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It is usually difficult to capture strata caving and gob evolution characteristic in longwall mining at engineering scales. +is paper
uses bonded block modelling (BBM) approach within a distinct element method (DEM) code to simulate strata behaviour in
longwall mining, which captures the caving phenomena and bulking characteristics of roof strata successfully. Many features in
longwall mining, including the caving and compaction of gob strata and the associated stress evolution, are reproduced in the
model. Four zones in longwall gob are identified based on its stress characteristics: voussoir influencing zone, compacted zone,
compacting zone, and pilling zone.+e initial bulking factor of the caved strata ranges from 1.12 to 1.25 and decreases gradually to
the residual bulk factor of approximately 1.05 as the longwall face advances. +e caved strata in the longwall gob present strain
hardening behaviour and the load carrying capacity increases exponentially as a function of strain. Moreover, the range of the
interaction between the caving strata and the overburden in gob was discussed, which provides a reference when using a
continuum method to simulate longwall mining.

1. Introduction

Longwall mining is a widely used underground coal ex-
traction method for its high production and recovery rate.
After coal seam excavating, the strata above the coal seam are
destressed and fractured as it is subjected to excavation
disturbances [1]. As the working face advances, the roof
strata gradually collapse and cave into the mined-out area
until the uncaved strata are in contact with the caved one [2].
+ere are three zones above the gob based on the degree of
strata failure and crack development in the overburden
strata, as illustrated in Figure 1: caved zone, fractured zone,
and continuous deformation zone in ascending order from
the roofline [3].

To capture the weighting law and ensure the stability of
hydraulic supports, many of significant researches have been
done on the structural characteristics of the overlying strata
[4–9]. +ese works demonstrate that force-transmitting

structure exists in fractured zone, which can bear the load
exerted by the upward strata, and the associated instability of
these structures may result in the weighting of the working
face. However, the caved zone and its status were neglected
to some extent. As the longwall face continuously advances,
the broken rock in the caved zone is gradually compacted
under the effects of self-weight and the load exerted from the
overlying strata, and the pore structure and arrangement of
collapsed rock change constantly. +ese can affect the
surface subsidence, greenhouse gas underground storage,
spontaneous combustion of underground residual coal,
underground reservoir construction, water resource filtra-
tion, gob gas-outing, and abandoned mine use [10]. In
addition, a significant amount of gas and water accumulate
in the caved zone owing to its high porosity and perme-
ability, making it challenging to ensure safe production
[11, 12]. +erefore, it has received increasing attention in
recent years.
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+e caved strata, as a kind of bulk material, changes
continually with the compaction effect from the overlying
strata, such as density, modulus, Poisson ratio, stress, strain,
porosity, permeability, and even stress distribution. Many
significant researches have been conducted on the evolution
of the gob [13–16]. However, these researches mostly focus
on a sample-scale experiment, which have some differences
with the field condition, such as specimen size and boundary
condition, and the monitoring means are limited. +erefore,
it is significative to reproduce the gob compaction process
explicitly considering for themining activities at engineering
scales. Numerical methods provide an effective approach to
capture these features.

+e numerical methods can be classified into continuum
methods (such as boundary element method (BEM), finite
element method (FEM), finite-difference method (FDM)),
and discontinuum methods (such as distinct element
method (DEM) and discontinuous deformation analysis
(DDA)) and hybrid methods (such as FEM/DEM and FDM/
DEM) [17, 18]. Continuum methods have been used to
simulate longwall mining for decades but have impactful
limitations.+esemethods cannot realize the generation and
propagation of fractures; therefore, the fracturing and caving
processes of strata cannot be readily captured explicitly. In
contrast, discontinuum methods are more appropriate to
simulate fracturing and caving of strata as caused by
longwall mining.

In this paper, an engineering scale numerical model was
established using the Universal Distinct Element Code
(UDEC) with a proposed bonded block modelling approach.
+is approach considers both preexisting discontinuity and
fictitious contact. +e progressive caving of the roof strata
and gob evolution are then investigated, and the range of the
interaction between the caving strata and the overburden in
gob was discussed, which could provide a reference when
using a continuum method to simulate longwall mining.

2. DEM Model of Longwall Mining

+e two-dimensional UDEC program was used to develop a
field-scale longwall model in this paper. +e UDEC code can
explicitly model large-scale movement of overlying strata
and the complete detachment and rotation of collapsed rock.
In longwall mining, the advancement of the face along the
panel length is much greater than along the panel width.

