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Introduction: Nearly vertical coal seams present a significant challenge for the
coal mining industry due to their difficult accessibility. However, these seams
account for a substantial proportion of the world’s coal reserves. Therefore, it is
vital to conduct research on disaster control techniques for safe mining of these
seams.

Method: The research team used experimental research, theoretical analysis,
and numerical calculation methods to investigate the creep characteristics and
failure mechanisms of layered sandstone roadway in nearly vertical coal seam.

Results and discussion: These findings revealed that themaximummoment and
concentrated stress of the sandstone located on the side of the roadway roof
was positioned in the middle of the nearly vertical structure, making it more
susceptible to transverse shear failure. On the other hand, the nearly vertical
structure on the floor side was prone to shear slip failure initiated from the
bottom of the structure. This led to the asymmetric instability of the roadway.
The practical implications of this research are significant for the safe mining of
nearly vertical coal seams. The results could help inform the development of
disaster control techniques.
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1 Introduction

Creep behavior generally refers to the time-dependent behavior of material deformation
rate, delayed fracture and long-term strength reduction behavior (Rui et al., 2021;
Xingping et al., 2024). Bhasin (Bhasin and Grimstad, 1996) found that when subjected to
high in-situ stress, the weak surrounding rock containing clay and salt will also produce creep.
In addition, due to the particularity of layered sandstone structure, its creep characteristics
and failure mechanism are special, so it is necessary to carry out systematic research.

Kazuhiko Miura (Miura et al., 2003) proposed a prediction model for creep failure
of hard rock based on micromechanics. Hakan Ozsen (Ozsen et al., 2014) established
a mathematical model to express the multi-parameter relationship of stress and strain.
M. H. Leite (Leite et al., 1993) established a rock creep model based on the power
law of transient creep, and the short-term creep parameters of rock were determined.
Jan S. Cornet (Cornet et al., 2018) quantified the long-term creep under the condition
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of in situ salt cavity closure, incompressible carol viscositymodel was
used to study the regularity of dislocation creep and stress solution.
By means of a combination of energy dispersive X-ray spectroscopy
and micromechanical model, the influence of temperature on ultra-
micro creep properties of shale was investigated (Sharma et al.,
2018). Based on morphological evolution simulation, engineering
geological simulation and numerical simulation, a multi-model
analysismethodwas established by F. Bozzano (Bozzano et al., 2016)
to study the creep behavior and failure mechanism of slope rock.
The creep tests of argillaceous rock under various stress conditions
showed that when the cracks of argillaceous rock were unstable,
the overall mechanical properties of argillaceous rock deteriorated
rapidly, and the creep of clay particles caused the viscoelastic
strain of argillaceous rock (Fabre and Pellet, 2006). The difference
of creep mechanism between coarse-grained dolomite and fine-
grained dolomite was revealed by triaxial compression experiments
of dolomite (Wang et al., 2015). Bin G. (Bing et al., 2024) introduces
a novel implicit continuous to discontinuous method to investigate
the cross-scale failure process of discontinuous rock masses,
including fine fracture creation, propagation, and rigid block
contact. This method enables an intact rock to split and crush, with
the local deformation/movement propagating rapidly throughout
the whole system. The observation of microstructure showed that
grain boundarymigration and recrystallization played an important
role in dislocation creep, and the strength of anorthosite decreases
with the increase of water content (Yanpeng et al., 2024). Under
the background of microstructure analysis acoustic emission source
location and macroscopic creep law, the mechanism of pore water
in sandstone influenced by stress corrosion cracking was studied
(Baud et al., 2009). The deep creep mechanism of slope rock mass
was analyzed by means of simulation method. It was also pointed
out that the main factor controlling the deep creep mechanism was
the propagation of subcritical crack (Brückl and Parotidis, 2005). To
understand the effect of transverse isotropy on the deformability and
tensile strength of shales subjected to dynamic loading, researchers
carried out a group of impact Brazilian tests on shale specimens
via a split Hopkinson pressure bar (SHPB) testing system. High-
speed digital image correlation technology was applied to monitor
the fracture process. The experimental results demonstrate that
the failure strength has considerable anisotropy as the bedding
angle of the embedded layers changes (Xianhui et al., 2024). The
indentation experiments on quartz crystals were carried out by Jean
Pierre Gratier (Gratier et al., 2009), and the indentation creep law
under the middle and upper crust was summarized.The rheological
behaviors of quartz and feldspar rocks were compared and analyzed
by thermodynamic model (Závada et al., 2007). Kiyokazu Oohashi
(Oohashi et al., 2012) studied the influence of graphite content in
fault rocks on the formation and evolution of fault creep rocks.
Doug Stead (Stead andWolter, 2015) emphasized on the importance
of structural geology in slope stability assessment, the failure
mechanism of slope controlled by structure was reviewed.

