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Abstract

Purpose. Rock mass surrounding an underground space, especially in the case of longwall mining, may experience severe
instabilities if the overburden facilitates a weighting event. This paper presents a detailed study of the longwall mining-induced
weighting mechanism and its interactions with shield support and coal wall.

Methods. Using the real-time monitoring data of shield and geological-mining conditions, this paper develops a panel-
scale DEM model of longwall retreat to understand the mechanism of mining-induced weighting better.

Findings. The study clearly details the profiles of horizontal and vertical stresses in the main roof strata. During periodic
weighting, a re-concentration of horizontal stress at the clamped end of the cantilever roof beam is demonstrated, reaching a
peak of 1.5 times the pre-mining value. Apart from the primary breaking at the clamped end, a cantilever roof beam may expe-
rience a secondary breaking near its middle. Within the main roof, the intact rocks were found to fail in tension, while the
geological structures mostly failed in shear.

Originality. The study reveals that while an increase in shield stiffness and yield force delays the occurrence of the
weighting event, the associated longer span of voussoir/cantilever roof beams increases the coal block detachment at the wall.
In contrast, an increase in the set-to-yield ratio of the shield shortens the weighting intervals, and this accordingly decreases the
coal wall detachment. For coal seams, stiffer coal and stronger coal delay the occurrence of weighting. The stiffer coal, mean-
while, clearly improves coal wall stability despite the negative impact from the greater weighting interval. A faster longwall
retreat rate also improves coal wall stability while delaying the occurrence of weighting.

Practical implications. The findings of this paper assist engineers in better identification and response to geotechnical
hazards in underground space, maintaining a safe workplace, and minimising environmental impact.
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1. Introduction Longwall mining-induced weighting with significant stra-

Longwall mining contributes a significant part to under- 2 disturbance causes ungafe workplgce and production stop-
ground coal extraction worldwide. While the longwall ~ Page and long-term environmental impacts such as loss of
mining beneath easy-to-cave roof has proven its high effi- ~ non-renewable resources, change of regional underground

ciency and safety, the mining beneath hard-to-cave roof, a  Water bodies and surface plants, and emission of greenhouse
condition not uncommon in coal industries where large coal ~ gases. A thorough insight into the weighting’s geomechani-
reserves exist, may result in critical geomechanical incidents @l mechaplsm gnd 1ts Interactions Wlt_h ?hleld support and
such as a weighting event. A weighting event commonly  ¢oal wall is critically important to minimise the event’s oc-

refers to the maximum concentration and relief of roof pres- ~ currence and impact, from which safer and more environ-
sure associated with breaking roof strata that do not cave  mentally sustainable underground mining can be achieved.
right after shield support advance (Fig. 1). An event can be Extensive mining practice and analytical failure models

formed when near-seam (e.g., no greater than 70 m [1]) and rev'eale.d that the ﬁr.st \yeighting (also .known as initial
thickly bedded strong strata (e.g., greater than 2 m [2]) over-  Weighting or main weighting) can be explained by the occur-
hang above mined-out area (goaf), significantly increasing ~ rence and failure of the voussoir roof beam [4]-[8]. However,
load on shield support and coal wall before failing, breaking ~ the periodic weighting after the first weighting is associated
and relieving abutment stress. In severe cases, a weighting is ~ With the periodic breaking of the cantilever roof beam or the
commonly accompanied by coal wall spalling, roof cavity, ~ detachment of a large roof block. Further detailed mecha-

shield damage, and even coal burst, windblast or massive nisms of the weighting formation can be found in previous
longwall collapse [3]. numerical and physical modelling studies.
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Periodic weighting intervals First weighting interval

Figure 1. lllustration of longwall mining-induced weighting
(modified from [4])

For example, by performing Discrete Element Method
(DEM) modelling, Shabanimashcool, Jing [9] suggested that
during the first weighting, the voussoir beam is formed in
jointed roof strata and reaches a maximum deflection of 70%
of the stratum thickness before strata caving.

