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Roof movement induced by coal excavation is the immediate cause of rock pressure redistribution and strata behavior. The rigid
block in PFC3D was used to generate a multijointed rock mass, and the PFC3D-FLAC3D coupling model was used to study the
movement law of the highly developed structural plane of the overlying strata. Strata movement and abutment pressure
redistribution characteristics were obtained. The numerical simulation results showed that the multijointed rock mass model
reproduced a rock mass with highly developed structural planes. After coal seam mining, the immediate roof caved and filled
the goaf, forming an irregular and regular caved zone. The immediate roof shear slipped along the coal wall. The fracture of
the basic roof formed a fractured zone, and the maximum height of the fractured zone first increased and then decreased,
exhibiting continuous slow subsidence. The fluctuation of the front abutment pressure was reduced, and the abutment pressure
in the goaf jumps was discontinuous. The abutment pressure in the goaf was high in the middle and low on both sides. After
the initial fracture of the basic roof, the stress concentration of some rock blocks in the goaf exceeded the in-situ stress, and
the average abutment pressure increased with the working face advancing length. With the coal wall of the working face
gradually moving away from the goaf, the abutment pressure of the goaf first increased and then remained unchanged; the
porosity first decreased sharply and then declined slowly; the coordination number of particles rose sharply and then increased
slowly, indicating that the goaf gradually stabilized. Similar simulation results indicated that the variation law of abutment
pressure, caving characteristics of the immediate roof, and continuous slow subsidence of the basic roof were the same as those

of the numerical simulation.

1. Introduction

The overlying strata movement induced by coal seam min-
ing is the leading cause of mining accidents. Therefore, mas-
tering the movement laws of overlying strata has become an
essential requirement for mining safety. Field practice indi-
cates that under the conditions of the strike-retreating long-
wall mining and natural cave methods, the goaf behind the
working face can usually be divided into three zones along
the vertical direction: caved, fractured, and bending subsi-
dence zones (Figure 1(b)) [1, 2]. Owing to the difference in
roof lithology and caving height, the immediate roof usually
fills the goaf with rock blocks to form a caved zone
(Figures 1(a), 1(c), and 1(d)); the bulking factor is usually

1.3-1.5 [3]. The basic roof is usually fractured with a plate
and generates fractures to form a voussoir beam structure,
known as a fractured zone [4, 5]. The overlying strata on
the basic roof continuously sink, creating a bending subsi-
dence zone. Owing to the concealment of underground min-
ing engineering, determining the movement law of the field
overlying strata using existing technical methods is difficult.
Therefore, studying the movement law of the overlying
strata and reproducing the development characteristics of
the three zones through numerical simulations are essential.
In the Xuyong mining area of Sichuan Province, China, the
coal-bearing measure (Permian System Longtan Formation)
is dominated by sandy mudstone with low rock mass
strength and developed structural planes. Considering the
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F1GURE 1: Characteristics of three zones of a mining field.

lack of effective research methods, few studies have been
conducted on the movement law of soft strata on developed
structural planes, leading to uncertainties regarding the
mechanisms of roof accidents in the soft strata of the work-
ing faces of thin coal seams, inhibiting the development of
prevention and control measures.

According to rock pressure theory [1, 6] and the mor-
phology of a caved zone (Figure 1), the caved zone com-
prises discrete rock blocks, the fractured zone comprises
discrete rock plates, and the bending subsidence zone is sim-
ilar to a continuum medium. The FLAC3D software, based
on the finite difference method (FDM), has been used to
simulate the continuum subsidence of overlying strata after
coal seam mining and has achieved many beneficial results
[7-10]. The FDM is useful in the continuous deformation
of a rock mass but does not conform to the separation, frac-
ture, subsidence, collapse, and accumulation characteristics
of the two zones (caved and fractured zones). PFC3D soft-
ware, based on the discrete element method (DEM), can
simulate the motion of a discrete medium, but its low com-
putational efficiency limits its applicability. Developing the
DEM-FDM coupling theory [11-14] and updating the
PFC3D-FLAC3D coupling numerical simulation technology
[15-17] enables the use of the PFC3D-FLAC3D coupling
method to study the movement law of highly developed
structural plane overlying strata. This method has the
advantages of PFC3D for simulating the movement of a dis-
crete medium and the high computational efficiency of
FLAC3D. Although the PFC3D-FLAC3D coupling numeri-
cal simulation method has excellent application prospects in
mining engineering, few reports have examined these
prospects.

