strain

T T
45.0 60.0
Duration (/)

-3.0 ¢

T T 1
5.0 150 30.0 920.0

FIGURE 6
Strain-time curve of USO group samples.

The fracture development and evolution of the sample
exhibited evident random characteristics since the samples had
random structures, and the final failure mode was unpredictable.

Experimental analysis of stratified coal
samples

Compressive stresses equivalent to 30%, 40%, 50%, 60%,
70%, 75%, 80%, and 85% of the UCS were applied in analysis of
stratified coal samples. The relationships between the stress and
strain of USH, USO and USV samples are shown in Figures 3.

The evolution of stress and strain of USH-1 and USH-2
under static loading are presented in Figures 3A,B. The axial
strain and radial strain of the sample primarily occurred in the
first creep stage. The strain slightly increased when the samples
progressed to the second stage. The axial strain and radial strain
exhibited a static state at 71.5 h, and the samples progressed to
the stress equilibrium stage. Acoustic emission monitoring
indicated that the samples had abundant acoustic emission
signals in the initial stage of loading. The acoustic emission
signals were gentle with a continuous downward trend as the
sample progressed to the second stage. The samples then
progressed to the stress equilibrium stage, and the acoustic
emission signals gradually decreased to a value less than the
threshold value. Notably, the specimen remained intact.

The creep curves of USH-3 and USH-8 are presented in Figures
3C-H. The results showed that all samples ultimately exhibited the
failure mode, and had distinct failure parameters. The creep
durations of USH-3 and USH-4 samples were 38.1 h and 34.3 h,
respectively. The axial strains of the two samples were approximately
2.0% at the second creep stage. The final failure modes of the two
samples were similar. The two samples were characterized by failure
of small wedge-shaped blocks and vertical multi-crack breakdown of
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stratified structure. The general failure mode was a top-bottom
penetrating failure. The shear development of transverse structure
was not significant, thus there was no the phenomenon of large coal
body detaching from the main body. The creep test durations of
USH-5 to USH-8 samples were 9.5 h, 8.6 h, 33h and 19 h,
respectively. The failure of each sample occurred within a
relatively short time (Figure 4). Energy accumulated in the sample
during the creep process due to the large load. Therefore, energy was
rapidly released in the failure stage, resulting in fragmentation or
complete transfixion failure mode of all the samples at varying
degrees. The damaged samples were scattered, and the residual
strength was approximately zero. Development of cracks in the
samples did not exhibit clear directivity. The statistics showed
that the number of transverse and longitudinal fractures which
significantly influenced the strength of the sample was relatively
equal. This finding indicates that the structural characteristics of the
coal samples did not exhibit distinct effect on the creep deformation
and failure characteristics under relatively high stress.

USO-1 exhibited a state of stress equilibrium, and the sample
did not undergo damage at final stage (Figure 5A).

The creep curves of USO-2, USO-3 and USO-4 are presented in
Figures 5B-D, respectively. The final failure mode was observed in
all samples, but the failure time and morphology were significantly
different. The experimental duration of USO-2 under an axial stress
of 5.1 MPa was 459 h. The axial strain and radial strain at the
second creep stage were 1.06% and 0.57%, respectively. The sample
failure mode was characterized by top-bottom shear failure along the
stratified structural plane, as well as fragmentation and shedding of
small wedge-shaped blocks at the top. The stratified structural plane
played a key control and induction role during the failure process of
the sample. The results showed that it was a typical structure-
dominated sample. The constant load of USO-3 was 6.4 MPa, the
creep duration was about 34.6 h, and the axial strain and radial strain
were approximately 1.18% and 0.95%, respectively, at the second
creep stage. The sample failure mode was mainly characterized by a
stratified structure, with the failure plane relatively along the
stratified structure plane. The laminar failure phenomenon
occurred locally, with a small range and relatively weak bedding
plane. The stress load for USO-4 was 7.6 MPa and the creep
duration was 28.8 h. The axial strain significantly increased by
1.67% and the radial strain increased to 1.04%. The sample
failure mode was mainly characterized by stratified structures.
Medium and large block cracks and detached blocks were
generated on one side of the failure plane. The acoustic emission
exhibited peak signals at both ends and weak signals at the middle,
which was attributed to the internal structure of the sample.

