thick coal seams
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Synopsis

Face falls remain the most difficult engineering problem in single-cut
longwall mining. In this paper we investigated mining of two adjacent
longwall faces using 3D nonlinear analysis, to obtain a better understanding
of the stress distribution around excavations and development of failed
zones. The gob loading behaviour was included by applying a variable force
to the roof and floor behind the longwall face. The results show that:

(1) Face failures developed in the upper portion of the face extend
deeper ahead of the mined face than those in the bottom portion

(2) Stress distribution and development of yielded zones ahead of the
coal face vary along the panel width

(3) The maximum vertical stress concentration factor (VSCF) ahead of
the longwall face occurs around the middle section of the panel
width

(4) The middle section of a longwall face also experiences the most
failed zones in the unmined coal

(5) The previously mined-out face increases the VSCF and volumes of
failed zones in the adjacent longwall face; however, the effect
extends only a short distance along the width of the panel close to
the previously mined-out panel

(6) With increasing seam height, the stiffness of the coal face is
reduced and therefore the longwall face carries less vertical load,
but it deforms more and the yielded zones are larger

(7) With decreasing GSI of the mined seam mass, the cohesion and
angle of internal friction are reduced, resulting in a lower vertical
stress concentration factor and larger yielded zones spatially
ahead of the face.

Keywords
thick coal seam, longwall mining, numerical modelling, face stability, gob,
vertical stress concentration factor, yielded zones.

Background

Thick coal seams (seam height larger than
3.5 m) account for about 44% of the proven
coal reserves and about 40% of the annual
coal production in China (Wang, 2009). For
economic reasons, longwall mining methods
are employed for mining such seams. Single-
cut longwall mining offers advantages over
multiple-slice top caving methods from the
points of view of mining operations, mine
ventilation, coal recovery, and safety.
However, this mining system may result in
face falls and other ground control problems.
Since the height of single-cut longwall faces
has increased to 7-8 m in recent years, the
risk of face falls has increased considerably,
resulting in safety, production, and
productivity concerns (Song, 2016). Face fall
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is likely to occur as illustrated in Figure 1a, but
the steel plate against the face holds the coal
in place and maintains the structural stability
of the longwall face. In the incident shown in
Figure 1b, large coal blocks fell from the
longwall face and the mining operation was
halted. Face falls can also result in fatalities.
Therefore, face falls must be controlled
scientifically to improve mine planning and
safety. This paper is focused on the analysis of
such falls.

Currently, the longwall face advance rate in
China is about 10-15 m (or more) per day. In
some coal mines face falls occur in every single
cut of the longwall face, which slows the rate
of face advance. In Panyi coal mine of Anhui
Province, face falls and roof falls ahead of face
supports were observed during a working

Figure 1—Face failures observed on two longwall
faces. (a) Face falls may occur without protection of
steel plate, (b) large coal blocks fall from the longwall
face, affecting the operation of mining equipment
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3D analysis of longwall face stability in thick coal seams

period of 14 days (Chen, 2012) (Figure 2). Face falls
occurred every observation day, interrupting the mining
operations and coal production. The middle section and
tailgate side of the longwall face experienced the most face
falls. Other field observations revealed that face falls typically
extended less than 2 m ahead of the face, and that deeper
extension of face fall was found during the periodic roof
weighting and/or on longwall faces with greater mining
thickness (see Figure 3).

Research hypothesis, goal, and specific objectives

Vertical stress redistribution following the excavation of a
longwall panel has been discussed in depth (Whittaker, 1974;
Wilson, 1983; Peng, 1984). The initial stress is redistributed
around the longwall face with development of abutment
loadings ahead and behind the face and development pillars
on both on the headgate and tailgate sides. The vertical stress
redistribution in abutment loading areas is shown in Figure 4
(Whittaker, 1974). The abutment pressures on the coal face
and in the ribs of chain pillars decay to the original vertical
stress level as the distance from the face line and rib edge
increases. The vertical loading in the gob area is gradually re-
established to the pre-mining vertical stress level behind the
face upon consolidation of gob materials and their ability to
sustain more load. The loading characteristics of the gob
materials can have a major influence on the front abutment
pressure and face stability.

A better scientific understanding of distribution of stress
in and around the longwall face and failed areas is needed to
effectively solve the problem. We analysed the 3D stress
distribution and failed areas numerically using nonlinear
analysis with FLAC 3D software. This software is based on
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the finite difference approach and is extensively used globally
for mining applications (Itasca, 2012). The analyses involved
two adjacent longwall faces with a coal pillar left between the
two panels (longwall panels 1 and 2 in Figure 5), and a
consideration of gob loading behavior behind the face. Both
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Figure 4—Vertical stress distribution at the seam level around
abutments of a longwall face (after Whittaker, 1974). y represents
average overburden unit weight; H is depth of cover; and A is vertical
stress concentration factor, defined as the vertical stress at a particular
point after excavation over the pre-mining applied vertical stress
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Figure 2—Distribution of face falls along the longwall face width (Chen, 2012)