The PFC3D provided a reference example for simulating
the uniaxial compression of rock specimens. It showed that
the Rigid block assembly could simulate the mechanical

behavior of rock, such as elasticity, fracture, and postpeak
softening. Tan et al. [18] used the Rigid block assembly to
simulate the deformation characteristics of geotextile-
encased stone columns under uniaxial compression and ver-
ified with experiments. Li et al. [19] and Li et al. [20] used
the clump element to study the compressive deformation
characteristics of goaf materials. Yuan et al. [21] also used
the clump element to study the compressive deformation
characteristics of goaf materials and verified by field tests.
Rigid block is a simplified unit of the clump, indicating that
the Rigid block assembly can effectively simulate the
mechanical behavior of the goaf materials. However, few
studies used Rigid blocks to simulate the movement law of
overlying strata. This paper based on the results of field
investigation, that the characteristics of goaf gangue caving
and the fragmentation degree of the core, it is considered
that there are a large number of joints, fissures, and stratifi-
cation in a weak rock mass. Therefore, the Rigid block was
used to generate the stratum and simulate the primary joint
in a weak rock mass.

This study analyzed the rock mass structure of soft rocks
in the Xuyong mining area. The PFC3D-FLAC3D coupling
numerical simulation method was used to establish a two-
dimensional plane strain model along the strike direction
in the middle of a working face to study the movement law
of multijointed overlying strata and the redistribution char-
acteristics of the abutment pressure. This method was veri-
fied using a similar simulation test.

2. Numerical Simulation

2.1. Engineering Overview. Xuyong No.1 coal mine, located
in Zhengdong Town, Xuyong County, Sichuan Province,
China, was considered the engineering background for this
study. The coal-bearing strata in the mining area include
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F1GURE 2: Borehole columnar section and core.

the Longtan Formation of the upper Permian. The average
thickness of coal seam C,q is 1.0 m, and the average mining
height is 1.5 m. The working face was mined using the strike-
retreating longwall mining method, and the goaf was man-
aged using the natural caving method. According to the
borehole columnar section (Figure 2(a)), the coal seam roof
is mainly sandy mudstone, and the average uniaxial com-
pressive strength is approximately 20 MPa, indicating soft
rock. Simultaneously, core drilling in the area without min-
ing disturbance indicates that there are few cores with a
length of more than 10 cm (Figures 2(b) and 2(c)), with most
cores broken into granules, indicating that the stratification,
joints, and fissures are developed in the overlying strata of
the mining face, and the rock mass structural plane has “rich
joints.” These analyses indicate that the roof is a soft and
multijointed rock mass.

According to field observations, the immediate roof
caved along with the coal excavation and filled the goaf.
Therefore, the thickness of a single layer can be considered
as 1m. The basic roof’s first weighting step distance was
24.5m, and the average periodic weighting step distance
was 12.3 m (Figure 3). The average tensile strength of sandy
mudstone is 5.0 MPa, and the volumetric weight is 30.0 kN/
m®. When the thickness of the basic roof was 2 m, the initial
and periodic fracture step distances were calculated accord-
ing to the fixed and cantilever beams in the mechanics of
materials. They were 25.8 m and 10.5 m, respectively, similar
to the field observation results of rock pressure.

2.2. Modeling. Soft rocks, such as sandy mudstone, are
caused by the low strength of the rock block itself and cut-
ting by the structural plane, compromising the integrity of

the rock mass. Therefore, according to the structural char-
acteristics of the rock block in the caved zone (Figure 1)
and core integrity (Figures 2(b) and 2(c)), the rock blocks
formed by structural plane cutting in the soft and multi-
jointed rock mass were simplified as tetrahedral elements,
and the rigid block (Rblock) in PFC3D was used to gener-
ate the original strata model. The rigid block module intro-
duced the capability of modeling closed, convex, and
manifolds that are polyhedra in PFC3D. The facets of the
rigid blocks were triangles. The rigid blocks in the model
domain can interact with the balls, clumps, walls, zones,
and structural elements. They can be created from vertices,
imported from geometric objects, and cut and support the
edge/vertex rounding.

In FLAC3D and PFC3D, computational and plotting
engines are designed as plug-ins for a common graphical
user interface and cycling system. This architecture implies
that FLAC3D and PFC3D can be simultaneously loaded into
the same graphical user interface and cycled, creating a con-
tinuum and allowing DEM model components to coexist
within one instance of PFC3D.