Using a similar modelling method, Le et al. [10] visually
demonstrated the concentration of horizontal stress associa-
ted with first weighting and stated that the voussoir beam
fails in crushing mode. Through numerical and physical
modelling, Kang et al. [11] found that the voussoir beam
predominantly fails in snap-through mode. They further
stated that an increase in horizontal stress up to five times the
pre-mining value is a threshold for the precursor of massive
roof collapse. Developing a meshless numerical modelling
method, Zhou et al. [12] confirmed the strong correlation
between roof weighting and roof collapse, and the collapsed
roof forms a trapezoid shape. After the first weighting, the
periodic weighting was stated to involve both shear and ten-
sile fractures and overburden convergence [13]. The rock
failure is initiated in the upper section of the cantilevering
strata and progresses downwards into the coal seam. Along
with the local roofs composed of cantilever beams, Gao et
al. [14] proved that the periodic weighting also involves the
rupture of the upper strata bridge. The above studies provi-
ded detailed insight into the weighting mechanism. Still,
unfortunately, the critical role of coal wall and shield support
in the weighting occurrence was either not explicitly consid-
ered or sufficiently interpreted. The limitation in representing
natural coal fracturing and/or real shield behaviour in those
studies is a possible reason.

Apart from the occurrence mechanism, the interactions
among roof weighting, shield support and coal wall have
been studied in the literature. For interaction between roof
weighting and coal wall, Behera et al. [15] stated that the
first weighting causes 53% of the coal wall length to experi-
ence excessive wall spalling with a depth of 3 m. Murmu and
Budi [16] found that the first weighting consists of two dis-
tinct phases of peak stress and main fall, and this event leads
to a maximum extent of 2 m coal wall spalling. While Wang
et al. [17] confirmed that the brittle rupture of main roof
results in dynamic load on coal wall, Le et al. [10] further
found that this rupture affects the caving of top coal behind
shield support. The reader is referred to Le and Bui for the
impact of coal stiffness and strength on the roof’s first
weighting [18]. Khanal et al. [19] demonstrated that massive
strata result in higher chock convergence than bedded strata
for interaction between weighting and shield support. Greater
chock convergence occurs when the chock is left standing
longer. The authors also stated that in adverse conditions
such as strong and hard-to-cave sandstone channels, a chock

capacity of greater than 800 tons may be required [20]. Singh
and Singh [21] demonstrated that greater shield capacity
reduces roof convergence, but this may not be true in deep
mining. They also noted that installing stiffer support may
lead to unnecessary loading in deep mining. Wang, Li [22]
confirmed that the controlling effect of shield to coal wall is
strongest when its stiffness is in the range of 1-100 MN/m,
and roof pressure transferred to coal wall is negatively rela-
ted to support stiffness. While the above studies contributed
to interpreting the interaction between roof weighting and
coal wall or between the weighting and shield, the interac-
tions among all three objectives at the same time appear to be
little analysed. Because roof weighting, shield support and
coal wall simultaneously interact as is the practice case, this
should be considered for a more reliable insight into the
weighting mechanism.

This paper presents a detailed study of the longwall
mining-induced weighting mechanism and its interactions
with shield support and coal wall. The occurrence of first and
subsequent events is analysed using panel-scale numerical
modelling of a typical longwall mining experience roof
weighting. The longwall model is verified against the field's
real-time monitoring data of shield support. The interactions
among weighting events, shield support and coal wall are
studied through parametric studies of shield and coal charac-
teristics. The findings of this paper help engineers better
identify and respond to geotechnical hazards in underground
space, maintain a safe workplace, and minimize environmen-
tal impact and resource loss.

2. Mine A and real-time shield data

2.1. Mine A conditions and weighting event

Mine A is located in northeast Australia (Fig. 2), where
its longwall mining has experienced weighting events. The
mine extracts a 90-330 m deep coal seam (Goonyella Middle
Seam — GMS) with an average thickness of 5.5-7.5 m and a
dip angle of three degrees [7].
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Figure 2. Location of Mine A in Australia (modified from [7])

A thin siltstone immediate roof overlies the seam up to
6 m thick, a thick sandstone main roof up to 40 m (MP42
sandstone), and upper thick siltstone strata interbedded with
thin coal seams and thin sandstone bands (Fig. 3).

