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Abstract

To address the alternating high- and low-stress cycles observed during the analysis of
stress evolution and energy field distribution in the folded structural zone of Working Face
No. 2 at a certain mine, a three-dimensional geological numerical model was established
using Rhino+HyperMesh, incorporating the geological characteristics of the working
face. Additionally, a dual-yield model for the goaf was incorporated into the analysis to
accurately capture rock behavior. The analysis reveals that in the folded structural zone,
the stress at the advance supports reaches its maximum at each inflection point, when the
waste rock in the goaf also exhibits significant hardening behavior. Specifically, during the
synclinal upward mining stage, the abutment stress reaches 7.6 MPa. In contrast, stress
values reach their minimum at the ridge and trough points. In these inflection points,
concentrated stresses are also observed on both sides of the coal face in the goaf. Notably,
the stress in the haulage gate, due to its greater curvature, is higher than that in the return
air drift. Furthermore, the strain energy peaks at the hinge point between the drift and the
axis of the anticline. This concentration of strain energy occurs in areas highly prone to roof
collapse, and notably, it is maximized where these three factors intersect.

Keywords: fold structure; Flac3D; abutment stress; strain energy

1. Introduction

As one of the most widespread geological structures, the formation and evolution of
the stress field in fold structures have attracted significant attention from scholars due to
their impact on coal mining [1-3]. Compared to horizontal coal and rock strata, the stress
distribution in mining areas is uneven due to the effects of fold structures, with horizontal
stress being the dominant component. High horizontal stress is typically concentrated
in the synclinal axis [4,5] and the axial zone of the anticline [6,7]. Under the disturbance
caused by mining operations, energy accumulates in the roof, thereby inducing rockburst
disasters [8,9], which pose a serious threat to the safety of workers and significantly impact
daily production.

Currently, scholars have conducted extensive research on stress distribution in folded
structures. Ju Xin [10] derived a formula for calculating rock mass pressure in folded
structures, elucidating the pattern by which structural stress transitions from tensile to
compressive stress with increasing burial depth, thereby providing a stress field basis for
rockburst hazard assessment [11]. Wang Shengben et al. [12] established a fold model
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to systematically elucidate the evolution patterns of the displacement field and stress
field in coal bodies. Cheng et al. [13] revealed the characteristics of non-uniform stress
evolution and intensified stress concentration in working faces within fold structures,
noting that stresses in the axial part of synclines are higher than in the flanks and are more
likely to trigger high-energy microseismic events [14]. Kang Hongpu et al. [15,16] used
field measurements and modeling to reveal the characteristics of the tectonic stress field,
showing that the increase in horizontal stress in the axial part of the syncline is significantly
greater than in the flanks. Tang Long et al. [17] pointed out that stress concentration is
most pronounced at the crests of folded structures, and that the greater the curvature, the
more non-uniform the stress distribution [18]. Studies by Guo et al. [19] and Bai et al. [20]
indicate that stress is asymmetrically distributed in fault-fold composite structural zones,
with higher stress along the synclinal axis; the superposition of tectonic and mining-induced
stresses significantly increases the risk of rockbursts. Cao et al. [21] noted that stress in fold
structural zones exhibits a zonal distribution, with horizontal stress playing a dominant role
and controlling the stability of surrounding rock in different regions [22]. Wang et al. [23]
employed microseismic monitoring, energy density cloud analysis, and seismic velocity
tomography to investigate the mechanism of rock bursts in synclinal structural zones.
Zhouye et al. [24] and Wang et al. [25] found that the inner arc of the fold axis is the
region of maximum principal stress concentration, and the coupling of mining-induced
and tectonic stresses determines the location and intensity of the stress concentration zone;
Liu Chang et al. [26] found that a decrease in coal seam dip angle within a folded structural
zone exacerbates stress concentration in the tunnel and forms L-shaped high-stress zones.