Hence, a UDEC model with plane-strain conditions, which
represents the longwall face advancing along the panel
length and located at the mid-panel width, can identify
fundamental rock responses caused by longwall mining [19].

2.1. Bonded Block Modelling Approach. In the bonded
block model (BBM), rock strata and coal seam are repre-
sented as an assembly of polygonal blocks bonded together
through “contacts” in a fictitious contact position, as shown
in Figure 2. Each block is considered to be elastic-plastic by
dividing it into triangular finite-difference zones. Failure can
occur both in the zones and the fictitious contact through
shear or tension, depending on the stress state and me-
chanical properties. However, the fracturing can only occur
in the fictitious contact.

In the direction normal to fictitious contact, the stress-
displacement relationship is assumed to be linear and
governed by the stiffness kn as [20],

Δσn � −knΔun, (1)

where ∆σn is the effective normal stress increment and ∆un is
the normal displacement increment. +ere is a limiting
tensile strength, T, for the contact. If the tensile strength is
exceeded, then σn � 0.

In the shear direction, the response is governed by a
constant shear stiffness, and the shear stress, τs, is deter-
mined from a combination of the contact microproperties;
namely, cohesive (C) and frictional (φ). +us, if [20]

τs


≤C + σn tan φ � τmax, (2)

then

Δτs � −ksΔus, (3)

or else, if

τs


≥ τmax, (4)

then

τs � sign Δus( τmax, (5)

where Δus is the incremental shear displacement.
By using the BBM, rock strata and coal seam are dis-

cretized into several smaller-sized blocks with hexagonal
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Figure 1: +ree key disturbed zones above the longwall panel due to longwall mining.
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shapes. +us, fracturing of the roof strata can be realistically
simulated, and the roof strata can spontaneously collapse
and cave into the gob to sufficiently model the roof caving
process, which can reappear the process of roof breaking and
caving in longwall mining.

2.2. Model Configuration. +e current model is based on a
panel of the Tashan coal mine, which is part of the China
Coal Group, in Shanxi province, China. +e longwall panel
is located at a depth of approximately 430m, which has a
width of 240m and length of 2000m. +e mined coal seam
has an average thickness of 3.0m and is inclined at an angle
of 0–8°.

+e longwall model was created using the bonded block
modelling approach, as shown in Figure 3, with 300m wide
and 120m high, and simulates the longitudinal section
through the initial stage of panel extraction. +e compre-
hensive histogram of the rock strata is shown in Figure 3(b).
To improve the computational efficiency, only the rock strata
in potential breaking and caving range are discretized into
hexagonal block, and rock strata above this range are not
discretized. +e strata below the seam are discretized into
coarse rectangular blocks. +e block size in potential caving
range is 1.0m, which is sufficient to simulate the fracture and
caving behaviours of roof strata [17]. Two 70m wide pillars
are left on both sides of the panel. +e horizontal dis-
placement is restrained on the left and right model
boundaries and both vertical and horizontal displacements
are fixed at the base. A vertical stress of 8.7MPa is applied on
the top boundary and is equal to the overburden. +e
Mohr–Coulomb yield criterion is used to describe the be-
haviour of the blocks, and the parameters used in this model
are shown in Table 1.

+e bedding planes between the rock layers are simu-
lated using horizontal persistent joints. Other preexisting
discontinuities, including horizontal and vertical joints, are
randomly incorporated in the roof strata, as shown in
Figure 3(c). +e cohesion and tensile strength of these
preexisting discontinuities are assumed to be zero and the
friction angle is assumed to be 30 [17], and the fictitious
contact between the hexagonal blocks has an equal strength

with the block but can be destroyed. +e stiffness of the
fictitious contact is set according to (6) and experience and
determined by inversion. +e detail parameters of the
contact are shown in Table 2.

Kn orKs � (1 − 10) ×
(K + 4/3G)

z
, (6)

where K and G are the bulk and shear modulus, respectively,
and z is the smallest width of an adjoining zone in the
normal direction.

A series of monitoring points at different positions are
set to capture the compaction characteristics of caved strata
in longwall gob, as shown in Figure 4. +ese monitoring
points play different roles, including displacement and stress
monitoring points to obtain the strain and stress of the
compacted zone, respectively. +us, the monitoring results
from all eight positions are provided. +e bulk factor is
obtained from thickness after caving divided by the initial
thickness and the strain is obtained from thickness changes
in the caved strata divided by the initial thickness before
strata caving. +e stress in the gob floor is measured, which
is used to represent the gob stress.

+e advance of the longwall is simulated from the left to
the right side of the model using a stepwise excavation with a
10m long advancing distance. After each stepwise excava-
tion, the timesteps are processed until the caving of strata
completes and the model reaches a relatively stable state.