The built-in Rblock unit of PFC3D was used to generate
the coal seam, immediate, and basic roof. The total thickness
of the immediate roof is 5.3 m. According to the prediction
method for the fractured zone height in the “coal pillar set-
ting and coal mining regulations for buildings, water bodies,
railways, and main roadways [22],” when the mining height
is 1.5 m, the fractured zone height in the soft overlying strata
is 11.5-19.5m. Therefore, the total thickness of the basic
roof was determined to be 13.0 m. The block model is shown
in Figure 4(b). This paper only simulates the influence of
mining C,, on roof strata movement. Simultaneously, the
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FIGURE 4: Zone-Rblock coupling model: (a) FLAC3D model, (b) PFC3D, and (c) coupling model.
elastoplastic boundary was simulated using the zone element  different elements through the wall element. The wall zone

generated by FLAC3D, as shown in Figure 4(a). The transfer ~ coupling scheme has been presented in the literature [14,
of force and displacement was realized by connecting two 16, 23].
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TaBLE 1: Physical and mechanical parameters of rock strata in the zone [24].

No. Rock strata h (m) P (kg/m3) E (GPa) ¢ (MPa) v () o, (MPa) v
1 Elastoplastic boundary 77.2 3080 1.36 6.10 32 4.32 0.23
2 Basic roof 13 2590 1.72 6.82 39 2.15 0.16
3 Immediate roof 53 3020 1.52 6.94 39 3.25 0.20
4 Coal seam C,, 1.5 1500 0.05 1.87 42 0.65 0.25
5 Floor 3 2960 1.47 6.94 39 3.15 0.21

TABLE 2: Mesoscopic particle parameters [21, 25].

Group Parameter Symbol Value

Geometric parameter Particle maximum-edge (m) Lox 1.0

Particle minimum-edge (m) L. 0.5

Particle effective modulus (GPa) E* 1.2

Particle stiffness ratio (-) k* 1.0
Particle friction coefficient (-) U 0.577

Parallel-bond effective modulus (GPa) E" 1.2

Constitutive parameters Parallel-bond stiffness ratio (-) K 1.0

Parallel-bond tensile strength (MPa) o, 1.5

Parallel-bond cohesion (MPa) c 1.5

Parallel-bond friction angle (*) ¢ 30

Normal critical damping ratio (-) B, 0.5

The PFC3D-FLAC3D coupling model is established as
follows:

(1) In the PFC3D, a zone element model of FLAC3D
with dimensions of 200 x 100 x 3 m was generated,
and the strata parameters are listed in Table 1. The
equilibrium was calculated under the corresponding
boundary and gravity conditions

(2) The displacement of the zone model was initialized
to zero, and the 50m boundary coal pillars were
retained on both sides. The zones of the coal seam,
immediate roof, and basic roof were deleted for
Rblock modeling (Figure 4(a))

(3) The wall zone coupling interface was generated with
coincident zone faces composed of edge-connected
triangular faces, where vertex velocities and positions
were specified as a function of time. A wall plane was
established on both sides of the model to limit the y-
displacement of the Rblock

(4) The Rblock element was used to generate the coal
seam, immediate roof, and basic roof (Figure 4(b)).
The numerical model generated by the Rblock ele-
ments is called a multi-jointed rock mass model.
Based on the mesoscopic parameters of the particles
listed in Table 2, they were assigned and iteratively

calculated to transfer the self-weight stress of the
overlying strata

(5) At 10m from the open-off cut, five measurement
spheres were arranged every 10 m to record the ver-
tical stress, porosity, and particle coordination num-
ber variation

(6) Coal seam excavation and data analysis

2.3. Contact Model and Constitutive Parameters. In PEC, the
force and displacement are transmitted by the contact
between blocks; its generation and fracture law is the contact
model. Potyondy and Cundall [26] proposed a contact
model that can simulate the mechanical behavior of rocks
(i.e., linear parallel-bond model) to reproduce their elastic-
ity, fracture, acoustic emission, and postpeak softening.
The contact model provides a force-displacement law for
particles, linking the internal force and relative motion
between contacts. When the particle gap is <0, the contact
model is activated, and the force-displacement law for the
linear parallel-bond model updates the contact force F.
and moment M.

F,=F +F,;+F,
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FiGURE 5: Failure envelope of the linear parallel-bond model.

where F, is the linear force, F; the dashpot force, F the
parallel-bond force, and M the parallel-bond moment.

The coal and rock mass are in a three-dimensional com-
pression state under in-situ stress. After the coal-seam min-
ing operation, the vertical stress of the roof decreases,
resulting in a contact stress state from compression to ten-
sion. The maximum tensile stress ¢ and shear stress 7 are
expressed as follows:

+

!
’ ~\’ 2‘
=

?u\

(2)

+
!
=

~l

where F, and F, are the components of the parallel-bond
force in the normal and shear directions, respectively; ﬁb
and M, are the parallel-bond bending moment and twist
moment, respectively; A is the bond cross-section (A = nRz);
B is the moment-contribution factor (B € [0,1]); T and J are
the polar and inertia moments of the bond cross-section
(I=0.257R" and ] = 0.57R"); and R is the particle radius.