D<1 D<0.5
1<D<2 0.5<D<]
60% D=2 D=1

50%
40%

0%

Face 1306
Zhaozhuang mine, Shanxi

Face 7219
Xutuan mine, Anhui

-

Periodic roof weighting
shting
G-m mining height face

Non-periodic roof wei

S«m mining height face

Average extension of face fall, m

Face 1306
Zhaozhuang mine, Shanxi

Face 2702

Liaobaosi mine, Shandong

Figure 3—(a) Statistics on face fall extension observed in two coal mines; D represents depth of face fall in m. (b) Average depth of face fall extension
observed during periodic and non-periodic roof weighting, and in a 6 m and 5 m mining height face
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Longwall Panel 1

Shield Support

Longwall Panel 2

Mined-out Previous Shield Support
Longwall Panel 1

(b) Excavation of longwall panel 2

Figure 5—Schematic plan view of the geometry of two adjacent
longwall faces in the numerical model

longwall panels 1 and 2 represent half of the original panel
width in the studied mine site. The positive Y-direction
represents the direction of face advance in the figure. The
modelled mining system is similar to that practiced in China.
The influence of a mined-out area of a previous longwall face
(longwall panel 1) on the adjacent current longwall face
(longwall panel 2) is also included (the influence of mining
sequence on face failure). This investigation has two goals:
(1) to develop a realistic 3D numerical model of two adjacent
longwall faces with a consideration of gob loading
characteristics and nonlinear rock mass properties; and (2) to
perform sensitivity studies of selected variables to
understand their influence on stress distribution and the
development of yielded zones in unmined coal in different
areas of the longwall face.

The face failure modes may be divided into structural
failure and functional failure (Song, Chugh, and Wang,
2017). Stress normally exceeds peak coal strength in
abutment pressure zones around the longwall face. The coal
mass in some areas around abutment zones may fail
(fracture or yield), while in other areas it may not fail since it
is relatively confined laterally and unable to deform. When
the shearer cuts into the coal face, the confinement is lost
and the face may fail. The face protection plate in the front
edge of the roof supports increases confinement and is
therefore utilized in field practice to improve stability of the
face. Upon the failure of the coal and rock mass in the
abutment pressure zones, the maximum front abutment
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stress would shift forward ahead of the face into the more
competent rock and coal mass. The local failure of the coal
mass may not, however, lead to face falls on a longwall face,
and the coal may remain relatively stable and maintain its
integrity for a short period of time without affecting mining
operations. This is considered a ‘structural failure’ of the
longwall face. ‘Functional failure’, on the other hand, refers
to the state where face falls occur and production and the
safety of miners is affected. The depth of structural failure
ahead of the longwall face typically depends on the seam
height, engineering properties of the coal and immediate roof
and floor, loading characteristics of the gob, and the
performance of roof supports. Structural failure may extend
0.5-2 m ahead of the longwall face and normally ceases
beyond the point where abutment pressure achieves the peak
value, while extension of functional failure should be less
than or equal to that of the structural failure. Since structural
failure increases the likelihood of functional failure, efforts to
control face falls should emphasize reducing structural
failure.