While the immediate roof is thinly bedded and weak, the
main roof is moderately and relatively strong up to
40-60 MPa. At the coal basin scale, the joints predominantly
strike east-west with a deviation of 10-20 degrees [23]. The
joints’ spacing is proportional to their height and increases
from coal seam to siltstone and sandstone.
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Figure 3. Cross-section view at high wall exposure of Mine A
(modified from [7])

At the mine scale, in-seam fractures appear to form a
discrete fracture network with more or less vertical orienta-
tion. The maximum horizontal stress predominantly
orientates north-northeast to south-southwest and is
1.6-2.7 times the vertical stress [24], [25]. Mine A designs
longwall panels in east-west direction, and the first
weighting typically occurs after 60-70 m of longwall
retreat [7]. The shield in panels has two legs, 2 m in width,
and a maximum capacity of 1460 tons.

2.2. Analysis of real-time shield data

The mine operators monitored the Time-Weighted
Average Pressure (TWAP) and averaged leg pressure in
real time. The first pressure was a key indicator of
weighting event [4], while the second was used to profile
shield leg force during longwall retreat. The TWAP data for
the current analysis were from the start to the next two
months of a typical longwall mining, corresponding to
about 250 m longwall retreat (Fig. 4).
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Figure 4. Time-Weighted Average Pressure map in (a) the first
30 days (data from Le, Oh [10]) and (b) the next 30 days
of a longwall retreat at Mine A

It should be mentioned that although the original data for
generating the TWAP map in Figure 4a was used in [10], the
TWAP value determining a weighting event was too low in
the mentioned study. This resulted in a greater number and
shorter interval of weighting events than those in practice [7].
In the current study, by considering a TWAP value of greater
than 430 bar (equivalent to a shield leg force of 6.84 MN) for
determining a weighting, Figure 4a shows that in the first
30 days (110 m of retreat), the first weighting occurred at
61 m of retreat and spanned over Shield 54 to Shield 144
along panel width. The second weighting occurred at 79 m of
retreat and spanned over Shields 22-119. The third weighting
occurred at 102 m of retreat and spanned over Shields 86-
116. In the first 30 days of longwall retreat, there were three
weighting events that mainly occurred at the mid-panel width
and spanned over at least 30 shields in this direction. In the
next 30 days of operation (142 m of retreat), Figure 4b shows
a weighting interval ranging from 6 to 17 m in panel strike
and a shorter panel width span than in the first period. The
weighting number and interval identified from the current
study agree well with those in Coutts, Lynch [7].

Figure 5 shows the profile of the averaged leg force of
Shield 90 — the shield experienced major weighting events
and was at the mid-panel width during longwall retreat.
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Figure 5. Averaged leg force of Shield 90

The figure shows that from the start of the retreat, the leg
force markedly increased in the first four meters before
rapidly decreasing in the next four meters. This increase and
decrease force cycle can be attributed to the start and com-
pletion of the first caving of the top coal section. In practice,
the caving was completed in 8-10 m of retreat as stated in Le,
Oh [10]. The force then significantly increased to a peak
value when the longwall retreated 11 m before decreasing to
a low value at 20 m of the retreat. The second increase and
decrease cycle of leg force was likely associated with the
first caving of the immediate roof strata. In the following
longwall retreats, the leg force steadily fluctuated during the
periodic caving of top coal and the immediate roof. As the
longwall retreated further, the force followed significant
increase and decrease cycles. These cycles were related to
the increasing deflection of the main roof strata and the
breaking of the lowest strata layers. When the longwall re-
treated 61 m from its start, the leg force reached a peak value
of 7.05 MN and remained high (6.84-7.08 MN) in the next
6 m before rapidly decreasing to a low value (2.73 MN) at
72 m of total retreat. This increase and decrease cycle indi-
cated the first weighting of the main roof (Fig. 4), which
lasted during 6 m of retreat. Similarly, the subsequent cycles
of leg force occurred at 73-86 and 87-112 m of retreat,
clearly reflecting the second and third weighting events,
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respectively. In Figure 5, some cycles were unrelated to
weighting events, and zero force reflected the missing data.
The real-time monitoring of Shield 90 also revealed that
the leg closure was greatest during the first weighting
(maximum of 400 mm) and lower during periodic events
(maximum of 200 mm).