When the roof strata are in the tensile stress state, the
following formula can be used to determine whether the
parallel-bond breaks:

Qi
5

>

) (3)

>T_=c—o0 tan ¢,

bl

where o, and 7, are the parallel-bond tensile and shear
strengths, respectively, and o = F,/A is the average normal
stress acting on the parallel-bond cross-section.

First, the tensile strength criterion is applied during
cycling. If 0 >0, then parallel-bond tensile failure occurs;
if 0 <0, then the shear strength criterion is applied; if 7 >
T,, then shear failure occurs in the parallel bond. The failure
envelope of the parallel-bond model is shown in Figure 5.

The physical and mechanical parameters of the coal and
rock strata were obtained through laboratory tests. The
parameters were then calibrated according to the measured
convergence between the roof and floor of the roadway.
The calibration results for the zone model parameters are
listed in Table 1. Directly measuring the mesoscopic param-
eters of Rblocks in the laboratory is difficult. Yuan et al. [21]

Lithosphere

studied the macromeso parameters of the goaf material in
Weixin coal mine, a neighboring mine with Xuyong No.1
coal mine and referenced in this study. The trial and error
method was used to adjust the caving effect of the immediate
roof. The mesoscopic parameters of calibrated particles are
shown in Table 2. The linear parallel-bond model was cho-
sen as the contact model between the particles, whereas the
linear contact-bond model was selected as the contact model
between the particles and wall [26].

2.4. Roof Movement Characteristics. Figure 6 shows the col-
lapse and accumulation characteristics of the immediate roof
after an advance of 5 m along the strike of the working face.
As shown in Figure 6(b), after the separation of the immedi-
ate roof, the rock blocks with a low bond strength first sep-
arated from the rock mass and sank under self-weight to
form an irregular caved zone. The initial accumulation
height of the caved zone was 2.0m (Figure 6(c)). Subse-
quently, owing to the adjustment of the spatial position of
the rock block, the shape of the caved zone gradually chan-
ged. The accumulation shape is concave (Figure 6(d)). The
rock block maximum displacement of the caved zone was
2.0m, which was greater than the mining height of 1.5m,
indicating that horizontal extrusion and movement occurred
on the floor. The fracture height of the immediate roof was
1.0 m, the final accumulation height of the caved zone was
1.5m, and the bulking factor was 1.5.

Figure 7 shows the movement characteristics of the rock
blocks. As shown in Figure 7(a), the rock blocks moved
downward at an initial velocity of zero after being separated
from the immediate roof, and the velocity increased contin-
uously under the action of gravity. When the rock blocks
contacted the floor, the velocity decreased immediately and
the peak velocity varied from rock to rock. The particle tra-
jectory was not entirely along the direction of gravity and the
rock blocks moved horizontally after contacting the floor.
For example, particle 5501 moved 0.3m in the y-direction
(Figure 7(b)). After contact between the rock block and the
floor, the movement along the horizontal direction belonged
to the stress adjustment process inside the caved zone.

Figure 8 shows the fracture and movement characteris-
tics of the overlying strata. As shown in the figure, the inter-
nal structural plane of the rock mass generated by the
Rblock tetrahedral element was highly developed, effectively
reproducing the development of sandy mudstone joints. The
immediate roof was divided into five strata, the basic roof
into six strata, and the simulated coal seam was excavated
5m each time. It can be seen from the figure that when the
advancing length of the working face is 10m (Figure 8(a)),
immediate roof 1 partially caved and filled the goaf, the cav-
ing height was 1.0 m, and the maximum height of the caved
zone was 1.5m, and bulking factor was 1.5. At this instant,
there was no apparent separation of overlying strata. When
the advancing length of the working face was 20m
(Figure 8(b)), immediate roof 1 completely caved and filled
the goaf, forming an irregular caved zone, and the caving
height increased to 2.3 m. Immediate roofs 2, 3, and 4 were
broken in the form of rock beams, forming a regular caved
zone, and producing obvious separation fissures. The roof
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fracture line was located above the coal wall, and the height of
the fractured zone increased to 4.4 m. When the advancing
length of the working face was 30 m (Figure 8(c)), immediate
roofs 1 and 2 caved and filled the goaf, and the height of the
caved zone was further increased to 4.1 m. Immediate roofs 3,
4, and 5 slipped along the coal wall. Basic roofs 1, 2, and 3
fractured, producing separation fissures. When the advanc-
ing length of the working face was 50 m (Figure 8(d)), the
immediate roof shear slipped along the coal wall, and the

basic roof exhibited continuous subsidence without apparent
separation.