Although theoretical analysis and statistical analysis are common methods for as-
sessing the likelihood of rock mass instability, the limited scale of models, the complex
physical and mechanical properties of coal and rock, and the influence of the longwall
mining process make large-scale parametric analysis difficult to achieve. In contrast, nu-
merical methods offer significant advantages in studying the mechanical behavior of deep
surrounding rock [27]. Hamdi P et al. [28] employed FLAC3D numerical simulations and
in situ stress measurements to find that the in situ stress in the study area is significantly
controlled by topography and tectonics, with the stress state varying systematically along
the tunnel axis; the distribution of excavation damage zones showed high consistency
with the simulation results. Zhang et al. [29] used FLAC3D modeling to simulate fault
slip and stress changes during mining, revealing the mechanism by which fault activation
triggers rock bursts and determining that the coupling influence range between mining
operations and fault activation is 150 m. Wang et al. [30] simulated and analyzed the
evolution characteristics of the stress field in a fold structure region during the mining
process and investigated the rock pressure laws in different areas of the fold structure
under mining influence. Chen et al. [31] used numerical simulation to study the stress
distribution patterns during the formation of fold structures and the laws governing local
stress field changes induced by mining operations.

In summary, although scholars both domestically and internationally have achieved
significant results regarding stress distribution in folded structures, existing research still
focuses on static mechanical responses under conventional mining heights. The intense
overburden movement and extensive spatial disturbances triggered by deep-seam mining
result in a synergistic evolution mechanism of the mining-induced stress field and energy
field under fold constraints that differs significantly from traditional operating conditions.
Furthermore, existing numerical models still lack sufficient consideration of the nonlinear
bearing characteristics of waste rock in the goaf. Therefore, this paper takes a high-seam
longwall face in the No. 2 coal seam of a certain mine as the engineering background. Using
Rhino-Hypermesh, a detailed 3D geological model was constructed, and the Double-Yield
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criterion was introduced to reproduce the bearing characteristics of the goaf [32]. The study
investigates the evolution of the stress field and the distribution of energy in high-seam
longwall faces across folded structural zones, providing theoretical support and scientific
basis for the prevention and control of rock bursts in such complex structural zones.

2. Project Background

This paper takes the full-height fully mechanized mining face in the first mining cycle
of Coal Seam No. 2 in a certain mining area as its project background. This face exhibits
typical characteristics of mining-induced activation in a folded structure, is controlled
solely by the folded structure, and has no pre-existing through faults or slip planes. The
coal seam roof consists of a composite of sandy mudstone. The overlying bedrock layer
ranges in thickness from 240 to 280 m, and the loose sedimentary layer ranges from 7 to
17 m in thickness. When the face advanced to a point 210 m behind the go-ahead, roof
instability occurred in the control zone of hydraulic supports No. 105 to No. 125. The
unstable zone extended 10.8 m along the strike and was 8.3 m from the solid coal face of
the return airway. At this point, the tail end of the face conveyor had just passed through a
structural depression, and the face was in an inclined mining state. Under concentrated
structural stress, large-scale shear slippage occurred along the coal face. As the working
face continued to advance, the unstable zone expanded to the area between supports No.
150 and No. 156, and the height of the roof collapse increased from an initial 3 m to 6-8 m
in the later stages. The impact of the instability persisted for six working cycles, as shown
in Figure 1.

Haulage gate
—

Figure 1. Overview of No. 2 Coal Seam Working Face.

Figure 2 integrates the weighting interval with topographic data and classifies the
inflection points into eight distinct stages based on the coal seam stratigraphy; Stages 2
through 7 correspond to the six observed field cycles of instability evolution. Based on
the support load analysis in Figure 2, the first pressure surge on the working face occurs
during Stage 2. In Stage 2, the coal seam is located in an anticline structural zone, where the
roof is subject to tensile structural stress and is prone to fracturing, making roof falls highly
likely. Furthermore, both Stage 2 and Stage 8 involve nearly horizontal coal seams, and the
periodic pressure surges in these mining cycles exhibit regularity. Compared with other
stages, the differences in the intervals and durations of these periodic pressure surges are
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relatively small. Stages 3 and 4 are in the down-dip mining area. At this stage, the working
face experiences both large and small periodic pressure cycles, with varying cycle intervals
and durations. Among these, the 6th cycle has the shortest interval and duration, at 3.6 m
and 2.7 m, respectively. At this time, the working face is in the initial mining phase of the
coal seam corner, and the immediate roof has not yet formed a stable arch-beam structure.
In Stage 5, the face advanced in an upward, inclined mining direction. Under the influence
of horizontal tectonic compressive stress, the periodic pressure wave spacing was relatively
large. The 12th periodic pressure wave occurred at an advanced distance of 206 m, with a
spacing of 22 m, which was the maximum value during this mining cycle.
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Figure 2. Map of incoming pressure in folded terrain.