3. Numerical Simulation Results

3.1. Caving Process of Roof Strata. Figure 5 shows the pro-
gressive caving process of the roof strata during the longwall
advance. When the longwall advances 20m, some macro-
scopic fractures are generated in the immediate roof with an
approximately 3m deep extending distance. +us, some of
the rock blocks in the first layer fail and cave due to their
lower strength (Figure 5(a)). As the face advances to 40m,
more fractures are generated and extended to the entire
immediate roof, which behaves as a soil-like material and
caves into the gob area of the arch range below the main roof
(Figure 5(b)). As the longwall continues to advance, the
main roof behaves as a beam and caves, and the strata above

fictitious
fracturing plane

(block boundary)

block

zone

Figure 2: Element of a bonded block model.
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it caves simultaneously. Meanwhile, bed separation appears
with a range larger than 10 times the mining height
(Figure 5(c)). As the longwall advances to 80m, the main
roof caves at the second time (Figure 5(d)), and the bed
separation continues to develop upwards. When the face
advances to 100m, strata movement develops continually

while the bed separation begins to close-up due to the
compaction of the upward strata movement (Figure 5(e)).
However, some vertical fractures begin to appear in the
upper strata at the edge of the gob. In this stage, the caved
material in the gob is gradually compressed by the overlying
strata. As the longwall continues to advance, the main roof
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Figure 3: Configuration of the longwall model using the UDEC BBM approach.

Table 1: Properties of coal and rock block in the BBM.

Lithology Density (kg/m3) E (GPa) v C (MPa) φ (°) σt (MPa)
Mudstone 2570 5.12 0.36 1.38 34.90 0.43
Siltstone 2610 6.14 0.20 1.60 38.57 0.84
Coal 1360 1.05 0.36 0.36 34.45 0.23
Clasolite 2640 2.07 0.22 1.27 38.10 0.40
Fine sandstone 2530 13.48 0.15 2.84 35.89 2.03
Mudstone 2570 5.12 0.26 1.38 34.90 0.43
Coal (excavation) 1360 1.05 0.36 0.36 34.45 0.23
Mudstone 2570 5.12 0.26 1.38 34.90 0.43
Coal 1360 1.05 0.36 0.36 34.45 0.23
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caves periodically, and the caved strata are constantly
compressed, as shown in Figures 5(f )–5(h). In the numerical
model, the initial and periodical caving distance is 55m
(advancing distance minus opening width) and 20m, re-
spectively, which have a good consistency with the field data
(48m and 23m) and prove the rationality of the numerical
model in some extent.

Figure 6 is a magnified image of the final state of the
overlying strata movement corresponding to stage 8 from
Figure 5(h). +ree distinct zones (caved, fractured, and
continuous) are realistically captured in the proposedmodel.
+e strata in the caved zone collapsed and caved into the gob
and piled irregularly with a high porosity, while the strata in
the fractured zone are characterized by the cracks along
different directions. +ere are large horizontal and vertical
displacements in the sides of the gob; however, the dis-
placement is mainly consisted of vertical one in the middle
position of the gob. +erefore, the cracks at both sides of the
gob are longitudinally distributed while cracks in the middle
of the gob are laterally distributed, which is caused by the
differential vertical displacements.

3.2. Stress Evolution in Longwall Gob. +e extraction of the
coal seam and the movement of the roof strata cause stress
redistribution around the mined-out area. +e vertical and

horizontal stress distributions around the mined-out area at
different mining stages are shown in Figures 7 and 8. +e
extraction of the coal results in a vertical stress concentration
for the two sides of the mined-out area as the horizontal
stress decreases. +e rear and front abutment stresses
gradually increase as the longwall advances, and the hori-
zontal stress remains relatively stable and does not change
with the longwall advancement. However, this state is
broken when the collapsed strata in the caved zone contacts
the uncaved strata. Both the vertical and horizontal stresses
around and in the mined-out areas start to decrease because
of the bearing capacity coming from the caved strata in gob,
as shown in Figures 7(e) and 8(e). Crushing and compacting
of the caved strata change the void distribution and cause
further changes in the stress state in the gob as the longwall
continues to advance. Nevertheless, the distribution of the
rebalanced stress is never uniform due to the inhomogeneity
of the caved strata as whole, as shown in Figures 7(f)–7(h)
and Figures 8(f )–8(h).