Previous research

3D numerical modelling of longwall face failure has been
extensively pursued (Niu, Chen, and Liu, 2010; Song et al.,
2011; Tian et al., 2012). In the previous models, the coal face
is advanced through a certain distance and sensitivity studies
are then performed to analyse the influence of seam height,
depth of cover, seam inclination, and geological disturbance
(such as a fault) on the stability of longwall faces. Therefore
a broad-based observation on how these factors affect face
stability has been discussed. However, these previous models
did not include modelling of gob loading following the
excavation of the coal seam and the creation of the mined-out
void. Face stability modelling using 2D analyses has also
been performed with incorporation of gob behaviour (Bai et
al., 2014, 2016; Song, Chugh, and Wang, 2017). The section
modelled in 2D analysis is, however, located too far from the
gate ends to be influenced by the previously mined-out area
or the neighbouring panels. The authors believe that both the
gob loading characteristics and the effects of a previously
mined-out gob area on the face stability of the adjacent
longwall face are important variables that must be
considered. Since the total load from the overburden around
the excavation is transferred to the floor through the
unmined coal and the gob, ignoring the load carried by the
gob around the mining area/s will result in overestimation of
stresses around abutments and failed zones in the face area.
Numerical modelling of longwall mining with a
consideration of gob behaviour has been documented in
previous studies (Yavuz, 2004; Yasitli and Unver, 2005;
Esterhuizen, Mark, and Murphy, 2010a, 2010b;
Shabanimashcool and Li, 2012). In these studies, a double-
yield loading model in FLAC was used for gob modelling.
This approach modelled the gob as a strain-hardening
material, with the stress-strain response obtained through
laboratory tests on compaction of loose materials (Pappas
and Mark, 1993). Shabanimashcool and Li (2014) simulated
longwall mining in 3D models, and investigated the gate
stability and rockbolt loading process. Esterhuizen, Mark,
and Murphy (2010a) used a 3D longwall mining model to
assess coal pillar performance and found that span-to-depth
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ratio is an important factor affecting the ultimate deformation
and loading of pillars. Yavuz (2004) developed a 2D longwall
mining model to investigate the pressure distribution in the
gob area and to estimate the cover pressure re-establishment
distance. He concluded that cover pressure re-establishment
distance is related to the mining height, depth of cover, the
bulking factor for gob, and compressive strength of the waste
rock materials. However, the numerical longwall models
incorporating the gob behaviour have not been used for
assessing the face stability of a high-seam longwall.
Furthermore, gob models using double-yield elements
involve a large amount of data calculation and therefore have
a very large mesh. It should also be noted that such
modelling has not been carried out for the Chinese mining
system and geological conditions. An alternative gob loading
model by Abbasi and Chugh (2014) has been included in this
study. Abbasi and Chugh utilized the gob model to assess the
stability of chain pillars and set-up rooms in longwall mining
practice in Illinois. The gob loading behaviour was modelled
in FLAC 3D by applying a variable vertical force to the
immediate roof and floor. The applied vertical force in the
mined-out area was estimated based on field observations of
caving in headgate and tailgate entries. The applied gob load
was varied along and across the face advance directions to
approximate the load carried by the gob. This gob loading
model not only captures the effects of load transfer around
the longwall face, gob, entries, coal pillars, and adjacent face,
but it also simplifies the process of calculation. In this
approach the model size is reduced even with fine mesh in
the areas of interest.

Generally, gob behaviour can be modelled explicitly or
implicitly (Esterhuizen, Mark, and Murphy, 2010b). In the
explicit approach, the gob formation process is simulated to
study roof fracturing, caving, and gob development during
the advance of the longwall face. The alternative or implicit
approach is used to model the overall effects of gob area on
the longwall faces, pillars, and entries around the excavation,
so that the stress and displacement distributions surrounding
the excavation are realistically captured. Both the double-
yield model and the estimated gob-load model for gob
modelling belong to the implicit approach. Since this paper
focuses on the effect of stress redistribution on face stability,
the gob-load model approach was adopted here.

Quantitative measurement of gob loading characteristic in
longwall mining is a challenge because the mined-out areas
are not accessible. It is widely accepted that the loading
characteristics of gob vary both along and across the face
advance direction in the mined-out area. The vertical stress
in the gob increases longitudinally from about zero at the
back of shield, and transversely from about zero at the edge
of longwall face, becoming equal to or close to the pre-mining
vertical stress, as shown in Figure 4. Unfortunately, gob load
characteristics were not available for the studied mine site in
China. Therefore, several estimated gob models were
constructed to perform sensitivity analyses of the gob loading
characteristics. A realistic gob behaviour was regarded as
being achieved when the vertical stress concentration factors
(or VSCF, defined as the vertical stress at a particular point
after excavation divided by the pre-mining applied vertical
stress) ahead of the longwall face had achieved reasonable
values of 2.5 to 3.0. For the sake of simplification, the
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applied vertical stress in the gob area behind the shields was
incrementally increased until the pre-mining vertical stress
was reached. Figure 6 shows the gob loading characteristics
estimates after several iterations.

Song, Chugh, and Wang (2017) conducted a 2D
numerical analysis of longwall face stability that included
shield supports, face support plates, and gob loading
behaviour. Modelling details of the shield support and face
plate were included. It was found that increasing the loading
capacity of the shield supports in the face area had very little
effect on stress distribution on the longwall face. However, it
does improve ground control in the open area, safeguarding
workers and production. Also, the currently designed face
support plates can hold the yielded or failed coal mass in
place and prevent it from falling. However, they have very
little effect on the redistribution of stresses in the face area.

Model development

Mine description

Panel 8101 of Wangzhuang coal mine was modelled in this
study. The 6.3 m thick coal seam is mined using a single-
pass longwall mining method at a depth of about 350 m.
Figure 7 shows part of the lithological sequence used in the
numerical model. The coal seam dips at about 3-7°. The
longwall face is 270 m wide, but only half of the panel width
was modelled in order to reduce the model size. The longwall
face is oriented N-S. The maximum horizontal pre-mining
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Figure 6—A 3D view of the gob loading characteristics used in this
research. y is the distance from the face position in the gob area; x is
the distance from panel 1 centre
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Figure 7—General stratigraphy for Wangzhuang coal mine
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compressive stress is about 15.75 MPa in the N55°W
direction, and the other horizontal pre-mining compressive
stress is oriented N35°E with a magnitude of 9.62 MPa.