Considering the above analysis, when the structural
plane of the overlying strata is highly developed, the basic
roof is characterized by beam fracture only during the initial
mining period (the advancing length of the working face is
less than 30m). Immediate roof 1 caved and formed an
irregular caved zone, whereas immediate roofs 2, 3, and 4
fractured in the form of rock beams and formed regular
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FIGURE 8: Roof collapse and movement characteristics.

caved zones. After the normal advance of the working face
(the advancing length of the working face was greater than
30 m), the immediate roof shear slipped along the coal wall,
and the movement of the roof exhibited continuous subsi-
dence. The basic roof fracture does not form a voussoir
beam structure, with no apparent separation between the
immediate and basic roofs. The shear slip of the immediate
roof explained the roof cutting and support crushing of the
working face under the soft and multijointed rock mass.
Statistics showing the development laws of the two zones
under different advancing lengths are shown in Figure 9.
According to the empirical formula [27], when the mining
height is 1.5m, the caved and fractured zone heights are
2.1-5.1m and 11.5-19.5m, respectively. From Figure 9,

when the advancing lengths of the working face were 10,
20, 30, and 50 m, the maximum height of the caved zone
was 1.5, 2.3, 4.1, and 2.2 m, respectively, indicating that the
maximum development height of the caved zone increased
with advancement for displacements less than 30 m. When
the advancing length was greater than 30 m, owing to the
fracture subsidence of the basic roof (Figure 8(c)), the caved
zone gradually recompacted, and the volume shrank. The
final 2.2-m height of the caved zone was consistent with
the empirical calculation results.

The fractured zone heights corresponding to the advanc-
ing lengths of the working face were 0.0, 4.4, 11.1, and 8.0 m,
respectively, indicating that the fractured zone height
increased with the mining length before 30 m. Figure 8(c)
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shows that when the longwall mining length was 30 m, there
was a prominent separation in the rock mass of the fractured
zone. When the advancing length was greater than 30 m, the
fractures gradually closed and the height decreased to 8.0 m.

2.5. Abutment Pressure Evolution Law. Stress is a continuous
quantity; therefore, it does not exist at any point in a particle
assembly because the medium is discrete. In the discrete
PFC3D model, the contact forces and particle displacements
were computed. These quantities help study material behav-
ior on a microscale; however, they cannot be directly trans-
ferred to a continuum model. Averaging procedures are
necessary to transfer from the microscale to a continuous
model. The average stress 0;; in the measurement region of

volume V is computed as

) 1
5= _V; FABLAB, (4)

c

where N, is the number of contacts in the measurement
region or on its boundary, FAP is the contact force vector,
and LA® is the branch vector that joins the centroids of
two bodies in contact.

Figure 10 shows the variation law of the abutment pres-
sure at measuring point #3 before and after the coal excava-
tion. The coordinate origin and positive and negative axes
represent the working face’s coal wall, front, and back. The
figure shows that the variation of abutment pressure can
be divided into four stages according to its spatial relation-
ship with the working face: the front abutment pressure-
appearing and pressure-concentration zones and the back
abutment pressure-rising and pressure-stable zones. When
the point was 30m from the open-oft cut, the front abut-
ment pressure increased gradually, and the coal and rock
mass were in the front abutment pressure-appearing zone.
When the working face was 10 m from the point, the abut-
ment pressure increased, making this stage the front abut-

ment pressure concentration zone. The abutment pressure
peak was 5.7 MPa and the stress concentration coeflicient
was 1.74. After the working face excavated point #3, the
abutment pressure dropped to zero, and it did not change
significantly in the 5-m range behind the working face.
However, it increased again when the point was 5m behind
the working face, thereby compacting the caved zone. The
variation law of the abutment pressure is consistent with
the results of Mukherjee et al. [28, 29]. After the goaf was
53.1 m away from the working face, the abutment pressure
gradually stabilized, and the stable stress was 3.2 MPa, indi-
cating that the roof activity was stable after mining up to
54 m, and the goaf entered the stable state.