3. Modelling of longwall mining-induced weighting

3.1. Modelling of longwall considering roof weighting

The DEM-based numerical program UDEC [26] was
used to model longwall mining by considering roof
weighting. The program is particularly suitable for analysis
of rock mass failure caused by large-scale underground ex-
cavation because it can well represent the internal stress,
external load, different failure modes and small deformation
to complete detachment associated with rock mass within a
finite period. The reader is referred to the program’s manual
for detailed theory and example applications in rock mecha-
nics. Due to the two-dimensional plane-strain formation of
the program, the longwall mining was modelled along the
chainage of Shield 90, where initial and periodic weighting
events occurred as analysed earlier. A complete geometry of
the longwall mining model was constructed in Figure 6 with
detailed justification.
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Figure 6. Longwall mining model considering roof weighting

Along the model width, the longwall retreat length should
be sufficient for at least 2-3 weighting events to be formed.
Based on the weighting analysis from Shield 90 (Section
2.2), the retreat length was selected to be 160 m, including an
8 m wide installation room. The total model width was ac-
cordingly 640 m, being four times the retreat length. Along
the model height, a 7, 6, and 30 m thickness was assigned to
the coal seam (GMS), immediate roof, and main roof
(MP42), respectively. Below and above these areas of inter-
est, the strata thickness was selected to be 40 and 120 m to
minimise the impact from the bottom and top boundaries on
these areas, respectively. Since the on-site mining started
below an average cover depth of 260 m, the remaining thick-
ness of overburden (97 m) was implicitly modelled by a
compressive stress on the top boundary (2.38 MPa). The
model height was accordingly 203 m in total.

Inside the areas of interest, a bedding spacing of 0.8-0.95,
1.5, and 3 m was assigned to coal seam, immediate roof and
main roof, respectively, due to the sedimentary nature of
coal-measure rocks. The spacing was up to 5 m around the
areas of interest. Vertical joints were assigned to non-coal
areas with 1-3 times the bedding spacing in the exact location

for model simplification. In coal seams, the in-seam fractures
should be modelled as realistically as possible to facilitate
the response of the coal wall to roof weighting. Based on the
geological conditions in Section 2.1, the fractures were mod-
elled as a discrete fracture network using the DFN module in
UDEC. The reader is referred to the program’s manual for a
fundamental description and use of the module [26]. The
fractures’ orientation followed a Gaussian distribution with a
mean dip angle of 90 degrees and a standard deviation of
10 degrees. The fracture size and position were assumed to
follow a uniform distribution without field data. The mass
density for stopping fracture generation was estimated to be
0.8 m/m?, which should induce top coal to cave in a 0.2-1 m
block diameter as observed in the field. The final realisation
of the in-seam fractures was selected so that the cyclic caving
of top coal occurred right after each shield support advance.

The strain-softening law was assigned to blocks in the
areas of interest to model rock mass behavior to facilitate
pre- and post-failure behaviours. The Mohr-Coulomb law
was applied to blocks outside the areas of interest due to
incomplete block/layer detachment. Input properties for the
laws were derived from published laboratory tests at Mine A
and neighbouring mines, empirical factors scaling rock prop-
erties from laboratory to field scale, and modelling experi-
ence from relevant studies. For example, coal's Uniaxial
Compressive Strength (UCS) was 11.7 MPa, falling within
the range tested in Seedsman [27]. The UCS of immediate,
siltstone, and sandstone rocks was 22, 29, and 44 MPa, as
reported by Clarkson [28]. These laboratory UCS values
were scaled to field values using a reduction factor 0.5 based
on the typical rock size in model [5]. The elastic modulus
was 2.2 GPa for coal and 200 times the UCS (MPa) for other
rocks. The moduli were scaled for modelling using a factor
of 0.469, as recommended by past numerical studies [29].
The Poisson’s ratio was 0.25 for all rocks due to sedimentary
formation. The post-failure strength reduction and critical
strain were adopted from Shen and Duan [30]. For geological
structures, the Coulomb slip law was assigned. The struc-
ture’s stiffness was derived from a trial-and-error process,
referring to the shear stiffness range of 1-3 GPa/m published
in past studies [31], [32]. The structures’ friction was lowest
in the coal seam and immediate strata, while it was greater in
the siltstone and sandstone strata. The structures’ cohesive
and tensile strengths were assumed to be zero and very low
in the field. The rock material properties used in the longwall
mining model are summarised in Table 1.