Model description

One-half of each of the two adjacent longwall faces (centre to
centre) was modelled. Figure 8 shows the final FLAC 3D
model with the longwall panel layout and the overall
geometry. The plan view of the overall model was shown in
Figure 5. It is 300 m long and 200 m wide, and the model
has an overall height of 63 m, with roller boundaries along
the sides and at the bottom. A 20 m wide coal pillar was left
between two panels, with 5 m wide entries on both sides.
Solid coal barriers 30 m wide were included on both ends of
the model. Longwall faces were advanced 170 m from the
set-up rooms to ensure that the gob achieves the pre-mining
vertical stress level. Panel 1 was advanced in 10 m
increments, followed by panel 2 extraction. For improved
accuracy, a fine mesh (1 m x 1 m x 0.5 m) was used for the
coal and immediate roof and floor strata around the
excavation. The shield (Shield ZY15000/33/72d) used in the
study mine was modelled in this paper in a similar way to the
earlier study (Song, Chugh, and Wang, 2017) but the face
plate was not modelled.

The Hoek-Brown failure criterion (Equation [1]) was
used for nonlinear analysis (Hoek, Carranza-Torres, and
Corkum, 2012). Table I shows the rock mass engineering
properties used for different lithologies in modelling. The
nonlinear rock material constants (, s, and @) for each
lithology were calculated from estimated GSI rock mass
classification values. These parameters were also used in the
earlier 2D numerical modelling (Song, Chugh, and Wang,
2017).

a

i

a
r
' ' ' o,
o, =0, +0, [mh—"+.s‘] [1]

where o' and o3' are the major and minor effective principal
stresses at failure, o is the uniaxial compressive strength of
the intact rock material, and 7 and s are material constants.

Matrix of models analysed

Five models were analysed in this paper. The original model
has a seam height of 6.3 m, and the GSI of coal is 80. Models
Il and 111, with seam thickness of 5 m and 7.5 m respectively,
assess the influence of mining height on the stress
distribution around excavations and failed zones
development ahead of the face. The coal GSI was reduced to
75 in model IV and to 70 in model V to investigate the

Figure 8—Numerical model used to assess the longwall face stability.
(a) Final model showing the lithological sequence and overall geometry;
(b) model with the general layout of the two adjacent longwall panels

influence of coal mass engineering properties on face
stability. For each model, the solution stages consisted of:
(1) Excavation of headgate and tailgate entries
(2) Excavation of panel 1 set-up room and installation of
roof support
(3) Advance of panel 1 with shield
(4) Incorporation of gob behind the face with changing
loading behaviour
(5) Excavation of panel 2 after panel 1 is mined.

Results and discussion

Division of panel regions

Since stress distribution around excavations and failure
development on faces vary along the panel width, the half
panel width was divided into different regions. Figure 9
shows that the peak VSCF values ahead of the face
immediately above the coal seam continue to decrease from
3.1 at the centre of panel 1 to 1.5 at the panel edge where the
face is close to the solid coal pillar and unmined panel 2.
VSCF at the panel edge is only 50% of that at the middle
section of the face. This would explain why most of the face
falls observed in the field occur around the middle section of
the longwall face rather than near the ends (see the face fall
distribution along panel width in Figure 2). Based on this
VSCF distribution along the panel width, panel 1 was

Table |

Rock mass properties, GSI, and Hoek-Brown parameters used in modelling

Lithology v aci, MPa GSl m; mp s a Ep, MPa
Fine-grained sandstone 0.15 105 92 15 11.272 0.411 0.500 7988.43
Medium-grained sandstone 0.19 90 88 15 9.772 0.264 0.500 6488.78
Mudstone 0.24 32 83 12 63539 0.151 0.500 4186.08
Sandy mudstone 0.22 35 85 12 7.023 0.1889 0.500 4493.98
Coal 0.26 28 80 11 5.385 0.1084 0.501 3697.46
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Figure 9—VSCF distribution and division of the longwall face width for
analysis

subdivided into three regions: region A fromx =0 to x =

80 m, with peak VSCF values larger than 95% of the
maximum VSCF; region B from x = 80 m to x = 110 m with
peak VSCFs between 80 to 95% of the maximum VSCF; and
region C from x = 110 m to .x = 135 m with peak VSCFs less
than 80% of the maximum VSCF (Figure 9(b). Similarly,
panel 2 was also subdivided into regions A, B, and C for
analysis. The characteristics of stress distribution and yielded
zones were analysed and compared in the three regions for
both panels 1 and 2. It should be noted that ‘peak VSCF’
refers to the largest VSCF value ahead of the face in the
mining direction, while ‘maximum VSCF’ refers to the largest
peak value of VSCF, which occurs at the panel centre.