The abutment pressure distribution of the in-situ rock
mass was disturbed by coal seam mining, a stress concentra-
tion area formed in front of the working face, and a stress
reduction area in the rear. After the basic roof is fractured,
the weight of the overlying strata acts on the caved zone, caus-
ing the goaf abutment pressure to recover gradually [29].
Figure 11 shows the redistribution characteristics of the abut-
ment pressure when the advancement of the working face was
30, 60, and 90 m. The positive and negative axes represent the
front and rear of the working face, respectively. The figure
shows that the front abutment pressure decreased with fluctu-
ation, which was the reason for the discontinuity of the
Rblock. The abutment pressure of the goaf has a jumping
and discontinuous distribution, which is different from the
results obtained using the continuum medium method [30]
and Yavuz’s [29] research conclusions (Figure 11(d)). The
abutment pressure on the goaf was high in the middle and
low on both sides. The stress concentration area was located
in the middle of the goaf owing to the discontinuous and
irregular accumulation of rock blocks, concentrating stress
in the local blocks after roof weighting. When the advancing
length of the working face was 30 m (Figure 11(a)), the abut-
ment pressure of the goaf was smaller than that of the in-situ
stress; the peak value of the abutment pressure was 1.6 MPa,
and the average stress was 0.22 MPa. When the advancing
length of the working face was 60 m (Figure 11(b)), the peak
value of the abutment pressure increased to 5.6 MPa, which
exceeded the in-situ stress of 3.5 MPa. The stress concentra-
tion coeflicient was 1.6, and the average stress was 0.57 MPa.
When the advancing length of the working face was 90 m
(Figure 11(c)), the peak value of the abutment pressure
increased to 7.8 MPa, the stress concentration coefficient
was 2.2, and the average stress increased to 0.96 MPa.

Considering the above analysis, using the multijointed
rock mass model generated by the Rblock, the fluctuation
in the front abutment pressure of the working face decreases,
and the goaf exhibits a jumping and discontinuous pressure
distribution. The abutment pressure on the goaf was high in
the middle and low on both sides. The block stress concen-
tration area is in the middle of the goaf, and the average
abutment pressure increases with the advancing length.
The above analysis indicates that the model generated by
the Rblock reflects the heterogeneity of coal and rock mass
and the discrete characteristics of the rock mass in the caved
and fractured zones, which is more realistic than other
numerical simulation methods.
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FIGURE 10: Variation law of abutment pressure of point #3.

2.6. Goaf Material Meso-Parameter Variation Characteristics

2.6.1. Porosity. The porosity n is defined as the ratio of the
total void volume V*°'¢ within the measurement region to
the measurement-region volume V"¢

Vvoid y/reg _ jymat yymat
= Vs = Vs =T yreg”’ (5)

where V™! is the volume of material in the measurement
region.

Figure 12 shows the various characteristics of the poros-
ity in the goaf. After coal seam mining, the porosity
decreases from 0.96, with the descent range becoming
smaller when the measuring point lagged behind the
working face for a distance. Porosity is closely related to
the compaction state of the goaf. In the initial accumula-
tion state, the caved zone was loose and had a large poros-
ity. The mined-out area was compressed by continuum
roof subsidence, resulting in a decrease in porosity. When
the variation was slight, the volume of the goaf did not
change, the relative position of the rock block remained
stable, and the goaf reached a relatively steady state. It is
evident from the diagram that, after the measuring point
lagged behind the average 53.1m of the working face,
the variation in porosity decreased gradually, indicating
that the goaf entered a steady state. The porosity at each
measuring point differed, and the average porosity was
0.437 after stabilization.

2.6.2. Coordination Number. The coordination number, C,,,
is defined as the average number of active contacts per
Rblock and is computed as

I

C
n Nh

) (6)

where the summation is taken over N, Rblocks with cen-

) is the number

troids in the measurement region, and ngb
of active contacts of Rblock b.

Figure 13 shows the variation in the particle coordina-
tion number with the advancing length of the working
face. The particle coordination number refers to the aver-
age number of contacts between a single particle and
others. The particle coordination number also reflects
the degree of compaction in the caved zone. It can be
seen from the figure that the average initial coordination
number was 6.8 under in-situ stress. The particle coordi-
nation number remained unchanged when the working
face was far from the measuring point. When the working
face was approximately 5-10m from the measuring point,
the coordination number increased gradually, reaching a
peak value at 5m, and then declined. After coal seam
mining, the coordination number decreased to zero, caus-
ing the immediate roof to collapse and accumulate in the
goaf. The coordination number increases gradually and
tends to be stable after the measuring point lagged behind
an average working face of 53.1m. The coordination
number’s goaf steady distance was the same as the poros-
ity. The average coordination number was 5.9 after
stabilization.

3. Similar Simulation Test

A similar simulation test was used to analyze the fracture
characteristics of the roof and the variation law of abutment
pressure after coal seam mining. Based on the similarity
principle [31], similar ratios of physical quantities are
defined as follows: geometric ratio, C;=1,/1,;; volumetric
weight ratio, C,=y,/y,; displacement ratio, Cs=9,/0

p!Om>
strain ratio, C,=¢,/e,; Poisson ratio, C, = p,/u,; stress
ratio, C, =0,/0,,; elastic modulus ratio, Cy =E,/E,; cohe-

sion ratio, Cy = H,/H,,; internal friction angle ratio, C; =
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I,/1,,; and time ratio, C, = t,/1,,. The essential similarity cri-  consistent; that is, C, = Cy = C, =C, =Cy. p and m repre-
teria were C, =C,C,, C;=C,, C5=C;, C;=/C, and C, = sent the physical quantities of the prototype and model,
C,=C;=1. In addition, the stress similarity ratio must be  respectively; C denotes a similar ratio.
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FIGURE 13: Variation characteristics of particle coordination number.