Creep curves of USO-5—USO-8 samples are shown in
Figures 5E-H, respectively. The creep duration of the USO-5
sample under 8.9 MPa stress was 11.4 h, and the axial strain and
radial strain were 2.11% and 1.28%, respectively. The failure
mode of the sample was characterized by co-dominant failure
mode with stratified structure and random fracture. Most of the
failure planes were distributed along the direction of the stratified
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Laboratory findings of USV group samples.

structure, and some dominant fractures were caused by the
random occurrence of the primary fracture after development
for a long time. The final failure mode of the sample exhibited a
cataclactic structure. Increase in axial and radial strain of USO-6
coal sample was smaller compared with that of USO-5, but the
failure mode of USO-6 coal sample significantly changed. USO-6
coal sample exhibited a large block splitting failure mode
dominated by stratified structure. Shear failure along the
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stratified structure and large block splitting failure were
observed near the free surface, and the superposition of the
two failures caused the overall strength to decline. USO-7 and
USO-8 exhibited similar strain evolution and failure modes. In
the second creep stage, the axial and radial strains of USO-7 and
USO-8 were approximately 2.55% and 1.68%, respectively.
Acoustic emission monitoring showed that the two samples
had similar acoustic emission energy characteristics, with peak
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signals at the sides and low signals at the middle. The failure
mode of USO-7 was characterized by a stratified structure
dominated failure, accompanied by local block structure
exfoliation. The creep duration of USO-8 was 1.77 h, and the
sample exhibited random cracks. The sample showed a
fragmentation state after the failure, and the dominant failure
structure was not distinct. This observation was mainly because
the sample was in an energy-absorbing state in the early stage,
and energy was released when the sample was destroyed at the
final stage. This caused complete breakdown damage to the
of the
fragmentation failure of the sample (Figure 6).

The creep curves of USV-1 and USV-2 samples under 30%
UCS and 40% UCS loads are shown in Figures 7A,B. The two
samples

internal  structure sample, resulting in overall

progressed to the stress equilibrium stage at
approximately 50-60 h loading time, and no damage was
observed in the two samples.

The creep curves of USV-3 and USV-4 samples under 50%
UCS and 60% UCS loads are presented in Figures 7C,D. The two
samples underwent the three typical creep stages. The samples
showed partial splitting and failure characterized by stratified
structure. The local splitting phenomenon was observed near the
free surface causing splitting failure locally. The USV-2 sample
exhibited three medium and large cracks, which did not
penetrate into the sample. USV-3 samples had two large
cracks. One of the cracks traversed the upper and lower
surfaces of the sample. This crack was the main cause of
failure in the USV-3 sample. The other fracture developed
along the stratified structure and did not penetrate into the
sample. Therefore, it played a secondary role in the failure
process.

The creep curves of USV-5—USV-8 samples at 70%-85%
UCS load are shown in Figures 7E-~H. The failure process in
of USV-5—USV-8 samples is presented in Figure 8. The
failure modes of these samples were not limited to the
failure type dominated by the stratified structure. The
failure type of most of the samples exhibited mixed failure
modes. Acoustic emission monitoring showed that the
evolution pattern was characterized by high peaks at both
ends and low peaks at the middle, which corresponded to the
general evolution mode of fracture development at the early
stage, energy accumulation during the middle stage and
energy release in the late stage.

The results showed that the strain of the USV sample was the
highest, followed by that of USO samples, whereas the strain of
the USH was the lowest. The strain of the samples increased with
increase in creep stress (Figure 9). The strain can be expressed as
a logarithmic function as shown below:

el =1.28591In0 — 4.1467 1)

&2 =1.272In0 - 3.9528 )

e =1.5239In0 - 4.6923 (3)
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where, ¢;, represents the creep strain and ¢ denotes the creep
stress.

The duration of the steady-state creep stage decreased with
increase in creep stress as the load was increased (Figure 10). The
duration of the steady-state creep stage can be expressed as a
logarithmic function: ¢; = alno + b.

th = -71.31Ino +317.78 4)
t9 = —62.081n0 + 275.65 (5)
tV = -68.97Ino + 307.7 (6)

Where, £, represents the duration of the steady-state creep stage
and o indicates the constant load.

The steady-state creep duration decreased with increase in
stress load. This finding indicates that the effect of structural
anisotropy on the steady-state creep duration decreased with
increase in the stress load. The steady creep stage only lasted for a
short time after application of 70% UCS stress load, and the
accelerated creep stage significantly modulated deformation of
the stratified structure samples.