VSCF distribution

VSCF in the Y-direction

The VSCF is oriented in the Z-direction (vertical). The
modelling analysis includes variation of the VSCF
distribution along the X- and Y- directions (Figure 10). Since
the VSCF values change along the panel width, three cross-
sections in regions A, B, and C along the Y-direction were
selected to represent the three regions of the longwall face,
ie. x= 40 m, 100 m, and 125 m shown as cross-sections
AA , BB, and CC respectively in Figure 10. In Figure 11, the
VSCF distributions ahead of the face and in the gob in
different regions have been plotted. The peak VSCF values
occur 2-3 m ahead of the longwall face. Region A has the
largest peak VSCF, while region C has the lowest. From
region A to region C, the distance of the peak VSCF ahead of
the face decreases and becomes closer to the face location. At
the same distance ahead of the face, region A has a larger
VSCF and a larger area of coal ahead of the face is under the
influence of higher VSCF. In the gob behind the face, VSCF
distribution is almost identical for regions A and B. Pre-
mining vertical stress in the gob is established about 67 m
behind the longwall face. The VSCF in the gob in region C is
lower.

Figure 12 documents the variation of VSCF along the
cross-section DD . It shows that behind the face, the VSCF on
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Figure 10—Locations of different cross-sections and their designations
for VSCF analysis
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Figure 11—VSCF distribution along cross-sections AA’, BB’, and CC’
after completion of panel 1. y4 is the distance from face position
(negative values refer to the gob area) and H represents mining depth
(vertical section)
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Figure 12—VSCF distribution along the vertical cross-section DD’. y» is
the distance from point D’

the pillar first increases from unity at the face position to a
maximum value of 2.49 about 50 m behind the face, and
then decreases back to unity around the set-up room. This
indicates the most vulnerable position of the pillar that may
require additional support.

VSCF in the X-direction

VSCF distribution along the X-direction is shown in Figure
13. Figure 13a compares the VSCF distribution along cross-
section EE after completion of panel 1 and panel 2. After
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Figure 13—VSCF distributions along X- direction. x is the distance from
panel 1 centre

panel 1 is mined out, the peak VSCF on the left side of the
pillar is about 1.4. Unmined panel 2 is largely unaffected,
with the peak side abutment VSCF only slightly larger than
unity. However, after panel 2 is mined out, the VSCF on both
sides of the pillar increases to about 1.58. The VSCF
distribution looks symmetric about the centre line of the

pillar, except that the VSCF along panel 1 is further increased.

This is not a concern since panel 1 is already mined out.

The VSCF distributions along cross-sections FF and GG
are plotted in Figure 13b and 13c, respectively. After
completion of panel 1, the peak VSCF on the left side of the
pillar is about 2.42 in Figure 13b and 2.45 in Figure 13c, and
the peak side abutment VSCF values on panel 2 are only 1.22
and 1.24, respectively. After panel 2 is mined, the VSCF
values on both left and right sides of the pillar are increased.
The curves also become symmetric.

Vertical stress distribution

Figure 14 plots the vertical stress distribution on a horizontal
plane above the coal seam at different stages of excavation.
As the face advances, vertical stress in the gob area
continues to change. The vertical stress is very low at the
mined-out area behind the face and in the area close to the
coal pillar. High vertical stress is found in the areas ahead of
the face and on the pillar near entries.

The Journal of the Southern African Institute of Mining and Metallurgy

FLAC3D 5.00

£01 barmia Cormben oony b
Comtowr of LF Streny

-

Q;E
eggi
i
i

i

(a) Plan view of vertical stress distribution after 77 m advance of
panel 1

FLAC3ID 5.00

TN R Conaling (o e
Contoar of ZZ Srew

7 et
2 TrUsE -t

(b) Plan view of vertical stress distribution after 137 m advance
of panel 1

FLAC3D 5.00

017 tawscn Conng Goon, I

(c) Plan view of vertical stress distribution after 77 m advance of
panel 2

FLAC3D 5.00

2012 taea Cormateg (e i

(d) Plan view of vertical stress distribution after 137 m advance
of panel 2

Figure 14—Vertical stress on a horizontal plane 1 m above the coal
seam
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Comparison of VSCF values and failure development
for the two adjacent longwall faces

Peak VSCF ahead of the longwall face

Figure 15 plots the peak VSCF ahead of the face at each stage
of longwall excavation as a function of face advance from the
starting position. The VSCF values in different regions of the
two adjacent panels are plotted. As the face advances, VSCF
continues to increase until the gob assumes the full load. In
regions A (A') and B (B'), the peak VSCF values at each stage
are almost identical, but VSCF values in region C ' of panel 2
are about 5.25% larger than those in region C of panel 1.
Thus, mined-out panel 1 increases the VSCF values for the
adjacent panel 2. However, this increase only extends 35-
40 m (X- direction) in panel 2, i.e. approximately in the area
of region C of panel 2. In other words, mined-out panel 1
increases the VSCF in region C' of panel 2, which would
affect face stability in this region.