The geometric similarity ratio is typically between 1:20
and 1:400. Considering the low mining height of the work-
ing face, the selection of the geometric ratio should be max-
imum; however, an excessive ratio limits the advancing
length of the working face. Therefore, the geometrically sim-
ilar ratio of the model was determined as 1:50. The volu-
metric weight ratio is usually 1:1.6, and the stress and
time similarity ratios were calculated from C, =C,C, and

C, =+/C;. The main similar constants were determined as
listed in Table 3.

3.1. Materials and Equipment. Accurate coal seam excava-
tion is an important factor affecting similar simulation

TaBLE 3: Similar constants.

Physical quantity Symbol Similar ratio
Geometric ratio G 1:50
Volumetric weight ratio C, 1:1.6
Stress ratio C, 1:80
Time ratio C, 1:7

results, and there has always been over- or under-
excavation using the cutting method. Therefore, this test
used the woodblock extraction method to quickly and accu-
rately simulate coal seam mining. Woodblocks with sizes of
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FIGURE 14: Similar material of coal seam and immediate roof: (a) woodblock, (b) similar material of coal seam, (c) single-gradation rock

particles, and (d) mixed particle size gradation.
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FI1GURE 15: Physical model diagram.

60 x 4.6 x 3cm were arranged in an orderly manner as coal
seam similar materials, as shown in Figures 14(a) and
14(b), and the mining height was 1.5m. The woodblocks
were individually drawn backward during coal seam mining.

The immediate roof fractures and collapses after coal
excavation. Most similar simulation tests [32, 33] have
shown a plate-shaped fracture in the immediate roof. In
comparison, in the field, the immediate roof fractured and
formed a block shape (Figure 1). Therefore, the material
properties of the immediate roof significantly influence the

shape characteristics of the caved zone, and its compression
and deformation characteristics affect the fracture and subsi-
dence of the basic roof. According to the shape characteris-
tics of rock blocks in the field-caved zone, a physical model
filled rock particles in the immediate roof to simulate rock
blocks of different sizes and shapes formed in the goaf after
the collapse of the immediate roof (Figures 14(c) and 14(d)).
A diagram of the physical model is shown in Figure 15.
The rock particle size gradations of the simulated goaf
were 0.2 - 0.4,0.4 - 0.6,0.6 - 0.8, and 0.8 - 1.0 m. The particle
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TaBLE 4: Model strength and material proportion number.

o, (MPa)
Prototype Model

Basic roof Sandy mudstone 30 437 2.15 0.027

Strata Lithology Model thickness (cm) Proportion number

Note: the first digit of the proportion number represents the sand-cement ratio, and the second and third digits represent the proportions of lime and gypsum
in one cement, respectively.

TABLE 5: Similar material consumption in basic roof.

Thickness (cm) Layer Density (kg/m3) Sand (kg) Lime (kg) Gypsum (kg) Water (kg) Borax (g)
30 15 1800 270 16.2 37.8 36 360

SAREENERN RS

-n.u.nr.u-n-n-n-u-

FIGURE 16: Test equipment: (a) earth pressure cells, (b) JM5951 static strain test system, (c) physical model frame, and (d) rock particles.

size gradations of rock particles converted according to similar The similar simulation test steps are as follows:

geometric ratios were 4 — 8,8 - 12, 12 - 16, and 16 — 20 mm.

Assuming that the rock particle size of the goaf obeyed a nor- (1) Install the front and rear baffles of the model frame

mal distribution, the mass fractions of each gradation were 10,

40, 40, and 10%. Therefore, the required masses of the rock (2) Sliding woodblocks were laid on the base, and earth

particles were 5.38, 21.47, 21.47, and 5.38kg. pressure cells were placed (Figure 16(a)), that were
Referring to the Rock Mechanics Experimental Simula- connected to the JM5951 static strain instrument

tion Technology, according to the model tensile strength of (Figure 16(b)).

the basic roof in Table 4, this test used river sand as the

aggregate, gypsum as the main cementing material, and lime (3) The size-mixed rock particles were dyed in three

as auxiliary cementing materials. The proportion was 537. colors (red, yellow, and gray) and layered into the

The water content was 1/10 of the mixture, and the model model as the immediate roof (Figure 16(d)).

was naturally dried to a moisture content of 8%. The con-

sumption of similar materials are presented in Table 5. (4) The river sand was mixed with the cementing mate-
Figure 16 shows the test and stress-monitoring rials in Table 5, followed by molding and tamping as

equipment. the basic roof
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FiGure 18: Comparison diagram of abutment pressure variation.