3. Analysis of Stress Evolution Characteristics in the Working Surface of
the Folded Structure Zone

3.1. Development of Numerical Model

To systematically elucidate the spatiotemporal evolution of the mining-induced stress
field in a folded structural zone, a three-dimensional overburden structural model incor-
porating the folded structure was established, using the high-seam longwall face in Coal
Seam No. 2 as a case study. This study establishes a numerical model based on changes
in surrounding rock stress during the advance of the working face across the irregular
topography of the fold. The fold is treated as a continuous curved rock mass for simulation
analysis, and the model is constructed using the Rhino-Hypermesh finite element method.
The actual geological numerical model of the fold structure zone is shown in Figure 3. The
model dimensions are 500 m x 300 m x 200 m, with a total of 1,268,458 model elements. The
Mohr-Coulomb constitutive model was adopted, whilst a dual-yield constitutive model
was selected for the goaf to characterize the stress—strain mechanical properties of the goaf
waste rock’s strain hardening. The fundamental physical and mechanical parameters of
the coal and rock were derived from rock block mechanical tests conducted at the mine. It
should be noted that rock masses in actual fold-structured zones often exhibit high vari-
ability and anisotropy. Due to the computational constraints of large-scale modeling, the
model employs the continuous medium approach to simplify the rock mass as an isotropic
medium. Inter-layer contacts, rock mass fracturing and weak-plane shear effects have been
accounted for through the reduction and generalization of rock mechanical parameters
based on the Hoek-Brown criterion, thereby providing a macroscopic representation of the
stress and energy evolution patterns in the surrounding rock of the fold zone. The physical
and mechanical parameters of the coal and rock mass are shown in Table 1.
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Table 1. Mechanical Parameters of Coal Rock Body.

Litholo Bulk Shear Cohesion Angle of Internal Tensile Density

8y Modulus (GPa)  Modulus (GPa) (MPa) Friction (°) Strength (MPa)  (kg/m®)
Medium-grained sandstone 5.5 2.9 3.75 32 242 2490
Fine sandstone 7.02 3.6 4.8 31 2.45 2560
Coarse-grained sandstone 44 2.04 3.15 33 242 2410
Siltstone 7.62 4.1 2.98 35 3.54 2650
Coal 1.73 0.89 15 25 0.46 1750

200m

Medium-grained sandstone
I Coarse sandstone
|| Fine sandstone
Coal seam
B siltstone

Figure 3. Actual Geological Numerical Model of Fold Tectonic Zone.

This numerical model employs a multi-level composite boundary condition system
to implement mechanical constraints on the geological prototype. The model boundary
conditions are set according to the following guidelines: full-degree-of-freedom constraints
are applied to the front, rear, and bottom surfaces of the model, and displacement boundary
control was achieved using the zero-velocity method. Based on the burial depth of 112 m at
Working Face No. 2, a vertical stress of 3.75 MPa is applied to simulate the overburden stress
field. The lateral pressure coefficient is set to 1.5. Stress-loading boundary conditions are
applied to the left and right boundaries, where a distributed loading system is established
to construct a depth-dependent structural stress gradient field, with the horizontal stress
components satisfying the lateral pressure coefficient. The model employs the continuous
medium method. Interlayer contacts, rock mass fracturing, and shear effects at weak planes
are generalized using rock mechanical parameters, enabling a macroscopic representation
of stress and energy evolution in the surrounding rock of the fold zone. The numerical
model maintains in situ stress equilibrium prior to mining disturbance, converging to the
residual stress norm through iterative calculations to achieve initial stress equilibrium. The
specific workflow in the numerical simulation is as follows: During model initialization,
the composite stress field is constructed using the Initial command. The gravitational stress
field is implemented using the Set gravity command to apply a gravitational acceleration
of 9.8 m/s?. The tectonic stress field is modeled using the Gradient keyword to represent
the nonlinear distribution of horizontal stress with depth. Additionally, a stepwise loading
strategy is employed to achieve mechanical equilibrium of the geological prototype: first,
the model is set to an elastic constitutive model for elastic pre-equilibrium; subsequently, a
Mohr—Coulomb constitutive model is applied to gradually approximate the true stress state;
finally, a rock stress distribution consistent with engineering reality is obtained, as shown in
Figure 4. It is worth noting that to eliminate the influence of deformations that may occur
during the initial equilibrium process on subsequent coal seam mining, a displacement field
reset operation must be performed after completing the initial equilibrium. This enables an
accurate analysis of the model’s force and deformation characteristics under disturbances
caused by coal seam mining.
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Figure 4. Initial stress field and boundary conditions of the model.