Yielded zones on longwall faces

Figure 16 shows the yielded zones development ahead of the
longwall face after completion of panel 1. Most of the failure
in the coal face occurs in shear mode, and yielded zones
typically extend 3 m ahead of the face. It is observed that
further development of failed zones will progress from the
centre toward the top before extending downward. Figure 17
plots the yielded zones at the different depth of the longwall
face. It shows that the entire 0-1 m depth of the coal mass
ahead of the face has yielded since the start of the longwall
face. The next 2 m depth of the coal mass is relatively stable,
but the yielded zones on longwall face in regions A, B, and C
are different.

The percentage of the yielded zone volume as a function
of the total volume in a specific region is used to illustrate
differences between failed zones in different regions. Table II
lists the percentage of failed zones in the 1-2 m depth of the
coal face over the total volumes of the second row of
elements in each region. It shows that as the face advances,
the yielded zone percentage in each region gradually
increases and then stabilizes after the gob starts to assume
the full loading. Table 1I also compares the percentage of
failure in different regions and between different panels. It is
found that regions A and B of panel 1 have the same
percentage of yielded zones as regions A and B of panel 2,
respectively. Region A (A') sees the most failure, which
peaks at about 67-70 %. Yielded zone percentage in region B
(B') is less, peaking at 60%. The difference in yielded zones

—— After completion of Panel 1, Region A (x=40 m)
= = After completion of Panel 2, Region A' (x=260 m)
— After completion of Panel 1, Region B (x=80 m)
= = After completion of Panel 2, Region B' (x=200m) |
—— After completion of Panel 1, Region C (x=125 m)
= = After completion of Panel 2, Region C* (x=175 m)
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Figure 15—Peak VSCF as a function of face advance from the start
position. Y3 is the distance from face start position
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Figure 16 - Extension of the yielded zones in the face after completion
of panel 1 (vertical section)
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Figure 17 - Distribution of yielded zones on the longwall face after
completion of panel

in regions C and C', however, is very distinct. Failure in
region C of panel 1 peaks at 47%, compared to 54% in region
C' of panel 2. It is once again confirmed that a previously
mined-out longwall face will adversely affect face stability on
the adjacent longwall face, especially in the region where it is
close to the mined-out area.

Table Il

Percentage of yielded zones by volume (%) in the 1-2 m ahead of the longwall face

Cut 2 Cut3 Cut 4 Cut5 Cut6 Cut7 Cut8 | Cut9 |Cut10 | Cuti11 | Cut12 | Cut13 |Cut14

Region A/A’ Panel 1 16.67 13.85 16.98 27.71 42.50 50.00 58.33 64.38 | 66.67 66.67 66.67 | 66.67 | 70.83
Panel2 | 15.00 14.48 18.54 28.13 39.38 50.00 58.33 63.44 | 66.46 66.67 66.67 | 66.67 | 70.00

Region B/B’ Panel 1 16.67 15.00 16.67 23.61 33.33 47.50 53.88 57.22 | 58.61 60.56 61.11 60.56 | 59.17
Panel2 | 13.61 14.44 18.06 22.78 33.33 50.00 55.00 58.33 | 58.33 60.28 60.56 | 59.44 | 58.89
Region C/C’ Panel 1 17.71 17.71 13.19 23.26 30.90 33.33 35.76 | 39.93 | 42.36 44.79 46.18 | 47.22 | 47.22
Panel2 | 11.81 18.06 14.93 26.39 33.68 36.46 46.18 | 49.65 | 52.43 53.82 5417 | 53.82 | 53.82
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Effect of seam height on face stability

In the original model (model I) the seam height was 6.3 m.
To investigate the effect of seam height on face stability, two
additional models with seam heights of 5 m (model 1) and
7.5 m (model III) were constructed. Figure 18 compares the
peak VSCF ahead of the face in regions A, B, and C of models
I, 11, and 111, as a function of the face advance from the start
position. In each region, model Il has the maximum peak
VSCF while model 11l has the minimum. Compared to model I,
the peak VSCF values in model II are higher by 4.81% in
region A, 4.85% in region B, and 3.14% in region C. The
peak VSCF values in model III are, however, reduced by
2.67% in region A, 2.40% in region B, and 0.70% in region
C. A negative relationship is found between seam height and
the peak VSCF values ahead of the face. This is because the
stiffness of the coal seam decreases with increasing seam
height, and the seam deforms more both laterally and
vertically. Larger deformations on the face, or even face falls
in the return, further destress the solid coal and decrease the
VSCF values. On the other hand, thinner seams have higher
stiffness and therefore can sustain more load.

It is noted that the yielded zones in model I extend only
1 m ahead of the face before the face advances 67 m from the
start position (cut 7), and 2 m after completion of panel 1.
Failed zones in model 111, however, extend 3 m ahead of
the face after 107 m advance of the longwall face (cut 11).
Table 11 records the failed zone percentage in the 1-2 m
depth of the face in each region at different stages of longwall
advance. It shows a positive relationship between the seam
height and volumes of yielded zones. After the gob assumes
full pre-mining load from the overburden, failed zones ahead
of the face become stable. Compared to model I, model II has
a significantly reduced volume of yielded zones, but in model
111 the failed zones ahead of the face increase substantially. In
the second row of elements in the face (1-2 m depth of the
face), model I shows about 67-70% of the yielded zones in
region A, 59-61% in region B, and only 47% in region C,
compared to 56.5%, 37%, and 2-3% for model 11, and 80%,
68%, and 59--63% for model IIL.