(5) The upper boundary of the model was applied with  of the working face. As shown in the figure, the variation in

15 30 x 30 x 1 cm iron blocks as the self-weight of =~ abutment pressure at the measuring point exhibited the

the overlying strata, and the simulated overburden  characteristics of the four stages; however, points No. 1

depth was 100 m. The physical model with dimen-  and No. 5 near the coal pillar boundary had no back abut-

sions of 2m x 0.3 m % 0.5m is shown in Figure 17 ment pressure-rising zone, indicating that the caved zone

near the coal pillar was not recompacted. The peak values

3.2. Test Results. Figure 18 compares the variation law of  of advanced abutment pressure at measuring points 1-5
abutment pressure obtained wusing different research = were 4.7, 3.8, 3.7, 4.9, and 3.9 MPa, respectively.

methods. Here, the stress and length units in similar test Figure 20 shows similar simulation results of roof fracture
results were converted into actual field results based on a ~ and movement characteristics with working face advance-
similar ratio. From Figures 10 and 18, the variation charac-  ment lengths of 20, 40, 60, and 80 m. The immediate roof col-

teristics of the abutment pressure obtained by the numerical ~ lapsed continuously, filled the goaf with the advance of the
and similar simulations were the same, and the variation working face, and exhibited “with mining and caving”, similar
law of the abutment pressure in the goaf was the same  to the numerical simulation results. When the advancing
as that in the field measurement [34]. The numerical length of the working face was 20 m (Figure 20(a)), the basic
and similar simulation results indicated that the variation  roof was suspended. When the mining length was 25 m, the
in abutment pressure could be divided into four stages  basic roof was separated, and subsidence and fracture closure
according to its spatial position relationship with the  occurred. After the advancing length of the working face was
working face. greater than 40 m (Figures 20(c) and 20(d)), the basic roof

Figure 19 shows the variation law of the abutment pres-  subsided continuously and slowly owing to the support of
sure at different measuring points during the mining process  the goaf materials.
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4. Conclusions

(1) The multijointed rock mass model generated by the

Rblock element reproduced the development charac-
teristics of soft rock joints. After coal seam mining,
the immediate roof caved and filled the goaf, forming
irregular and regular caved zones. The maximum
development height of the caved zone first increased
to 4.1 m with the advancement of the working face,
decreased to 2.2m, and remained unchanged. The
shear slip of the immediate roof along the coal wall
explains the roof cutting and support crushing at
the working face. The fracture of the basic roof
formed a fractured zone, and the initial fracture step
distance was 25 m. The maximum height of the frac-
ture zone also increased to 11.2m, decreased to

4—»"
___‘l&A_al 7 mV\ 2
=== Mining face

)

F1GURE 20: Similar simulation of roof fracture and movement characteristics at longwall mining lengths: (a) 20 m, (b) 40 m, (c) 60 m, and (d)
80 m.

8.0m, and remained unchanged. The main roof
exhibits continuous slow subsidence

The variation in abutment pressure can be divided
into four stages according to its spatial relationship
with the working face: front abutment pressure-
appearing and pressure-concentration zones and
back-abutment pressure-rising and pressure-stable
zones. The redistribution characteristics of abutment
pressure in the mining face were as follows: the fluc-
tuation of the front abutment pressure was reduced,
and the abutment pressure in the goaf jumps is dis-
continuous. The abutment pressure in the goaf was
high in the middle and low on both sides. After the
initial fracture of the basic roof, the stress concentra-
tion of some rock blocks in the goaf exceeded the in-
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situ stress, and the average abutment pressure
increased with an increase in the working face
advancing length

(3) As the coal wall of the mining face moved away from
the goaf, the abutment pressure increased to 3.2 MPa
and remained constant. The porosity decreased
slowly after a sharp decline to 0.437; the particle
coordination number rose sharply to 5.9 and then
declined slowly, indicating that the goaf was gradu-
ally in a stable state. This conclusion provides a refer-
ence for the layout timing of entry in close-distance
coal seam groups

(4) Similar simulation results indicated that the varia-
tion law of abutment pressure, caving characteristics
of the immediate roof, and continuous slow subsi-
dence of the basic roof were the same as those of
the numerical simulation. The caving features of
the immediate roof in the goaf and the roof-cutting
phenomenon in the coal face conformed to the field
situation, indicating that it is reasonable and feasible
to study the movement law of multijointed overlying
strata and abutment pressure distribution. This
method provides a new approach for studying the
movement laws of multijointed overlying strata and
the prevention and control of roof disasters
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