As shown in Figure 4, the initial stress field of the source rock indicates that fold
structures alter the magnitude of horizontal stress at the same elevation. The degree of
horizontal stress concentration in the axial zones of synclines and anticlines is higher than
in other areas at the same elevation. Furthermore, under the influence of tectonic stress,
the degree of horizontal stress concentration in the axial zone of an anticline—which is
shallower and has greater curvature—is actually greater than that in the axial zone of an
anticline that is deeper and has smaller curvature. It follows that the axial zones of folds, as
characteristic points, are critical areas requiring special attention during the advancement
of mining faces.

3.2. The Evolution of Abutment Stress Along the Strike of the Working Face in the Folded
Structure Zone

Inflection points and troughs in folded structures often create zones of abnormal stress
concentration. These zones pose a significant threat to the stability of the surrounding
rock system in mining areas [17]. By establishing a dynamic stress field model for regions
affected by fold structures and focusing on stress distribution and evolution at key locations,
it becomes possible to understand the spatiotemporal evolution of the surrounding rock
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stress field during mining operations. This knowledge provides theoretical support for
formulating targeted measures to control the surrounding rock.

As shown in Figure 5a, when the working face enters the upward mining phase of an
anticline following horizontal mining, it passes through a zone of reduced in situ stress.
The stress gradient of the advance support decreases once the advance abutment stress
has reached its maximum value of 5.75 MPa. As the working face advances, it reaches a
minimum value of 4.84 MPa at the anticline crest and, Behind the working face, the roof
of the goaf broke and subsided at the turning end of the fold. After lagging behind the
working face by a certain distance, the waste rock begins to effectively support the roof,
generating a support force of approximately 1 MPa. This waste rock support force reaches a
maximum of 1.53 MPa at the inflection point. The direct roof above the mined area is prone
to failure after mining; the underlying primary roof subsequently bends and subsides,
coming into contact with the waste rock to re-form a stress concentration zone. The waste
rock, after being continuously compressed, exerts a reaction force on the roof and, together
with the coal wall of the goaf and the hydraulic supports, jointly supports the roof until
stability is achieved.

— 40m — 100m

The first part The second part The thirdpart — ™ —— 120m
—— 140m
e 160m
180m
200m
— 220m
240m

The first part The second part The third part

initial
others
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L L L L | L L 1 ]
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Figure 5. Abutment stress distribution curve of working face at different propulsion distances.
(a) Up-dip mining stage of the working face on an anticline. (b) Transition stage of the working face
across an anticline into a syncline. (¢) Down-dip mining stage of the working face on an anticline.

As shown in Figure 5b, as the working face advances toward the back-anticline
transition zone, mining-induced dynamic disturbances disrupt the original static tectonic
stress equilibrium, causing stress to re-accumulate within the fold structures and energy to
build up rapidly, thereby forming an activated tectonic stress zone. Static tectonic stress
serves as the background field, while mining-induced unloading and stress transfer are the
direct triggers for activation. The coupling of these two factors controls the evolution of
stress in the surrounding rock of the working face, with mining-induced stress and tectonic
stress jointly forming an irregular and complex stress field. In the initial cutting zone of the
working face, the abutment stress on the coal face reaches a maximum level of 5.9 MPa;
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under the influence of the activated tectonic stress field, the stress distribution exhibits a
gradient-like increase from the anticline apex to the syncline trough, with both the bearing
stress of the goaf waste rock and the surrounding rock stress of the working face displaying
significant asymmetry along the structural strike, and stress concentration occurring at
the inflection point. When the fully mechanized mining face approaches the structural
zone at the synclinal trough point, the concentrated stress field ahead of the face undergoes
significant release. This phenomenon reveals the regulatory mechanism by which the
geometric morphology of fold structures influences the redistribution of mining-induced
stress fields. When the working face advanced to 160 m, roof failure caused the abutment
stress to begin decreasing; subsequently, the abutment stress at the infill zone inflection
point increased. As the working face continued to advance, the degree of stress relief in the
infill zone increased, reaching nearly 0 MPa at the fold trough point. When the working
face advanced to 220 m from the cut-off point, the advance abutment stress in the folded
CMM working face reached a peak of approximately 7.6 MPa. As the advance continued
toward the ridge point, the roof fractured, and the abutment stress began to decrease. The
measured point of roof instability (210 m) and the point of maximum incoming pressure
(206 m) show a high degree of spatial correspondence with the simulated stress and energy
peak point (220 m), with a positional deviation of only approximately 4.7% to 6.7%, which
falls within the permissible error range for numerical simulation. The model is capable of
accurately reproducing the stress evolution characteristics during the mining process of
deep-seam longwall faces in folded structural zones.