For the model equilibrium before mining, the side and bot-
tom boundaries were fixed. The top boundary was assigned
compressive stress, as mentioned earlier. In-situ stress was
assigned explicitly to the coal seam, floor strata and roof strata
due to different rock densities and strata thicknesses. The
horizontal stress was twice the vertical stress in all strata.

3.2. Longwall retreat cycle and model verification

One longwall retreat cycle was modelled by cutting a 1 m
thick coal wall, advancing the shield support to the new coal
wall position, running the model to the equilibrium state, and
clearing any coal/rock blocks falling onto the recovery space
behind the shield. The web cutting and coal/rock clearance
were performed by deleting blocks from the model. The
shield was modelled by parallel spring elements vertically
connecting floor blocks with roof blocks.
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Table 1. Rock material properties used in the longwall mining model

Rock materials

Geological structures

. Un1ax1a'l Flelgl . s . Tensile Residual Res@ual Critical Standard Shear .
Strata Density compressive elastic Poisson’s Cohesion . tensile . . - Friction
(ke/m’) strength modulus  ratio (MPa) strength cohesion strength stlr)am stiffness  stiffness (degrec)
(MPa) (GPa) (MPa)  (MPa) (MPa) (%) (GPa/m) (GPa/m)
Sandstone 2500 22.00 4.13 0.25 6.65 2.20 1.33 0.22 0.1 50 5 35
Siltstone 2500 14.50 2.72 0.25 4.56 1.45 0.91 0.15 0.1 50 5 25
Immediate roof 2500 11.00 2.06 0.25 3.46 1.10 0.69 0.11 0.1 50 5 15
Coal seam 1500 5.85 1.03 0.25 1.69 0.59 0.34 0.06 0.5 50 5 15

The spacing between two adjacent elements was suffi-
ciently small to avoid block caving inside. Because the de-
fault support width in the out-of-plane direction is 1 m in
UDEC, the setting and yield forces were modelled as 5.09
and 7.16 MN, respectively. The troops were protected by a
5.3 m-long and 1 m-wide shield in the field. The troops,
interestingly, equaled the values generated by one shield leg.
The behaviour of the shield element was controlled by an
axial force-displacement relationship, as defined in Figure 7.

100 ’ °
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2 50
L
=
x
< 25
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Axial displacement (m)

Figure 7. Force-displacement relationship of the shield in the model

The axial displacements for activation of the setting force
and yield force were derived from the ground reaction curve
at the field [33] and the leg closure analysed in Section 2.2.
An incredible force of 100 MN was set at 400 mm of element
displacement to avoid excessive shield deformation during
the weighing event. The shield advance was modelled by
deleting the shield at the previous coal wall, running the
model without the shield in a limited timesteps, and setting
the shield at the new coal wall.

The weighting mechanism and its interaction with shield
support and coal wall were analysed through the main roof’s
stress, failure, and breaking, the force exerted by shield sup-
port, and block detachment at the coal wall during longwall
retreat modelling. Within the main roof, separate rates of
zone and contact failures were defined by dividing the num-
ber of zones/contacts failed when mining to mid-retreat
length by the total number of zones/contacts within the area
of interest. Similar rates for coal seam were also defined, but
for the extent ahead of the coal wall. The shield force was the
total force of all elements for shield support. For the coal
wall, the number of blocks detached from the coal wall and
its roof was counted, representing coal wall spalling and roof
cavity. Several new functions were programmed to monitor
rates and count block detachment. For roof weighting, an
event was identified through shield force (great force fol-
lowed by significant drop) and roof displacement (significant
sagging or breaking) for two reasons: (i) yield valve was not
modelled due to program limitation and (i7)) force was

recorded at the end of each retreat cycle rather than time-
weighted average value.