Based on the stress evolution characteristics, four zones
may exist in the gob along the direction of longwall advance,
as shown in Figure 6: (i) voussoir influencing, (ii) com-
pacted, (iii) compacting, and (iv) pilling zones. +e voussoir
influencing zone is under the voussoir beam located at the
back of the longwall gob, which is formed by the key block of
the broken main roof. In this zone, the stress is relatively

Table 2: Contact properties in the BBM.

Discontinuity Kn (GPa/m) Ks (GPa/m) C (MPa) φ (°) σt (MPa)

Fictitious contact

Siltstone 11.37 11.37 1.38 38.57 0.84
Coal 4.39 4.39 0.36 34.45 0.23

Clasolite 5.91 5.91 1.27 38.10 0.40
Fine sandstone 35.57 35.57 2.48 35.89 2.03

Mudstone 41.79 41.79 1.38 34.90 0.43
Coal (mining) 20.89 20.89 1.38 34.90 0.43
Mudstone 5.85 5.85 0.36 34.45 0.23

Joints 50 25 0 30.0 0

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300

stress monitoring point
displacement monitoring point

Figure 4: Arrangement of monitoring points.
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Figure 6: Zones in gob and overlying strata caused by longwall mining.

(a) Stage 1 (20 m) (b) Stage 2 (40 m) (c) Stage 3 (60 m) (d) Stage 4 (80 m)

(e) Stage 5 (100 m) (g) Stage 7 (140 m)(f) Stage 6 (120 m) (h)Stage 8 (160 m)
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Figure 5: Progressive caving of the overlying strata during the longwall advance. (a) Stage 1 (20m). (b) Stage 2 (40m). (c) Stage 5 (60m).
(d) Stage 4 (80m). (e) Stage 5 (100m). (f ) Stage 6 (120m). (g) Stage 7 (140m). (h) Stage 8 (160m).
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small, and the caved strata are less compacted; therefore, the
porosity and void fraction are large. In the compacted zone,
the caved strata are compacted by the uncaved strata and the
stress is higher. +e caved strata in the compacting zone are
been compacted, while caved strata in the pilling zone are
heaped up irregularly and have a large gap with the uncaved
strata.

Figure 9 shows the final stress distribution on the floor of
the longwall gob.+e vertical stress in the compacted zone is
larger than the premining stress, which demonstrates that
the compacted zone bears its own overburden as well as the
overburden adjacent to it. +e vertical stresses in the other
zones are smaller than the premining stress and present a
contrary tendency along both sides of the compacted zone.
+e vertical stress in the voussoir influencing zone overall
increases with the distance from the left mining boundary
but decreases slightly near the mining boundary due to stress
concentration on the boundary coal pillar. +e vertical stress
in compacting zone decreases gradually with the distance
from the compacted zone, which implies the strain of the
caved strata decreases gradually and the caved rock strata
have been compacting. +e vertical stress distribution in the
pilling zone is relatively uniform and approaches the weight
of the caved strata, which indicates that the caved strata are
not in contact with the uncaved strata and there is no stress
transfer path between them. However, the horizontal stress
presents different characteristics. In the voussoir influencing
and pilling zones, the horizontal stress is near the premining
stress, and it returns to the state of premining stress in the
compacted zone, although in a nonuniform form, but it is
relatively small in the compacting zone.

Although with a specific trend, the stress on the floor of
the longwall gob has a sharp jagged shape. +is may be
related to the force transferring path in the caved strata. As a
kind of bulk material, the force in caved rock strata transfers
from the force chain, which causes an inhomogeneous stress
distribution, as shown in Figure 10. +is introduces a
sporadic contact force that can be relatively large due to the
stress concentration.

3.3. Compaction Characteristics of the Longwall Gob. +e
evolution of the bulk factor objectively reflects changes in the
porosity of the caved strata. +e evolution of the bulk factor
with the longwall advance in the eight regions is seen in
Figure 11. Although there are various initial bulk factors in
the different regions, in general, it ranged from 1.12–1.25,
except for the regions of x� 110m.+is exception is strongly
related to the caving state of the roof strata.+e bulk factor is
relatively large when the size of the caved rock strata is small,
while the value would be small. +e range of the initial bulk
factor is corresponded to the caved zone range of 4–8 times
the mining height; thus, it is widely used to estimate the
height of the caved zone. +e bulk factor decreases gradually
with the longwall advance but at a reducing rate and tends to
be stable after the working face advances 60m. +e residual
bulk factor is around 1.05.