Figure 5c: When the working face enters the down-dip mining stage of the anticline,
the surrounding rock is in a zone of elevated in situ stress. As the working face advances,
the advance abutment stress gradually increases, reaching a peak vertical stress of 6.1 MPa
at a distance of 280 m from the cut-off point. which also marks the inflection point of the
anticline. As the face advances past the inflection point, the roof fractures and the abutment
stress begin to decrease; at a distance of 300 m from the cut-off point, the peak vertical
stress is 5.6 MPa, a 5% decrease. The bearing stress in the goaf increases continuously at
the goaf inflection point. Consequently, the further the goaf lags behind the working face,
the more pronounced the abutment capacity of the goaf waste becomes. This is because,
after coal seam mining, it takes a certain amount of time for the waste rock to completely
fill the goaf; therefore, the contact between the overlying strata and the waste rock often
lags behind the working face by a certain distance.

3.3. The Evolution of Abutment Stress in the Surrounding Rock of Working Faces in
Folded Structures

When the working face advances into different zones of a fold structure, the stress
distribution in the advance support within the fold structure zone exhibits distinct regional
characteristics. In terms of strike, when the working face advances to the vicinity of
troughs and ridges within the fold structure zone, the abutment stress drops sharply,
and the roof becomes extremely unstable. At the inflection points, the concentration of
advance abutment stress is relatively high, and the waste rock in the goaf also exerts a
significant supporting capacity on the primary roof at these points. This demonstrates that
the characteristics of the fold structure have a significant impact on the stress distribution
in the surrounding rock of the mining area.

During the development of roadways and the advancement of the mining face, differ-
ences in the distribution characteristics of in situ stress among various fold structure units
result in spatial heterogeneity in mining production risks. When the fully mechanized min-
ing face advances into zones with different mechanical properties within the fold structure,
the stability of the surrounding rock exhibits significant variations. Therefore, the entire
mining face advancement process is divided into three sections.
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As shown in Figure 6, the working face is currently in the first stage of mining. The
anticline structure is located in a stress reduction zone, while the goaf and the side roadways
are experiencing excavation-induced stress relief, i.e., they are stress release zones. At this
point, the working face is in the upward mining phase of the anticline. When the advance
reaches 40 m, the working face is at a turning point, where advance stress concentration
occurs in the roof. Due to changes in the coal seam dip angle, the pressure from the inclined
roof above the coal face shifts forward, causing stress release in the roof of the goaf and
resulting in stress concentration at the coal face of the working face. When the working
face advances further to 60 m, it reaches the inflection point. The advance abutment stress
in the roof decreases slightly, and stress concentration occurs in the crosscuts on both sides
of the goaf. The abutment stress in the haulage crosscut is 5.82 MPa, while the return
air drift abutment stress is 4.95 MPa. Analysis of single-fold structures indicates that the
greater the curvature of the fold, the larger the difference between the additional stress
caused by rock bending deformation and the principal stress. According to the Mohr-
Coulomb yield criterion, the surrounding rock is more prone to stress accumulation [17];
therefore, the degree of stress concentration at the inflection point is also higher. When the
working face advances to 80 m, it reaches the anticline crest, at which point the working
face is located in a stress relief zone, and the advance abutment stress at the working face
decreases significantly. Additionally, changes in the coal seam dip cause the immediate
roof to fracture, resulting in roof collapse that propagates toward the goaf. Mining-induced
fractures and fissures block the forward transmission of stress, causing it to develop along
the side drifts on both sides of the goaf. The abutment stress in the haulage gate is 6.88 MPa,
and in the return air drift, it is 5.71 MPa. When the roof near the headings reaches its
strength limit, short-span fractures will form. Therefore, during the first stage of mining,
the bearing stress in the headings on both sides of the goaf exhibits an increasing trend.

Abutment stress/MPa
7.000 Abutment stress/MPa
6282 190
_— 6282
4846 o564
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3410
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1256
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(c) Advance the working face by 80 m

Figure 6. A stress map of the surrounding rock in the first stage of the folded working face.