Effect of coal mass engineering properties on face
stability
The GSI of the coal was reduced to 75 in model IV and to 70

in model V to assess the effect of coal mass engineering
properties on face stability. By decreasing the GSI, other coal
engineering parameters are also decreased. The percentage
reductions of these parameters are listed in Table IV. Figure
19 plots the peak VSCF ahead of the longwall face in regions
A, B, and C of models [, IV, and V, as a function of face
advance from the start position. With the decrease in GSI, the
peak VSCF immediately ahead of the face decreases for each
longwall face, and in each region of the longwall face.
Compared to model I, the peak VSCF of model IV is reduced
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Figure 18—Peak VSCF values ahead of the face as a function of the
face advance from the start position

Table Il
Percentage of yielded zones by volume (%) in the 1-2 m ahead of the longwall face
Cut no.
2 3 4 5 6 7 8 9 10 11 12 13 14
Region A Model | 1667 | 1385 | 1698 | 27.71 | 4250 | 50.00 | 58.33 |64.38 | 66.67 | 66.67 | 66.67 | 66.67 | 70.83
Model Il 0.00 0.00 | 000 | 0.00 0.00 000 | 1488 |29.75 |47.38 | 50.00 | 56.38 | 56.75 | 56.50
Model Ill 3333 | 31.83 | 2050 | 40.33 | 53.33 | 6558 | 66.67 |72.48 |73.33 | 73.33 | 78.25 | 79.58 | 80.00
Region B Model | 1667 | 1500 | 1667 | 23.61 | 33.33 | 4750 | 53.88 |57.22 |58.61 | 60.56 | 61.11 | 60.56 | 59.17
Model II 0.00 0.00 | 0.00 | 0.00 0.00 000 | 000 |867 |1800 | 27.33 | 3467 | 3667 | 37.00
Mode Ill 3333 | 3178 |27.78 | 3444 | 5311 | 5844 | 63.78 |66.00 | 68.00 | 68.67 | 6867 | 67.56 | 67.78
Region C Model | 17.71 | 17.71 | 1319 | 2326 | 30.90 | 33.33 | 3576 |39.93 | 4236 | 4479 | 46.18 | 47.22 | 47.22
Model Il 0.83 0.83 1.25 1.25 0.83 1.25 1.25 1.25 1.25 1.25 1.25 2.08 2.92
Model 11l 3417 | 3333 | 3111 | 2806 | 4056 | 4722 | 51.11 |53.89 |56.67 | 58.06 | 58.11 | 59.44 | 63.06
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Table IV

Percentage changes in coal mass engineering
properties for models IV and V compared to

model |

Variable Model IV Model V
c 12.04% 21.22%
tang 4.59% 9.25%
Ecm 7.27% 16.76%
Ocm 14.61% 25.84%

cis the cohesion; ¢ the internal friction angle,; E¢m, the deformation
modulus of coal mass; and o¢m, is compressive strength of the coal mass

by about 2.79% in region A, 2.09% in region B ,and 7.67% in
region C, while the peak VSCF of model V is decreased by
4.55% in region A, 6.10% in region B, and 9.51% in region
C. The positive relationship between VSCF and GSI implies
that ‘weak coal’ with lower engineering properties can
sustain less load from roof strata, while ‘hard coal’ is
subjected to higher load, which is in agreement with field
observations.

Failed zones extend to 3 m ahead of face after 107 m of
advance in model IV (cut 11) and after 77 m of advance in
model V (cut 8). Table V shows the percentage of failed zones
by volume in the 1-2 m ahead of the longwall face as the face
advances. With the reduction in GSI, yielded zones ahead of
the face are significantly increased. As the GSI decreases
from 80 to 70, the percentage of failed zones in the 1-2 m
depth of the face are increased by about 25% in region A,
30% in region B, and 35% in region C. Reduction in coal
strength properties has a negative effect on face stability
since it increases the volumes of yielded zones ahead of the
face dramatically, since the peak abutment pressure is located
further away from the face.

Summary and conclusions

The face stability characteristics of two adjacent longwall
along and across the panel were modelled, taking into
consideration the gob loading characteristics. A total of five
models (models I to V) were constructed to assess the effects
of a previously mined-out longwall face, the seam height, and

coal mass engineering properties on face stability. The
longwall face stability characteristics with the progressive
advance of the working panel are discussed with reference to
three different regions (regions A, B, and C) along the panel
width based on VSCF distribution. The stress distribution
around the excavation and development of failed zones on
longwall faces are compared and analysed in different regions
and in different models.