Experimental research is a kind of effective method to obtain
rock mechanics behavior. Especially in recent years, along with the
improvement equipment, it speed up the process of rock creep
research, making outstanding contributions to the study of the creep
failure characteristics and the formulation of the solution plan.
Geraldine Fabre (Pellet and Fabre, 2007) carried out static, quasi-
static and cyclic creep tests on sedimentary rocks.The results showed

that clay particles had a significant effect on the creep behavior. S.
Rahimi (Rahimi and Hosseini, 2014) performed triaxial creep tests
on thick-walled hollow columnar rock salt to study the effects of
confining pressure and deviating stress on the creep behavior of rock
salt. Results showed that the strain rate increased with the increase
of deviating stress and confining pressure. D. Grgic (Grgic and
Amitrano, 2009) studied the influence of water saturation on rock
creep by multi-step uniaxial creep experiment of polycrystalline
porous rock, and the important role of micro-fracture in the creep
process was illustrated. S. Nadimi (Nadimi et al., 2011) used the
creep experiment and field measurement data to estimate the
dynamic constitutive model of creep parameters of rock. Under
high temperature, axial differential pressure stress and low confining
pressure, the creep strain was enhanced (Herrmann et al., 2020). In
addition, the authors have accomplished related researches on rock
and same type of material. The results have implications for this
research (Lianpeng et al., 2021; Huicong et al., 2023; Xu et al., 2023;
Yongyi et al., 2023; Pan et al., 2024).

Through the review of researches on the failure mechanism of
rock mass creep characteristics, scholars have innovative ideas in
theoretical research, experimental design and numerical simulation.
Many beneficial research results have been achieved. However,
most studies focus on rock masses without large internal primary
structures. It can be found through on-site geological survey that the
study area contains nearly vertical coal seam, and surrounding rock
of sedimentary layered structure determines the uniqueness of the
study, which requires systematic research on creep characteristics
and failure mechanism of rock under special geological conditions.

2 Creep characteristics of layered
sandstone samples

The creep test proposed in this study, which is conducted under
uniaxial static load, adopts the ISRM method and ASTM criterion
for rock creep under constant stress.The experimentmainly employs
the rock rheological testing system. Additional auxiliary equipment,
including strain gauges, a digital SWAES multi-channel acoustic
emission device, and a Sony digital camera, were also utilized. The
axial and radial strains were measured using strain gauges and the
DD1 cantilever strain sensor, developed by the HBM Company.

Compressive stresses, equivalent to 30%, 40%, 50%, 60%, 70%,
75%, 80%, and 85% of the samples’ uniaxial compressive strength,
were applied to the specimens, respectively. The stress control
method was used for loading, with a loading rate of 0.01 kN/s.
During the initial stage of the creep experiment, experimental
parameters were read and recorded at intervals of 1.0, 5.0, and
10.0 min. The time interval was then extended to 0.5–1.0 h in the
middle of the experiment. At the end of the experiment, when the
rock sample was close to failure, the reading intervals for parameters
were changed to be 10.0, 5.0, and 1.0 min.

Figures 1A–C show the time evolution of stress and strain for
samples C1, C2, and C3. These samples underwent both the first
and second stages under static load, and finally reached a stress
equilibrium state in the second stage, without any overall or local
damage. A small amount of debris was visible on the upper and
lower surfaces of samples C2 and C3, caused by the large stiffness of
the press bearing plate and press shaft, although this did not impact
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FIGURE 1
Creep test curve of rock samples. (A) Creep test results of C1 sample (B) Creep test results of C2 sample (C) Creep test results of C3 sample (D) Creep
test results of C4 sample (E) Creep test results of C5 sample (F) Creep test results of C6 sample (G) Creep test results of C7 sample (H) Creep test
results of C8 sample.

experimental results. It is noteworthy that static loading on samples
C2 and C3 exceeded the CI threshold which could have caused new
cracks on the samples, but it did not.

Figures 1D through H demonstrate the stress-strain evolution
and failure modes for five rock samples (C4 to C8). The creep
time decreases as the applied stress increases while the final creep
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FIGURE 2
Strain-time curves of rock samples in the WJRV group.

and strain rate during the first stage increase proportionally to
the applied stress as shown in Figure 2. The failure mode of the
specimens is primarily shear failure occurring along the structural
plane as well as in the normal direction to the structure through
transverse shear failure. When under static load, the stress state of
the vertical structural plane can be simplified as a plate structure
with fixed ends. Under the influence of the horizontal component
force, transverse tensile and shear failure occurs in the middle part
of the plate structure. Usually, the initial failure occurs near the
unsupported free surface, followed by layer-by-layer tension-shear
failure from the outside to the inside until the entire sample becomes
unstable. In one experiment with C4, the rock sample first exhibited
two vertically stepped tension-shear failure surfaces, followed by
a connection failure surface with a stepped tension-shear failure
surface. This occurrence was due to the shear failure of the sample;
the rocks on both sides of the failure surface fell off the sample.
The rock in the area between the two failure surfaces bore the static
loads and had inclined slip shear failure along the direction of the
weakest thickness. As a result, the samples exhibited a combined
failure form of vertical stepped tension-shear failure and inclined
slip shear failure.