The model was verified after completing all longwall
retreat cycles. The modelled shield force and roof weighting
events, as shown in Figure 8, were compared with those in
practice (Section 2.2).
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Figure 8. The force exerted by a shield in the model

The figure shows that apart from the first 11 m of retreat,
where the modelled force was suddenly high before rapidly
dropping due to the creation of the installation room, the
modelled force followed a trend and magnitude similar to
those at the field. As analysed in Section 4, the first
weighting occurred at 57 m of retreat, which was only four
meters less than that at Mine A’s longwall. Although the
second weighting occurred 41 m after the first event, the
interval for subsequent events ranged from 9 to 14 m, falling
within the 6-17 m range as analysed in Section 2.2.

4. Longwall mining-induced weighting mechanism

4.1. Mining-induced stress and strata failure

The stress tensor induced by longwall mining after every
30 m of retreat is shown in Figure 9. Figure 9a indicates that
the stress tensor was uniformly distributed before mining. Be-
cause the compressive stress was negative in modelling, the
minor principal stress was vertical, while the primary and in-
termediate principal stresses were horizontal and equal. At 30 m
of longwall retreat, the stress was significantly relieved from
the goaf and transferred to the surrounding rocks (Fig. 9b).

This simultaneously formed the stress relief zone
covering the goaf and the stress concentration zone ahead
of the coal wall. The minor principal stress was relieved in the
main roof and immediate floor within the relief zone, but the
major principal stress still existed in the unbroken strata.
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The detailed stress change within the main roof strata is
At 30 m of retreat and before the first breaking of the
main roof, the vertical stress significantly dropped to a low
value within the interval vertically above the goaf area. At

analysed from Figure 10. The figure depicts vertical and

(b) 30 m; (c) 60 m; (d) 90 m; (e) 20 m

.
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horizontal stresses along the mid-MP42 height, 28 m above
the seam floor. Before the mining, vertical and horizontal

stresses were 5.75 and 11.5 MPa, respectively (Fig. 10a).
the same time, this stress increased to 7 MPa both ahead of

teristics in the current study agree well with those in previous
and behind such an interval (Fig. 10b).

away from the relief zone. The mining-induced stress charac-
studies [4], contributing to the model verification.
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At 60 m of retreat, the main roof strata failed and broke

beforehand (Fig. 9¢c). The stress was accordingly relieved
Along with the formation of stress relief and concentra-

from the main roof, which expanded the stress relief zones
and concentration. As the longwall retreated further, the
tion zones, Figure 9 illustrates the change in stress orienta-

stress relief and concentration zones continued to grow

(Fig. 9d). The zones reached a limited extent when the roof
er, gradually recovered their pre-mining state at areas far

strata reached a steady-state movement (Fig. 9e-f).

major principal stress shifted from horizontal before mining
to vertical ahead of the coal wall and inclined in the main
roof and floor strata. The orientation and magnitude, howev-

tion and magnitude around the relief zone. For example, the
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Figure 10. Stress along mid-MP42 height at a mining interval of 30 m: (a) 0 m; (b) 30 m; (c) 60 m; (d) 90 m; (e) 120 m; (f) 150 m

Similarly, the horizontal stress slightly decreased to
10.3 MPa within the interval vertically above the goaf, while
it increased to 13.5 MPa at the two sides of the interval.
These changes in stress reflected the significant relief of
vertical stress due to the underlying strata caving and coal
extraction and concentration of horizontal stress in the hang-
ing roof strata (Section 4.2 for a detailed explanation of
stress concentration). At 60 m of retreat, the vertical stress
continued to increase at the sides of the interval vertically
above the goaf (Fig. 10c). The horizontal stress was, how-
ever, significantly relieved within the interval because the
main roof broke beforechand. As the longwall retreated fur-
ther to the panel end, the vertical stress continued its trend of
change with a peak abutment being two times the pre-mining
stress ahead of coal wall (Fig. 10f). The horizontal stress,

while being relieved throughout the area of interest, sharply
re-concentrated at the area vertically above coal wall. This
concentrated stress reached a peak value of 17.3 MPa, being
1.5 times the pre-mining stress (Fig. 10f). The re-concent-
ration was attributed to the failure and breaking of upper
strata, which relieved and transferred the horizontal stress
from upper strata to main roof below and bending effect of
the cantilever roof beam about the wall (Section 4.2).