As shown in Figure 7, when the working face advances into the synclinal fold zone,
the initial phase involves downward mining along the syncline. After the working face
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passes the anticline crest, it re-enters the stress concentration zone and proceeds with
downward mining. The stress concentration zone primarily encompasses the area ahead of
the working face and the regions on both sides of it. When the working face advances to
100 m, the surrounding rock stress does not exhibit regional characteristics, and the roof
of the working face remains relatively stable. At the inflection point of the first stage, the
abutment stresses on both sides of the drift also begin to drop sharply, to 4.92 MPa and
4.34 MPa. When the working face advances to 120 m, viewed from the direction of advance,
it reaches the anticline’s inflection point. At this point, a stress concentration is observed
in the advanced support. Viewed along the length of the working face, the roof in the
inflection point region exhibits stress concentration in the advance support and displays a
zonal effect, with the abutment stress on the return air drift side being significantly greater
than that on the haulage gate side—completely opposite to the stress distribution in the
first stage. When the working face advances to 140 m, it passes through the inflection point
and remains within the stress concentration zone. The advance abutment stress exhibits
the same zonal phenomenon, but the abutment stress in the haulage gate—located in the
region of strong structural stress—is greater than that in the return air drift, at 6.91 MPa
and 4.93 MPa, respectively, following the pattern that stress concentration is higher on the
side of the fold structure with greater curvature. When the working face advances to 200 m,
it enters the synclinal inflection point zone. At this point, stress concentration is greater at
the inflection points of both side drifts, with abutment stresses of 7.24 MPa and 6.22 MPa.
Conversely, the advanced abutment stress at the working face drops sharply, reaching a
trough value. Analysis suggests that long-span roof cracks may develop here, or even roof
failure, with the advance abutment stress shifting toward both sides of the goaf.
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Figure 7. Stress distribution in surrounding rock at second-stage folding working face.

After the working face passes through the synclinal trough point, the synclinal upward
mining phase begins. When the working face advances to 180 m, the overhang distance of
the goaf roof is short, the advance abutment stress at the working face is low, and stress
reduction is observed in both side drifts deep within the goaf. When the working face
advances to 200 m, the advance abutment stress begins to increase. Since the curvature
of the folds is consistent along the length of the working face—indicating a single fold
structure—no regional variations in abutment stress are observed. When the working face
advances to 220 m, it reaches the third inflection point region, where the advance abutment
stress reaches its peak value of 7.64 MPa, and the stress distribution is uniform; As the
working face continues to advance to 240 m, it reaches the anticline crest. At this point, the
working face is in the stress release zone, where the advance abutment stress decreases
significantly. Furthermore, changes in the coal seam dip cause immediate roof fractures,
leading to roof collapse that propagates toward the goaf. Mining-induced fractures and
fissures block the forward transmission of stress, causing it to develop along the side drifts
on both sides of the goaf. At this point, the abutment stress in the haulage gate increased to
7.23 MPa, and that in the return air drift reached 7.12 MPa. Once the roof near the drifts
reaches its strength limit, short-span cracks will form; once these cracks propagate, the roof
ultimately undergoes “O-X" fracturing.

As shown in Figure 8, the working face in the folded structure zone advanced through
the anticline crest to the third stage, at which point the working face began down-dip
mining. When the working face reached 180 m, the curvature of the folds was relatively
small, at this point, mining is nearly horizontal, so the stress from the fold structure is
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relatively low, and the abutment stress is primarily concentrated in the synclinal structural
zone, while the advance abutment stress at the working face is relatively low. When the
working face advances to 200-220 m, it passes through the fourth inflection point of the
fold structure zone, and the abutment stress begins to increase. As the advance continues
and the working face passes the turning point, the abutment stress begins to decrease again.
Throughout this stage, strong abutment stress is observed in the drift on both sides of the
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Figure 8. A stress map of the surrounding rock in the third stage of the folded working face.