The C5 sample exhibits a unique oblique slip shear failure that
results from a penetrating structural plane along the slip shear plane.
This leads to optimal failure along this path. On the other hand,
samples C6, C7, and C8 exhibit typical lateral tensive-shear failure
from inside to outside, with the position of tensive-shear failure
occurring in the direction of the lamellar structure facing the free
plane. Specifically, the tensive-shear failure position of rock samples
C6 is located at the lower position of the bedding plane, while
the tensile and shear failure of the bedding plane of C7 and C8
samples are in the middle and upper part of the bedding plane.
The broken bedding plane falls off layer by layer, resulting in a
transverse conical cavity with larger outer diameter and smaller
inside diameter, with stepped rock steps left in the upper and lower
positions of the conical cavity. The suspended inverted rock steps
occurring in the upper position can be described as a suspended
plate structure with unconstrained front end and fixed back end.
When this phenomenon occurs in the field and the scope is large,

the suspension plate structure is very likely to produce shear failure
along the internal structural plane and vertically fall off, posing a
major safety hazard for mining.

To ensure the reliability and universality of the experiment, five
groups of samples of the same type were included in the creep test.
The results were found to be consistent, with failure and instability
occurring when the layered sandstone is subjected tomore than 60%
of its own uniaxial compressive strength during creep.

3 Failure characteristics of roadway
analysis using physical similarity
simulation

3.1 Preparation for the experiment

Physicalmodel experiment combined load simulationexperiment
platform was designed, which can realize single independence and
the combined surface-active load. The thermal infrared monitoring
system was used to observe and record the migration and distortion
information of the local temperature anomaly area on the model
surface. Meanwhile, acoustic emission monitoring system was used
to collect signal of acoustic energy rate in the process of rock failure,
so as to realize the real-time comparison analysis of acoustic and
thermalmatching.Themodel sizewas 155.0 cm×25.0 cm×100.0 cm,
geometric similarity ratio was 100.0, bulk density similarity ratio
was 1.2, stress similarity ratio was 12.0. The coal seam buried depth
is 380.0 m, so the initial stress in the vertical direction should be
δV= 7.9 MPa. Considering tectonic stress, lateral pressure coefficient
λ∗=1.2, so the initial horizontal stress should be δH= 9.4 MPa. But,
because the upper goaf, it should be considered when calculating
the initial stress. Finally, we determine the vertical direction of the
initial stress isδV=2.1 MPa, the initial stress in thehorizontaldirection
should be δH= 2.5 MPa.

Mica powders are adopted to simulate rock structural plane
interval, the trenchless disturbance zone around the model allows
single layer thickness more than 3.0 cm.The excavation disturbance
zone of single layer thickness is 2.0 cm. The sensitive area of
single layer thickness is 1.0 cm. The simulated materials include
coal powder, river sand, gypsum, white powder and water. The
density of rock-like material is considered as 1.6 g/cm3. According
to Formula Cσ=ClCγ, the mass of rock-like material consumed for
paving experiment frame 1.0 cm is 6.2 kg. The bulk density and
stress similarity coefficients of various lithologies were obtained
(Table 1). The parameters of numerical calculation are shown in
Table 2 and Table 3.

The design of the combined loading simulation experimental
platform is shown in Figure 3.

3.2 Physical model experimental results
and analysis

The deformation and instability process includes four stages:

(1) During the first phase of the experiment, the horizontal and
vertical stresses were measured to be 2.1 MPa and 2.5 MPa,
respectively. At this stage, the model experienced elastic
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TABLE 1 Model stratification and related material parameters.

The serial
number

The lithology Actual
thickness (m)

Simulated
thickness (m)

Density
(g/cm3)

Bulk density
similarity
ratio

Uniaxial
compressive
strength
(MPa)

1 Siltstone 24.5 0.25 2.66 61 38.7

2 Calcareous
mudstone

2.1 0.02 2.63 64 20.6

3 Carbonaceous
mudstone

1.2 0.01 2.66 66 18.9

4 Coal seam 37.5 0.38 2.70 69 13.1

5 Carbonaceous
mudstone

5.3 0.05 2.66 66 18.9

6 Siltstone 4.0 0.04 2.63 64 38.7

7 Fine sandstone 80.0 0.80 1.45 66 33.4

TABLE 2 Numerical model calculation of non-aging parameters.

The name of the The lithology K/GPa G/GPa Y/kN c/MPa phim/° sigmab/MPa

In-situ rock stress area on roof side Siltstone 26.80 7.05 26.32 27.20 28.30 0.86

Roof side crack area Calcareous mudstone 25.06 6.60 25.50 22.91 20.40 0.51

The overlying rock mass Mix 10.88 3.12 13.35 0.98 12.70 0.11

Roadway Coal 1.68 0.65 13.09 1.38 17.80 0.83

Unmined coal body Coal 1.70 0.66 13.09 1.38 18.80 0.83

Floor side fracture area Siltstone 25.15 6.80 27.02 25.00 26.05 0.73

Protolith area on floor side Fine sandstone 21.75 5.69 22.92 21.10 17.80 0.60

TABLE 3 Calculation parameters of creep of numerical model.