Also, the horizontal stress could re-concentrate in the
broken main roof due to rock reconsolidation. In Figure 10f,
the peak horizontal stress occurred vertically above the coal
wall, which can be considered the clamped end of a cantile-
ver beam. As visually observed from Figure 10d-f, the loca-
tion of peak horizontal stress was closer to the goaf than that
of peak vertical stress.



T.D. Le, C.K. Nguyen, M.T. Tran. (2025). Mining of Mineral Deposits, 19(3), 1-13

The strata failure at 30 m (before first breaking of main
roof), 75 m (at mid-retreat length and after first breaking of
main roof) and 130 m (failure range still within area of inte-
rest) of longwall retreat is shown in Figure 11.

Two modes of material failure (shear/slip and tension) were
displayed for intact rocks (via finite-difference zones compo-
sing deformable blocks) and geological structures (via contacts
between blocks). For the extent of strata failure, the figure
shows that as the mining progressed, the extent of failure of

intact rocks and geological structures increased. For example,
the extent of failed rocks was mostly within coal seam and
immediate roof, which was up to 7 m away from coal wall at
30 m of retreat (Fig. 11a). This extent increased to upper strata
above main roof and at 17 m ahead of coal wall at 130 m of
retreat (Fig. 11c). At the same time, the extent of failed struc-
tures also increased to more above main roof and further away
from coal wall. The increase in the extent of strata failure
during mining is consistent with that in the literature [14].
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Figure 11. Extent and mode of strata failure of longwall retreat at this distance: (a) 30 m; (b) 75 m; (¢) 130 m

The monitoring at the mid-retreat length shows that the
coal seam and the immediate roof mostly failed in shear
(Fig. 11b). In the coal seam, zone and contact failure rates in
shear were 8.53 and 8.38%, respectively. The rates were
greater than those failed in tension, which were only 0.02%
for the zone and 1.77% for the contact, respectively. The
predominant shear failure was attributed to the inability of
low shear strength coal within the stress concentration zone.
Main roof rocks, however, mostly failed in tension (27.14%)
rather than shear (4.71%). The predominant tensile failure in
the main roof was associated with the strata weighting and
breaking, as analysed in Section 4.2. Also, in the main roof,
the geological structures failed in shear and tension with a
rate of 44.03 and 14.39%, respectively. The separation of
roof layers mainly caused the non-negligible tension failure.

4.2. Mechanism of first and periodic weighting

The first weighting of roof strata was found to occur at
57 m of retreat modelling, which was associated with the
first breaking of the main roof strata. The formation mecha-
nism of the event can be analysed from the retreat imme-
diately before breaking, which was at 56 m from the
longwall start (Fig. 12). Compared to Figures 9, 10 and 12a
clearly shows the concentration of horizontal stress at the
middle and two sides of the hanging roof strata. In the mid-

dle, the horizontal stress concentrated in the upper portion of
each rock layer, reaching a peak of 18.68 MPa, which was
1.62 times the pre-mining stress. The horizontal stress, how-
ever, decreased in the lower portion of the layer, which was
less than 5 MPa and about half of the pre-mining stress.
Figure 12b indicates that because the vertical stress was
relieved (Figs. 9, 10), the concentration of horizontal stress
induced the minor principal stress (which was vertical stress)
to be tensile (positive value up to 1.4 MPa). Compressive
stress in the upper portion and tensile stress in the lower
portion within a hanging rock layer suggested that the main
roof strata behaved as voussoir beams [10].

At the two sides of the hanging roof, the stress concen-
tration in the upper and lower portions of the rock layer,
however, contrasted with those at the middle (Fig. 12a). At
these sides, the undisturbed strata clamped one end of the
rock layer. In contrast, the other end moved downwards with
the deflection of the voussoir beam. The rock layer at the
sides behaved as a cantilever beam whose bending resulted
in horizontal stress relief and concentration in its upper and
lower portions, respectively. This stress concentration was
mentioned earlier in Section 4.1. Figure 12b shows that
although the minor principal stress on the two sides
was relieved, it was still compressive and would become
tensile in the next retreat.
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Figure 12. Stress in the roof strata before the first breaking:
(a) horizontal stress; (b) minor principal stress

The formation of voussoir beams at the middle and canti-
lever beams at the two sides of the hanging roof contributed
to the verification of the current model.