Figure 12 shows the stress-strain relationship at different
positions along the longwall gob. +e stress-strain rela-
tionship varies with position but possesses a strain hard-
ening behaviour that increases exponentially, which
indicates that the pore structure between blocks diminishes
with the longwall advance. For all eight monitoring points,
the stress-strain curves at x� 105, 107.5, 115, 120, and
122.5m are similar in terms of their increasing trends and
growth process, while the other curves increase either faster
or slower. +is may be related to the force chain transferring
characteristics in caved strata. In general, the stress-strain
response of caved material is analogous with the work
conducted by Pappas and Mark [13].

4. Determination of the Range of Compacted
and Compacting Zones

+e continuum method is widely used to simulate the
longwall mining issue due to its increased computational
efficiency. However, this method cannot reflect the me-
chanical response of the gob automatically, which puts some
limits on the use of this method. +erefore, a filling method
is usually used to simulate the mechanical response of the
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Figure 8: Horizontal stress distributions around the mined-out area. (a) Stage 1 (20m). (b) Stage 2 (40m). (c) Stage 5 (60m). (d) Stage 4
(80m). (e) Stage 5 (100m). (f ) Stage 6 (120m). (g) Stage 7 (140m). (h) Stage 8 (160m).
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gob [21–24], and there are two caveats when using this
method in longwall mining: (i) the constitutive model for
gob modelling and (ii) the refilling range. As for the con-
stitutive model, the double-yield model has been widely used

and was proved to have a good relation with the reality
[23, 25, 26]. So, it is of great importance to determine the
actual range of the interaction between the caving strata and
the overburden in gob.

From the analysis above, the gob can be categorized into
four zones based on its stress characteristics, and the caved
strata have no contact with the uncaved strata both in
voussoir influencing and pilling zones, as shown in Fig-
ure 13, and the compacted and compacting zones are
continuously compacted.

+e voussoir influencing zone is located at the back
of the gob, which is influenced by the voussoir beam
formed by the key block of the broken main roof. +e
length of this zone can be calculated by the following
equation:

Xv �
Li + w − Ls

2
, (7)

where Li is the initial weighting interval, w is the opening
width, and Ls is the length of support beam. It is noted that
the initial weighting interval can be determined from
measurements in the field or from the following equation
[3]:

Li � h

����
2RT

q



, (8)

where RT is the tensile strength of the main roof, and q is the
main roof load as imposed by the overlying strata.

Caved strata in the pilling zone are sporadic and not
compacted by the main roof and it above. Due to the pe-
riodic articulation and instability of the key blocks, the
working face causes a weighting when the advancing dis-
tance reaches Xh after the last weighting,

Xh � Lp, (9)

where Lp is the periodic weighting interval that can be
determined from measurements in the field or from the
following equation [3]:
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Figure 9: Final stress distribution in the longwall gob: (a) vertical stress and (b) horizontal stress and (i) voussoir influencing zone;
(ii) compacted zone; (iii) compacting zone; and (iv) pilling zone.
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Lp � h

���
RT

3q



. (10)

+erefore, the filling range in advancing direction can be
determined from (7) and (9), indirectly. +e height of the
filling zone can be determined from (11) and Table 3, which
are used to estimate the height of the caved zone and were
proposed by Bai [27, 28].

Hc �
100h

c1h + c2
. (11)

5. Conclusions

+e inner force of caved strata is transferred from the mean
of the force chain. Both the vertical and horizontal stresses in
the longwall gob are nonuniform and jagged.+e gob can be
categorized into four zones based on its stress characteristics.
+ese are the voussoir influencing zone in the back of the
gob, compacted zone, compacting zone, and pilling zone in
the front of the gob. +e initial bulk factor ranges from
1.12–1.25, which corresponds to a caved zone height that is
4–8 times the mining height. +e residual bulk factor is
around 1.05. +e vertical stress in the compacted zone not
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Figure 12: Stress-strain relationship of the gob at different positions.
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Figure 13: Location of the four zones within the gob area.

Table 3: Coefficients for average height of caving zone [27, 28].

Strata lithology Compressive strength (σc, MPa)
Coefficients

c1 c2
Strong and hard >40 2.1 16
Medium strong 20–40 4.7 19
Soft and weak <20 6.2 32

Shock and Vibration 9



only returns to but exceeds the premining stress, which in-
dicates the compacted zone bears its own overburden in ad-
dition to the overburden adjacent to it. However, the horizontal
stress only approximately returns to the primitive level. +e
stress-strain curve has strain hardening behaviour that in-
creases exponentially, and the range of the interaction between
the caving strata and the overburden in gob is determined,
which provides a basis for determining the gob filling range
when using a continuummethod to simulate longwall mining.
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