Parameter C(MPa) E(GPa) Epsilon.f Cvp phivp (°) Bits ofvp Gk (MPa) etak Omega eta0

The numerical 38.7 12.0 3.78 39.0 38.0 3.5 71.0 240.0 0.4 1,765.0

deformation, and the acoustic emission signals gradually
weakened. The model contracted inwards with a decreasing
shrinkage rate. Eventually, a transverse elastic deformation of
about 1.2 cm and a vertical elastic deformation of 1.6 cm were
generated. It is noteworthy that during this process, weak heat
emission was detected at the edge of the model by thermal
infrared imaging (Figure 4).

After the initial elastic deformation process, themodel enters the
plastic deformation stage, resulting in a rise in AE signals and an
increase in their number until reaching the first peak point (AEP
i), followed by a gradual decline. Thermal infrared imaging reveals

that the edge of the model experiences a gradual heating up during
the initial stages of stress. After the AE peak appears after 46 ms,
the edge region of the model reaches the first thermal infrared peak
(IRP i), before beginning to cool down. During the stable phase, the
stress is kept constant, and the variation characteristics of AE and
thermal infrared parameters are monitored until they stabilize. This
phase lasts for around 1.0 h.The activity of various signals is highest
when stress is appliedwithin 25.0 s, afterwhich it enters a stable state.
When stress is applied to a coal-rock mass in a roadway, infrared
monitoring indicates that the temperature of the left and right sides
of the roadway experiences a sudden rise and fall. However, since
the stress applied is small, the coal-rock mass in the roadway is not
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FIGURE 3
Simulation experimental platform of plane combined loading.

significantly affected, resulting in no breakage or instability of the
coal or rock in the roadway.

(2) Once the applied stress level reached the initial ground stress
level and stabilized, the horizontal and vertical stresses were
loaded to 3.2 MPa and 3.7 MPa, respectively. The model
experienced plastic deformation and continued to move
inwards, with a high initial moving speed that gradually
decreased towards a static state. The deformation produced
lateral displacement of approximately 0.8 cm and vertical
displacement of 1.1 cm. Local creep was observed in the two
sides and top of the roadway, causing minor fall-offs of coal-
rock masses due to the uncoordinated deformation of the
coal-rock mass. However, there was no large-scale damage or
instability of the coal and rock.

During the second loading phase, the AE signals were dense
and showed an exponential upward trend. However, when the AE
reached the second peak (AEPII), the signal decreased rapidly
and eventually entered a low-frequency energy gathering period.
At this stage, the joints and fractures in the model tended to
develop at a slower rate, while coal and rock masses accumulated
energy and deformed. The stress was converted into two types of
energy—energy consumed by the deformation of the model and
elastic-plastic deformation energy stored in the coal and rock mass.
As the stored energy threshold reached the failure limit of the coal
and rock mass, failure occurred, resulting in instability of the coal
and rock mass.

The thermal infrared monitoring results showed that during
the secondary stress loading phase, the model exhibited plastic
deformation at the edge, leading to a temperature rise at the
corresponding position. Due to the model’s energy and heat
exchange process with the environment being short, there was a
transient temperature rise phenomenon observed. During localized
creep of the coal and rock surrounding the roadway, there was a
significant temperature rise, indicating the existence of accumulated

energy under the influence of high stress levels. This points to a
serious tendency towards failure (Figure 5).

During the constant pressure stage, numerous acoustic emission
signals are recorded, some of which aremarked by significant events.
Thermal infrared monitoring results indicate a frequent and intense
temperature rise phenomenon in the coal and rock part of the
roadway, which is the focal point of creep. At 35 ms before the
nearly vertical rock mass fracturing, the AE signals reached the
third peak point (AEP III) instantaneously. Concurrently, thermal
infrared imaging showed that the local rock mass on the roof side of
the model began to undergo temperature rise after the application
of stress and reached the third thermal infrared monitoring peak
point (IRP III), forming the heat radiation zone, 57 ms after the
occurrence of the second peak point of the AE.

The heat radiation that occurs during creep is a result of the
internal stress of the rock mass. As creep progresses and additional
load disturbances occur, the coal and rock approach their fracture
threshold and become unstable. This leads to local buckling and
energy release, which occurs in the creep concentration area and
is responsible for the heat radiation. In the model, the creep
concentration area is located in the middle of the coal-rock free
surface, with a horizontal distance of 1.8 m from the coal-rock
free surface. The rock mass on the floor side has an advantage in
terms of stress environment, with micro-creep and crack expansion
occurring in response to the applied stress, leading to slow heat
release. After heat dissipation, the temperature in this area on the
model surface is lower than the average temperature, resulting in the
formation of a heat dissipation area.

(3) During the unstable process of creep and co-buckling
deformation of coal and rock on the roof side, the model
remains in a constant pressure state. After dissipation of energy,
the region enters a thermal inactive state, forming an energy
dissipation zone. Over time, themodel continues to experience
slight aging coal and rock deformation, resulting in a decrease
in the AE signals. However, the load stress is partly dissipated
through work or stored by the coal and rock, leading to
an increased failure tendency of the roadway coal and rock.
Thermal infrared monitoring results show energy transitions
occurring on the model surface.