Figure 9 shows the variation in stress in the surrounding rock of the working face at
different advance distances. As shown in the figure, throughout the entire mining process,
stress concentration occurs in the surrounding rock of the working face due to mining-
induced disturbances. Stress concentrations are primarily located at the leading coal face of
the working face and on both sides of the goaf, while the roof and floor of the working face
are regions of reduced stress. In the dip direction, due to differences in curvature within
the folded structural zone, the curvature is greater on the side adjacent to the haulage
gate. Consequently, the abutment stress on the coal face wall on the goaf side is higher
than that on the return air drift side. Furthermore, the distribution of high-stress zones
near the drifts is highly consistent with the distribution of inflection points in the folded
working face. It is worth noting that, due to the upward-dipping mining in the working
face shown in Figure 9a,c, the gradient of change in advance abutment stress is greater,
and the degree of stress concentration at the inflection point is higher. Furthermore, the
gravitational component generated by the coal seam dip increases along the dip direction.
Under these conditions, the coal seam roof is prone to failure and instability, particularly
near the haulage gate, where roof stability is poorer and more likely to trigger roof falls.
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Figure 9. Contour plot of abutment stress distribution at different advance distances in No. 2 coal
seam working face.

4. Energy Field Distribution at the Working Surface of the Folded
Structure Zone

Under complex stress conditions in the surrounding rock, studying the evolution of
abutment stress alone is insufficient to explain the plastic failure and rupture of a working
face. Energy serves as the intrinsic driving force behind roof failure; therefore, the stability
of the roof in folded working faces will be analyzed from an energy perspective below.

4.1. Analytical Expression for the Second Invariance of Partial Stresses

Energy changes occur throughout the entire process of coal-rock mass deformation.
Under the influence of mining-induced stresses, elastic energy can accumulate and be
released. When the elastic energy stored in the coal rock mass reaches a critical value, it
is converted into other forms of energy, leading to global failure and instability. Elastic
energy primarily consists of strain energy and volumetric energy. Under external forces,
the deformation of a material can be decomposed into two types: volumetric deformation
and shape deformation. According to plasticity theory, volume changes are elastic; during
plastic deformation, the volumetric strain of an object is zero or the average positive strain
is zero, a phenomenon known as “plastic deformation with no volume change.” Stress
deviation is the primary cause of inelastic deformation in materials; therefore, the main
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factor driving plastic deformation in coal and rock masses is strain energy, not total strain
energy. Consequently, studying stress deviation in rock masses is of great significance
for investigating their elastic—plastic deformation and failure. In the following, the fourth
strength theory will be utilized to evaluate the stability of the working face roof using strain
energy as an indicator.

In rock mechanics, the total stress tensor ¢;; can be decomposed into the spherical
stress tensor and the deviatoric stress tensor 07;:

vij = Omdij + Sij ey

Here, 0y, = %((71 + 09+ 03) represents the mean stress; (51-]- denotes the Kronecker
delta; and s;; denotes the partial stress tensor.

The second invariant |, of the partial stress tensor is a key physical quantity for
measuring the degree of shear deformation in rock, and its expression is as follows:

2 = %Sijsij - % {(01 —0)* + (02 —03)" + (03 —07)? } 2)

In this equation, 01, 02, and 03 represent the maximum principal stress, intermediate
principal stress, and minimum principal stress, respectively.

Furthermore, the second invariant of the partial stress tensor is related to the strain
energy of shape change (distortion energy) Wr. The total strain energy density W of a rock
mass under external loading consists of the volume change energy W, and the distortion
energy Wr. According to the generalized Hooke’s law, the distortion energy Wr depends
solely on the deviatoric stress state, and its formula is derived as follows:

1+ S N
Wr = 3T3]2 = Th EDYe! (©)
where E is the elastic modulus; v is the Poisson’s ratio; and G is the modulus of rigidity or
shear modulus.
From the above equation, it can be seen that when the modulus of rigidity G is fixed,
there is a linear relationship between the second invariant of the deviatoric stress and the

deformation energy.

4.2. Spatial Evolution Analysis of Strain Energy in the Working Surface of a Folded Structure

To obtain the energy variation characteristics of the folded structural zone and thereby
analyze the stability of the working face roof, we will use the Fish language to monitor
the deviatoric stresses in the mining area and generate strain energy distribution contour
plots. We will then select contour plots at characteristic points where energy partitioning is
distinct for analysis. Figure 10 shows contour plots of the strain energy distribution as the
working face advances to various turning points.

As shown in Figure 10, under the influence of mining operations in the working face,
the distribution of deformation energy in the fold structure zone exhibits distinct regional
characteristics. Strain energy is concentrated in the rock mass surrounding the goaf, the
drift, and the axial zone of the anticline; in particular, deformation energy reaches a peak
(which is a local maximum) at the intersection of these three areas. This makes the roof
prone to instability and failure under the action of deviated stress. This area is therefore
a key zone for prevention and control, whereas the region near the synclinal axis is in a
low-energy zone, where the roof is relatively stable.
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Figure 10. Aberration energy distribution cloud for different propulsion distances.