This study has developed scientific approaches for
analysing face stability problems in different mining systems
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Figure 19—Peak VSCF values ahead of face as a function of face
advance from start position

Table V
Percentage of yielded zones by volume (%) in the 1-2 m ahead of the longwall face
Cutno_
2 3 4 5 6 7 8 9 10 11 12 13 14
Region A Model | 16.67 13.85 16.98 27.711 42.50 50.00 58.33 64.38 66.67 66.67 66.67 66.67 70.83
Model IV | 29.69 25.42 33.33 58.3 65.10 66.67 75.00 83.33 83.33 83.33 83.33 83.33 83.33
Model V 33.33 47.29 58.33 75.00 90.21 91.67 91.67 91.67 91.67 91.67 91.67 91.67 91.67
Region B Model | 16.67 15.00 16.67 23.61 33.33 47.50 53.88 57.22 58.61 60.56 61.11 60.56 59.17
Model IV | 27.50 20.28 33.33 54.72 58.33 65.00 69.17 73.89 78.89 81.11 81.67 80.83 80.28
Model V 33.33 47.22 58.33 7417 81.94 89.17 91.67 91.67 91.67 91.67 91.67 91.39 90.83
Region C Model | 17.71 17.71 13.19 23.26 30.90 33.33 35.76 39.93 42.36 44.79 46.18 47.22 47.22
Model IV 26.74 25.35 27.43 39.24 49.31 53.47 56.94 60.07 61.11 61.81 62.15 61.46 61.46
Model V 34.72 34.72 57.99 65.97 73.26 77.43 79.86 82.64 84.03 84.72 84.03 82.99 82.29
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with variable geological conditions. The data provides a
foundation for developing sound remedial measures for
controlling face stability. Since no field measurements of
observation data were available, quantitative validation of
these analyses is not possible. However, the results obtained
seem to conform to field observations. Furthermore, the
results provide guidance to the approaches that could be
researched to minimize face falls. However, each site-specific
case must be analysed for design purposes.

Gob behaviour is critical for developing a physically
realistic numerical model for assessing longwall face stability.
The primary goal of this research was to develop a FLAC3D
model of two adjacent longwall faces and observe the
longwall face stability characteristics.

(1) Thick coal seams mined in China are likely to
experience face stability problems. Most of these
should occur around the central part of the face and
be concentrated around the upper part of the mined
face near the roof-coal interface

(2) Face falls are most likely to occur where the vertical
stress is high and the horizontal confining stress is
low. Therefore, yielded or failed zones on the
longwall face are likely to be localized near the roof
of the coal seam rather than near the bottom. This is
consistent with field observations

(3) The depth of the failed coal mass ahead of the face is
2-3 m. The 3D shape of the failed coal mass should
consist of several curved surfaces

(4) The peak vertical stress concentration factor (VSCF)
ahead of the longwall face varies along the panel
width. The maximum value occurs around the middle
section of the panel and it continually decreases to
only about 1.5 around the two ends of the face.
Maximum VSCF values vary from 2.9-3.2 in different
models

(5) The distribution of failed zones on the longwall face
also varies along the panel width. In region A
(middle section of the panel) more failure is found,
while region C (the end of the panel) has less failed
zones

(6) Regions A and B of panel 1 (first panel) have
identical VSCF values and same amount of failed
zones as regions A and B of panel 2 (second
adjacent panel). However, peak VSCF values and
failed zones in region C are 5.25% and 10% larger
than those in region C. A previously mined-out panel
(gob) will adversely affect the face stability of the
adjacent longwall, and this influence can extend
about 35-40 m toward the centre of the adjacent
panel being mined

(7) Face stability is more critical around the tailgate than
around the headgate, due to the effect of low load-
carrying capacity of the gob in the adjacent mined-
out longwall face. This is typical of what is observed
in the field.

Seam height and coal mass engineering properties are
important variables affecting face stability and were selected
to perform sensitivity studies.

(8) Longwall faces with a greater seam height have

larger volumes of yielded or failed zones in the
unmined coal, but lower VSCF values ahead of the

The Journal of the Southern African Institute of Mining and Metallurgy

face. Lower thickness seams with larger stiffness,
however, deform less and sustain more load

(9) Reduced GSI with lower cohesion and internal angle
of friction will result in decreased VSCF ahead of
face, but larger volumes of yielded zones on the
longwall face

This paper is an extension of the 2D analyses published
earlier (Song, Chugh, and Wang, 2016). Therefore, some of
the conclusions here were also presented in the earlier paper.

Based on the earlier 2D study, the authors recommend
that the open distance between the face and the back end of
shields should be kept to a minimum to improve face
stability. Therefore, all efforts must be made to ensure that
the immediate roof strata behind the shields cave regularly.
Furthermore, the currently designed face support plates can
only hold the yielded or failed coal mass in place and control
its fall so that it does not adversely affect safety and
production. However, there is room for improvement in face
plate design to better support the failed coal mass.
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