After 1,578 s from the end of acoustic emission, the model
experienced creep and failure of the coal and rock in the roof side
instability phase. During this period, deformation of the coal and
rock began to occur at the bottom side, and acoustic emission
monitoring showed that cracks were generated and developed in the
coal and rock roadway.While some of the stresswas consumed,most
of the stress was converted into internal energy of the coal and rock,
stored in the form of viscoplastic strain energy (Figure 6). When the
stored energy reached its failure threshold, the coal and rock on the
floor side experienced shear slip, starting from 0.25L distance from
the bottom of the roadway (where L represents the height of the
straight wall arch of the roadway).

During the instability of coal and rock on the bottom side of
the roadway, the acoustic emission signals display a high degree
of richness and indicate a higher internal fracture development
degree of coal and rock. After the start of the AE energy rate, the
experimental peaked at 68,317 s and then quickly dropped to the
average level. The slope of the increase phase is less than that of the
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FIGURE 4
Monitoring results of the first stage.

FIGURE 5
Monitoring results of the second stage.

decline phase, which indicates a long time of energy accumulation
and an instantaneous energy release. Thermal infrared monitoring
revealed that during the creep process, the coal and rock on the
boundary were mostly in a state of energy dissipation, with the
bottom side of the roadway storing energy. When the stored energy
exceeded the instability threshold of the coal and rock, instability
occurred, spanning a width of 1.9 m at the bottom of the roadway.
27 ms before the shear fracture of the rock mass, the AE reached the
fourth peak point (AEP IV) instantaneously. After a temperature-
rise process of 49 ms, the temperature of the local rock mass at

the bottom of the coal free surface increased to the fourth infrared
monitoring peak point (IRP IV), forming a heat radiation zone.
The horizontal distance between the heat radiation zone and the
free surface of the coal and rock is 0.8 m. In the process of coal
and rock deformation and dynamic instability, local temperature-
rise and acoustic emission energy rate jumps occur, with the AE
peak time being 16–18 ms earlier than rock fracture. This provides
a basis for locating coal and rock stress concentration and disaster
warning caused by instability throughAE and thermal radiation area
(Figure 7).
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FIGURE 6
Monitoring results of the third stage.

(4) After the deformation and shear sliding instability stage in
the coal and rock roadway bottom side, the model remained
in a constant pressure state. The residual strength of the coal
and rock in the roof and floor of the roadway prevented
widespread damage from occurring in the model. However,
the model continued to undergo internal lateral contraction,
overall volume shrinkage, and deformation and failure of the
coal and rock on the sides of the roadway towards the inside
of the roadway. These effects led to intense deformation of the
top coal and rock, as well as a wide range of coal and rock
deformation accumulation caused by aging and strong degree
of coal rock instability. Ultimately, the deformation and failure
of the coal and rock roadway cross-section caused upheaval
and a sharp decrease in section size.

After the failure and instability of the coal and rock on the floor
side, the AE signal drops rapidly to the average level, indicating that
damage cracks of varying sizes and directions continue to emerge
in the roadway coal and rock under the action of stress. Thermal
infrared monitoring shows that, after the instability and destruction
of the coal and rock roadway bottom side, the region becomes an
energy dissipation zone in which the boundary coal and rock is in a
state of energy savings under constant pressure. Before the energy
releases during instability, there is no occurrence of temperature
jumpphenomenon, indicating that themodelwas in a state of energy
equilibrium.

The top of the coal and rock roadway experienced instability
after the instability of the coal and rock on the bottom side, occurring
after 23.5 s. Prior to the instability, the acoustic emissionmonitoring
signals remained at average levels, with occasional significant events.
This indicates that the process can be considered as energy savings.
As the accumulated energy exceeded the coal and rock failure
threshold, the coal and rock at the top of the roadway began to fail,
resulting in a sharp increase in the number of AE events and energy
rate. After 3.5 s, the unstable coal and rock fell into the roadway and

accumulated on the floor, reaching the fifth peak point (AEP V) in
AE. After that, the remaining coal and rock at the top of the roadway
continued to collapse in a large range at 4.3 s, occupying the roadway
internal space completely, with the acoustic emission reaching the
sixth peak point (AEP VI).

The thermal infrared monitoring data shows that the coal and
rock at the boundary of the model have undergone a creep process,
and energy is consumed or lost before the coal and rock at the
top of the tunnel are destroyed and unstable. Most of the coal and
rock at the boundary are in a state after energy dissipation, without
any temperature jumps, indicating that the energy is accumulating
currently. The fifth and sixth peak points of thermal infrared (IRP
V and VI) appear after the corresponding peak points of acoustic
emission, and the intensity of the sixth peak point is weaker than
that of the fifth peak point due to the smaller collapse range of coal
and rock at the top of the roadway. Subsequently, the model enters
the process of temperature drop again, and the surface temperature
of the model returns to normal room temperature (Figure 8).