Statistical data analysis showed that the creep rates of all the
samples were not significantly different under a 60% UCS load.
The creep rates of the samples significantly changed when the
load was more than 60% of UCS. The creep rate of the USV
sample was the lowest among the three kinds of samples, whereas
the creep rates of USH and USO samples exhibited a significant
fluctuation. Increase in stress load caused an increase in the
incremental creep rate (Figure 11). The relationship between the
creep rate and the load can be expressed as an exponential
function with base e as shown below:

v = 0.0858¢"%%7 )
v = 0.0893¢"%71 (8)
¢ =0.0311e>7% ©)

where, Vs. denotes the creep rate and o represents the creep
stress.

BP neural network model for creep
prediction under smooth control

Advances in artificial intelligence (AI) has significantly
revolutionized geotechnical engineering research. Artificial
neural network (ANN) has been widely applied in this field.
Application of neural network model is effective in solving multi-
parameter problems whereby the process and results are not fully
elucidated. BP neural network is an artificial neural networks
method widely used for construction of neural network models.
BP network comprises an input layer, hidden layer and output
layer, and all layers are completely connected. The binding
strength (weight) between the layers is adjusted in cases
whereby the actual output on the output layer is inconsistent
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with the given output until the given input-output relationship is
finally satisfied. The learning process of BP network can be
grouped stages:
propagation — memory training — learning convergence. The

in four pattern propagation — error

steps of the algorithm are explained below.

(1) The connection weights and node thresholds of nodes at
each layer are initialized with random numbers between
[-1, +1].

(2) Assume the input xi and the expected output yi.

(3) Figure up the input of each layer node.

N] = Zi (l),‘jx,' + 6] (10)
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The output
yi= f(N;) (11)

Where, w;; is the connection weight between input node i and
output node ij, 0; is the node threshold, f is the Sigmoid
function, f(x) = (1+e)7".

(4) Define the cumulative error function.

E=) E=)% %(J’j - )7;‘)2

Where, K is the sequence of input and output mode pairs.

(12)

(5) The revised weight

Wij (t + 1) = Wij (t) + SAC(),‘J' (t) (13)
Where, t is the training times, # 1is the learning
rate, Aw;j (t) = Y, 0;i
Output layer
d;=yi(1 —)’i)<)7j‘J’i) (14)
Hidden layer
(Sj =y,'(1 _yi) ka,«kék (15)

BP algorithm is prone to fall into local minimum and slow
convergence in iterative calculation. In this study, additional
momentum method and adaptive learning rate improved BP
algorithm were used to overcome the above two problems.
The additional momentum method is based on the inverse
propagation method in each weight change to add a value
proportional to the previous weight change (momentum
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term), and according to the inverse propagation method to
produce a new weight change. The weight adjustment
formula with additional momentum factor can be
expressed as

Aw,‘j (t+ 1) = (1 —mc)95,-P]— +chw,-j (t) (16)
Ab; (£ +1) = (1 - m.)96; + m.Ab, (t) (17)

Where, Aw;jis the weight change, Abj is the threshold change, 6; is
the error term, P;is the input variable, 7 is the learning rate, t is
the training times, m¢ is the momentum factor.

The output error of BP neural network can be reduced by
tracking control method, which is as follows:

Neural network system output is

x(k+1) = f(x(k))+u(k) (18)
The system input u (k) has input saturation limitation

(v s
u(k) = {v(k) v (] <7

To avoid the controller’s non-smoothness, define the

(19)

following functions
g(v(k)) =vx tanh(%@) (20)
The u (k) can be got
u(k) = g(v(k)) +d (v (k) (21)

Where, |d (v(k))| = |u(k) — g(v(k))| <#(1 - tanh (1)) = d.
To track y(k) with x(k), we set up the controller here. Define
the tracking error z (k) = x (k) — y (k), we can get,

z(k+1) = f(x(k)) +u(k) - y (k)
= f(x(k) +g(v(K)) +d(v(K)) - y (k) (22)
f(x (k) + guv (k) +d(v(k)) - y (k)
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Where, g, = ag(v(k))/av(k)h(k):m, v =av(k) + (1 -a)v, (k)
Since the system function f(x(k)) and g, are unknown,

neural network is used for approximation.
.y 00) = XELER) s ety et @)