From the perspective of an advanced position, although significant advanced abutment
stress exists at each turning point, there are significant differences in the distribution of
strain energy. First, during the initial 60 m advance to the first turning point, strain energy
values are high at the coal face and the cut-off point, with the cut-off point serving as
the energy peak of the mining area; As advancement continued through the synclinal
axis to the second inflection point, the strain energy at the cut-off point decreased, and
the synclinal axis became the peak energy point of the mining area. At this stage, the
stress concentration was concentrated at the haulage gate, where the strain energy of the
roadhead reached 5446 ] /m?3, making it prone to roof falls that could induce roof failure in
the goaf. However, the energy at the coal face was lower, and the roof was more stable. In
the second stage, when the advance reaches 220 m, the system is at the third inflection point.
Similar to the first stage, the working face is in the upward mining phase. A large amount
of strain energy accumulates in the roof ahead of the working face, and together with the
energy at the synclinal axis, it forms a bimodal energy field. At this point, if the energy
threshold is reached, the mining area will experience a large-scale roof collapse, affecting
the safe production of the working face. When the working face advances to 280 m, it
reaches the fourth inflection point. After the working face passes the axis of the anticline,
the strain energy from the bimodal energy field transfers to the two side drifts. Compared
to the previous inflection point, the strain energy in the roof of the haulage gate increases
from 5891 ] /m?3 to 7183 ] /m3, a rise of 21.9%; the strain energy in the return air drift roof
increased from 5189 J/m?3 to 6024 J/m3, a 16.1% increase. Furthermore, the strain energy
continues to rise as the distance between the two drifts and the working face increases.
Under deviatoric stress, the drift roofs undergo plastic deformation until roof collapse.

Field measurements have revealed that roof stability is poorest at the inflection points
of anticlines and synclines, where large-scale collapses are likely to occur. This finding is
fully consistent with the theoretical patterns derived from numerical simulations, demon-
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strating that the model is highly reliable and can serve as a theoretical basis for subsequent
research into rock mass control and the prevention of roof-related hazards.

5. Conclusions

This paper examines the engineering geological conditions of a high-seam mining
face in Coal Seam No. 2 at a certain mine. Using Rhino+Hypermesh modeling technology,
a three-dimensional numerical model was constructed to analyze the stress distribution in
the surrounding rock and the evolution of energy during mining operations in a folded
structural zone. The main conclusions are as follows:

(1) When the face advances upward in a reverse-dipping direction toward the anticline
crest, the advance abutment stress reaches a minimum value of 4.84 MPa at the
crest. In the goaf, the stress in the waste rock reaches a maximum of 1.53 MPa at
the inflection point. During the downward dip mining process of the working face,
the bearing stress exhibits an increasing trend; when advancing to the synclinal trough
point, the bearing stress drops to its minimum value, and at the inflection point of the
dip mining in the stress concentration zone, the bearing stress reaches a maximum
of 7.6 MPa.

(2) From the perspective of the working face surrounding rock, during the initial anticline
upward mining phase, the bearing stress is higher on the side of the haulage gate
with greater curvature, reaching a maximum of 6.88 MPa, and drops sharply when
advancing near the ridge point; during the synclinal down-dip and up-dip mining
phases, the bearing stress is higher at the working face with smaller curvature and
reaches a trough at the trough point; during the anticline down-dip mining phase,
the fold curvature is smaller, and the bearing stress peaks at the inflection point,
beginning to decrease after passing the turning point.

(3) At the start of mining in a folded strata face, the strain energy at the cut-off point
is at its peak. As the face advances to the second inflection point, the strain energy
at the cut-off point decreases, and the axis of the anticline becomes the energy peak
point of the mining area. At this point, the deviatoric stress is concentrated at the
location of the haulage gate at the ridge point, and the strain energy of the roadhead
reaches 5446 ] /m3; as mining advances to the third inflection point, a large amount of
strain energy accumulates in the roof ahead of the working face, forming a bimodal
energy field in conjunction with the ridge point. By the fourth inflection point, the
strain energy in the headings on both sides of the goaf increases with the distance
from the lagging working face, rising by 21.9% (transport heading) and 16.1% (return
air heading).
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