Based on the monitoring results, it has been observed that when
rock mass in nearly vertical coal seam roadway undergoes initial
compression, the strain effect of coal and rock is limited to a range
of elastic-plastic deformation, and the failure and instability of coal
and rock in roadway does not occur. However, as stress increases and
loading time extends, local creep of coal rock occurs on both sides
and the top of the roadway leading to the coal rock in the face of
air falling off in a small range. Subsequently, the rock mass on the
side of the roof begins to add bending deformation to the direction
of the free surface of the roadway layer by layer. The mode of
deformation is co-buckling, starting from the central position of the
free surface of coal and rock. As stress transfers and accumulates, the
coal and rock on the floor side become unstable and get destroyed,
and the shear slip phenomenon starts from the foot position of
the free surface of coal and rock. Finally, the coal and rock at the
top undergo severe deformation, leading to large-scale and intense
coal and rock instability disaster due to the accumulation of creep.
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FIGURE 7
Monitoring results of the fourth stage.

FIGURE 8
Dynamic aging characteristics of roadway rock mass deformation.
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This deformation and destruction of coal and rock in the roadway
results in drastic changes to the cross section of the roadway, which
undergoes significant reduction.

In subsequent research, numerical calculations were conducted
to verify the accuracy of the simulated physical simulation results.

4 Numerical analysis of sandstone
creep instability based on
viscoelastic-viscoplastic model

4.1 Construction of numerical model

A numerical calculation model of coal rock has been developed
using 3 Dimensions Distinct Element Code (3DEC). The coal seam
is observed to be in the state of south pressure north with an average
dip angle of 87°. To construct the coal seam roadway, the ratio of
the model and the prototype is 1:1. The overall length of the model
is 25.00 m, the vertical height is 17.00 m, and the strike advance
distance is 25.00 m.The roadway is archedwith straightwalls, having
a width of 3.30 m, and a distance from bottom plate to vault of
2.95 m. Due to significant mining activities, both the fracture zone
and disturbance zone in the roadway have been greatly disturbed,
hence considered as the “mining disturbance zone” in the numerical
model, with a measured disturbance range of about 9.1 m on the
north side and 10.5 m on the south side.

A 5.6 MPa roadway upper rock mass was applied to the surface
model, with a simulated lateral horizontal stress of 6.7 MPa roadway.
In order to consider the effect of mining disturbance on the roof
rock mass, a microseismic monitoring system was installed within
a certain range of rock mass inside the coal mining working face.
The monitoring system records the disturbance caused by mining
to the surrounding rock mass. By using the microseismic signal
analysismethod to eliminate clutter, themain disturbancewaveform
was analyzed. The main disturbance wave was processed through
Fourier transform and error analysis was carried out by fast timing
synchronization algorithm. A horizontal sinusoidal dynamic load
with a frequency of 8.1 Hz was applied to the nodes inside themodel
working face partition.

To convert the acceleration time history into the stress time
history, the built-in FISH function “int. FIS” was called. The
viscoelastic-viscoplastic model with a damping ratio of 0.05
and Rayleigh damping as the mechanical damping form was
used in numerical calculation. Rolling boundary conditions were
implemented around the model to limit lateral and bottom
displacement. The viscoelastic-viscoplastic model and the coulomb
sliding model features of discontinuous discontinuities were
assigned to model blocks using FISH function compilation. To
simulate the stratified structural characteristics in the roadway wall
rock mass, a set of structural planes were generated for the roadway
wall rock mass with an interval of 0.2 m. The number of structural
planes on the north side and south side of the roadway were 12
and 14 layers, respectively. In order to reduce model interference
factors, the behavior of the coal and rock sub-blocks at the top of the
roadway separating from the parent was released. The displacement
constraints between the coal and rock sub-blocks on both sides of the
roadway and the parent were released as well to monitor the model
stress-strain fluctuation characteristics more clearly.

4.2 Analysis of numerical model
calculation results

4.2.1 Shallow coal rock shedding stage
The coal and rock on both sides of the roadway roof and

floor begin to deform and collapse under the comprehensive action
of vertical and horizontal dynamic loads, with complete collapse
observed when the calculation step reaches 21,275. As the coal and
rock in the range of mining disturbance form fracture zones with
low internal strength, the mechanical structure of the coal and rock
becomes a unilateral opening force, leading to a caving behavior
towards the free surface direction under the coupling disturbance of
its dead weight and static and dynamic load. This behavior causes
coal and rock to strip layer by layer from the parent coal and
rock and accumulate in the roadway floor. The coal and rock far
away from the roadway surface, however, retain good integrity and
bear the majority of the vertical dynamic load. The main factors
triggering the collapse of coal and rock on the surface are the dead
weight of coal and rock, along with the horizontal dynamic load
(Figure 9).