Substitute (23) into (22), we can get

z(k+1) = f(x(k)) + gy (k) +d (v(K)) - y (k)

FICICIES TGN
9v (24)

= 9, (v(K) - W'S(x(K) ~ £(K)) + d (v (k)

= g, (v(K) - W'S(x(K))) + s (K)

=gwv(k)-g

Where, d; (k) = d(v(k)) — gve (k) <d,
The expression of the constructed controller is

v(k) = W' (K)S (k) (25)
Substitute (25) into (24), we can get

2(k+1) = g, (W (K)S(k) ~ WTS(x (k) +dy (K)

7 (26)
=g,(W (K)S(k)) +d (k)
The renewal rate of the constructed neural network is
W (k+1) =W (k) - S (k)z (k + 1) (27)
Therefore, the error system can be expressed as
z(k+1) = g,(W (K)S(K) +dy (K) (28)

W(k+1) =W (k) - 0S(k)z(k+1)

The following part is the stability analysis.
Construct Lyapunov function for stability analysis, and its
function expression is

V(k) =22 (k) + %WT ()W (k) (29)
Its difference can be expressed as
AV (k) = 22 (k + 1) - 22 (k) + éWT(k+ DW (k + 1)
- W W () (30)
Insert (28) into (30), we can get

AV (k) = 22 (k + 1) — 2% (k) + éWT (k+ )W (k+1) - éWT(k)W(k)

=22 (k+1) - 22 (k) - 2W" (K)S(K)z (k + 1) + oIS (k)P (k + 1)
(31)

The Eq. 28 can be converted into
Z2(k+1)= gVWT(k)S(k)z(k +1)+d, (k)z(k+1)  (32)

The Eq. 32 can be rewritten as
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2
W RSz (k+ 1) = KD Ak )
v v
Due to g, <1, then, the following can be obtained,
W (kS (K)z(k+ 1)<z (k+1)—d (34)

Substitute (34) into (31), we can get,
AV (k)< -2 (k+1) =2 (k) +d, + oS(K)P2* (k+1) (35)
Eq. 36 can be obtained by transforming (35),

AV(K)< - (1-08)2 (k+1) -2 (k) +d, (36)

Construct a design parameter ¢ whose range is 1 — 0s* >0,
and the following can be obtained,

AV (k)< - 22 (k) +d, (37)

According to Lyapunov theorem, the tracking error of the
system is small enough to meet the accuracy requirement.

The BP neural network has robust nonlinear mapping ability
and flexible network structure compared with other neural
networks. In this study, the output data from the BP neural
network was compared with the creep test results to verify the
accuracy and stability of the BP neural network. Analysis of the rock
strain data from the BP neural network and creep test showed that
the mean values were 0.611 and 0.627, and the median values were
0.703 and 0.715, respectively. The K-fold was used to classify the
dataset into the training dataset and the testing dataset. The testing
dataset was used for evaluation of the model. A portion of the
training data was set aside as the validation dataset to evaluate the
training effectiveness of the model to solve the overfitting problem.
The validation dataset obtained from the training dataset was used to
validate the model.

The average relative errors of the data from BP neural network
and the viscoelastic—viscoplastic model were 0.51 and 0.57%,
respectively, relative to the creep test data, which shows a high
degree of consistency. This finding further showed that the BP
neural network had high accuracy and stability and indicates that the
viscoelastic-viscoplastic model was scientifically viable and accurate.

Conclusion
The following conclusion were drawn from the present study:

(1) The crack paths of the USN coal samples were random causing
significant irregularity of the failure characteristics. The failure
modes of the USH coal samples were mainly characterized by
oblique shear failure mode with a stratified structure and failure
that traversed from the top to bottom surfaces. The angle between
the failure surface and the horizontal plane was greater than 60°.
The failure modes of the USO coal samples were mainly shear
failure type and a stratified structure dominated the block splitting
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failure. The failure modes of coal samples in the USV group were
not limited to failure mode dominated by the stratified structure.
These samples mainly exhibited mixed failure mode.
(2) A positive correlation was observed between strain and creep
stress during stress loading, which can be expressed as a
logarithmic function. In addition, the steady-state creep time
and creep stress can be expressed as a logarithmic function. The
relationship between the creep rate and creep stress before
failure can also be expressed as an exponential function.
(3) A BP neural network model was established and optimized
using the creep test data. The Lyapunov function was

constructed to validate the stability and accuracy of the model.
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