The comprehensive stress in the coal and rock roadway begins to
produce subsidence deformation when the calculation steps reach
13,687. The deformation rate of the coal and rock is slow in the
beginning and is characterized by a layered structure of coal and
rock deformation, with changes occurring in the direction of the
structure plane. As the stage progresses, the top coal and rock
remain stable. The data from monitoring both sides and the top
of the coal rock roadway are analyzed, and it is observed that
the displacement rate decreases rapidly with lateral displacement
while the vertical displacement rate increases. The maximum lateral
displacement of outer coal and rock on the roof side is 253 mm,
and the maximum lateral displacement of outer coal and rock on
the floor side is 207 mm. The maximum subsidence of coal rock at
the top of the roadway is 96 mm. Although the deformation and
caving behavior characteristics of coal rock are not obvious at this
stage, it is speculated that most of the deformation produced by coal
rock is elastic-plastic deformation, with creep accounting for a small
proportion due to the short loading time.

4.2.2 Small deformation stage of coal and rock
on floor side

Following the deformation of coal and rock on the floor side, a
portion of the stress transfers to the coal and rock on the roof side,
resulting in a rise in strain rate on the roof side and an improvement
in stress state on the floor side.The strain rate of coal and rock on the
floor side gradually decreases, but the strain continues to increase.
The calculation step reaches 24,500 when the strain rate of coal and
rock on the floor side reaches its minimum value of 1.6 mm/102
steps, marking the end of the second stage of the calculation time
limit. The roadway’s two sides in coal and rock surface has caved
in the bottom due to the action of gravity, with the load being
transferred down to the two coal and rock formations. Due to the
mechanical structural differences and horizontal force imbalances,
the shallow part of the bottom side is prone to slip deformation and
instability along the direction of the bedding structure of the coal
and rock formation. Additionally, dynamic loads can cause further
deterioration of the force environment, leading to separations of
rock (Figure 10).
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FIGURE 9
Results of the first stage of numerical model calculation.

FIGURE 10
Results of the second stage of numerical model calculation.

In contrast, the structure of coal and rock on the side of the roof
is more difficult to deform. The stress function of coal and rock on
the roof side is influenced by the conduction function, resulting in
a lateral unbalanced stress state of coal and rock. However, this also
causes the stress environment at the bottom side of the coal and rock
to improve, while the stress state of coal and rock on the roof side
begins to deteriorate. As a result, the overall coal and rock on the
roof side undergoes transverse deformation towards the free surface,
with the center of deformation overlapping with the center of gravity
of coal and rock. During this stage, the coal and rock on the roof side
only undergoes deformation along the time axis without any damage
or instability.

Displacementmonitoring points were set on the sides and top of
the deep coal and rock roadway.Analysis of the deformation rule and
rate of coal and rock on the roof and bottom sides revealed that the
deformation rate tends to be gentle at first before rapidly increasing
and gradually evolving thereafter, with final shape variables of
73 mm and 114 mm respectively, exhibiting polarized development
characteristics. The coal and rock at the top experienced subsidence
deformationata lowrate,withacumulativeshapevariableof155 mm.
However, under the action of comprehensive stress, the coal and rock
on the floor side continued to undergo small rates of creep without
wide-ranging stratification and slip failures.The coal and rock at the
top continued to move down at a low rate, compressing the area of
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FIGURE 11
Results of the third stage of numerical model calculation.

the roadway cross-section, but the degree of change was small at this
stage, and it is unlikely to affect its normal functioning.

4.2.3 Cobuckling stage of coal and rock on roof
side

It has been observed that the lateral deformation of coal
and rock on the sides of the roadway has significantly increased,
especially on the roof side where it starts from the outermost
layer of the structured matrix. The deformation rate on the roof
side is reported to be around 360 mm and 3.1 mm/102, while on
the floor side, the deformation amount and rate are 247 mm and
2.1 mm/102, respectively (Figure 11). The layered structure of coal
rock on the roof side causes it to produce complementary bending
deformation and shear fracture, which extends from the outside to
the inside under the influence of comprehensive stress that includes
dead weight and dynamic load disturbance. The outermost layered
structure on the roof side is in the state of circumferential force and
unilateral air force, which makes it highly susceptible to transverse
shear failure along the central position of coal and rock structure of
the roadway, especially under the disturbance of transverse dynamic
load. To analyze this, a cartesian coordinate system was established
using the intersection point of the original coal rock free surface and
the transverse shear failure surface on the roof side, where the cross
section curve of the transverse shear failure surface was expressed as
Y = −0.074x, and the intersection point of the coal rock free surface
and the transverse shear failure surface was found to be 1,087 mm
away from the bottom plate.

Once the coal rock on the shear failure surface loses support
from the deformed coal rock below it, the lower part and side of
the free surface are left without support. The vertical action of coal
rock and dead weight on top leads to the slide and instability of
the coal rock along the structure facing the lower space. Under the
action of comprehensive stresses such as coal rock, dead weight, and
transverse dynamic load, stepped shear failure along the transverse
fracture occurs. As a result, the coal rock above the horizontal shear

failure plane exhibits an inverted step-type shear failure, while the
coal rock below exhibits a step-type shear cross-layer shear failure,
with failure range increasing from inside to outside.

The coal and rock on the floor side continue to exhibit
creep, which leads to the generation of transverse shear
failure surfaces within the coal and rock mass. The expression
for the cross-section curve of the transverse shear failure
surface is given as Y = 0.053x with an intersection point
500 mm away from the bottom plate. Due to the presence of
unilateral adverse stress along the bedding plane direction, the
outermost layers of coal and rock experience stress leading
to shear sliding instability. While the stratified coal and rock
are initially in a state of internal force balance, the overall
aging and deformation trend analysis indicates that, under
the effect of comprehensive strength, combined with the time
effect of coal and rock on the bottom side, instability is
eventually produced.

4.2.4 Foot slip stage at floor side
During the deformation process of the coal and rock, some stress

was transferred to the bottom side, and the coal and rock roadway
reached its deformation limit. At calculation step 53,500, the coal
and rock experienced an overall fall and instability, which resulted
in the complete loss of its function as a roadway. The deformation
caused sides of the roadway to converge substantially to the interior,
and three displacement monitoring points were used to track this
movement. It was found that the coal and rock on both sides moved
closer by 1,846 mm, consistent with field measurement results.
However, there were differences in the position of deformation and
breakage modes on both sides of the coal and rock. The lateral
deformation of the coal and rock on the roof initially manifested
as meticulous buckling, starting from the central position of the
roadway and with the biggest shape variable close to 710 mm. This
was due to the predominantly tensile stress environment under the
action of the weight comprehensive state on the vertical position

Frontiers in Earth Science 12 frontiersin.org

https://doi.org/10.3389/feart.2024.1425208
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Bai et al. 10.3389/feart.2024.1425208

FIGURE 12
Results of the fourth stage of numerical model calculation.

of the lower part of the coal and rock roadway roof side, which
was excavated for roadway construction. Additionally, the large dip
angle (about 87°) of the coal and rock roadway sides resulted in the
vertical compressive stress less than its internal layered structure
surface strength, which was not enough to cause abscission of the
hierarchical structure of the coal and rock. The outer layer of the
roadway on both sides experienced compressive stress and obvious
plastic deformation of coal. Under the influence of time effect, the
creep of coal and rock on the roof side started from the central
position of the roadway wall and the yield deformation grouped
from inside to outside direction of the free surface leading to the
phenomenon of co-buckling of roadway rock mass, produced by
the combination of vertical compressive stress and lateral horizontal
stress (Figure 12).

Under the disturbance ofmining stress and the action of the rock
column between coal seams, the stress environment of coal and rock
deteriorates further, leading to the peeling-off layer by layer behavior
of the coal and rock. Deformation performance was observed to
begin on the bottom side of the lane with the largest variable of
1,136 mm due to the supporting function of the vertical position
of the occurrence of coal and rock on the lower part. Over time,
once the comprehensive stress exceeds the strength of the coal-rock
structural plane, a shear slip plane occurs along the structural plane,
and the rock mass layered on the shear slip plane slides along the
slip face inside the roadway. This leads to the overall shear sliding
instability of the coal and rock on the bottom side, resulting in
rock mass accumulation in the roadway floor. The total internal
deformation of coal and rock instability on both sides of the roadway
reached 1,846 mm, accounting for 54.3% of the transverse length of
the roadway, which seriously affected its normal function.

The length of the broken bedding plane gradually decreases from
the outside to the inside. This results in the formation of a large
lateral conical cavity on the outer side of the coal and rockmass and a
small one on the inside. Step-like rock steps are left in the upper and

lower positions of the conical cavity. The steps at the upper position
can be simplified as a front-end unconstrained, back-end clamped
hanging plate structure. Under the influence of gravity, the hanging
plate structure is likely to generate shear failure along the internal
structure surface, leading to vertical peeling, which poses significant
hidden danger for field security operations. The compression test
results of the coal and rock mass show high consistency with this
observation.

5 Conclusion

(1) It has been observed that the layered sandstone in the study
area exhibits creeping behavior when it experiences over
60% of its uniaxial compressive strength. This may lead to
subsequent failure and instability. Vertical ladder tension-shear
failure and oblique slip shear failure are the main forms of
failure, and sometimes these two failure forms can occur in
combination.

(2) Both physical modeling experiments and numerical
calculations have demonstrated that the lateral limitation of
rock mass deformation and destruction of roadway roof coal
and rock occur at the central position of synthetic buckling
and the shearing destruction, while the limitation of coal and
rock deformation and destruction on the roadway bottom side
occur at the free surface of the base shear sliding failure. This
results in an asymmetric instability phenomenon of coal and
rock roadway.

(3) According to theoretical mechanics calculations, the
maximum bending moment of the roof of a coal rock roadway
is concentrated on the nearly vertical side and near the middle
of the coal rock structure, making it prone to lateral shear
failure at that location. On the other hand, under the influence
of comprehensive stress, the bottom of the coal rock structure
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is prone to shear sliding failure, resulting in asymmetric
instability of the coal rock roadway.
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