Once the beam deflection (or sagging) reached its limit,
the strata failed and broke at 57 m of retreat for the first time,
as shown in Figure 11b. The rocks in the middle and on the
two sides mostly failed in tension. The reason was that as the
hanging span increased, the tensile stress increased at the
locations. When the tensile stress surpassed the tensile
strength of the rock, tensile failure occurred. The first
weighting was associated with a maximum shield force of
7.16 MN (Fig. 8) and the first breaking of the main roof
strata. After this weighting, the shield force dropped to low
values of 5-6 MN, and the horizontal stress was relieved
through the main roof (Fig. 10c).

The second weighting of roof strata was found to occur at
98 m and was completed at 102 m of retreat modelling. This
weighting was associated with a maximum shield force of
7.16 MN (Fig. 8) and the second breaking of the main roof
strata (Fig. 11c). Its formation mechanism was as follows.
After the first breaking, new cantilever beams in the roof
strata were formed. One end of the beam was clamped in the
undisturbed strata, while the other rested on and contacted
the broken strata. As the mining progressed, the horizontal
stress re-concentrated within the beam. It reached a peak
magnitude above coal wall (Section 4.1 and Fig. 10d). As
explained above, the tensile stress was induced and surpassed
the rock tensile strength that resulted in rock tensile failure at
the clamped end (Fig. 11c). Apart from the cantilever beam
breaking at its clamped end, a secondary breaking near the
mid-beam was additionally observed (Fig. 11c¢). This secondary
breaking was likely caused by the beam bending under its
deadweight load. The formation and breaking of the cantile-
ver beam were also associated with the following weighting
events, where the shield reached its yield force at 114, 126,
and 138 m of longwall retreat. It should be noted that before
the second weighting, the shield reached a high force of 7.14 MN
at 87 m of longwall retreat. Since this force was lower than
the yield force and no significant displacement of the roof
was recorded, an associated weighting was not formed.

5. Interactions among roof weighting,
shield support and coal wall

The interactions among roof weighting, shield support
and coal wall were analysed through the parametric studies
of key shield and coal characteristics. Using Mine A’s
longwall model as the basis, each change in a characteristic
formed one new model, with other settings being unchanged.
The retreat intervals where the first two weighting events
occurred and the total number of coal blocks detached from
the wall (including its roof) from all retreats were used as
interaction indicators. Key characteristics, including shield
stiffness, shield setting, yield forces, shield supporting and
moving time, coal seam strength, and coal seam stiffness,
were changed for the analysis. For the interactions caused by
other controlling parameters of weighting, such as panel
design and main roof characteristics, the reader is referred to
previous studies [18], [34].

5.1. Shield stiffness

Four different values of shield stiffness within the range
of 60-160 MN/m were modelled in separate models. This
value range represented a practical shield stiffness reported
in past studies [5],[22]. The element’s displacement for
activation of yield force was changed to generate different
shield stiffnesses through the models. The results presented
in Figure 13 show that when the shield stiffness increased,
the first weighting of the main roof occurred consistently at
57-58 m of longwall retreat from its start and corresponded
to the first breaking of the main roof strata.
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Figure 13. Interaction caused by variation of shield stiffness

The second weighting occurred after the first event at an
interval that increased from 32 to 45 m. At the same time, the
number of blocks detached from the coal wall has also risen
from 59 to 76 blocks. The results indicated that the shield
stiffness did not impact its occurrence much for the first
weighting because the overburden load was too great. How-
ever, for the second weighting, since the stiffer shield better
resisted the roof downward displacement under the same
loading condition [35], the cantilever roof hung up longer
before breaking. The second weighting occurred at a greater
interval from the first event. The coal wall should be more
stable because a stiffer shield attracts more load. However,
the longer span of the cantilever roof transferred more load
from itself and overburden strata onto the shield and the coal
seam. This consequently caused greater stress concentration
and failure in the unmined coal seam. When the coal wall
retreated to this area, the failed coal blocks detached more
easily from the seam, resulting in more coal wall block
detachment, as shown in Figure 13.
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5.2. Shield setting force and yield force

The interactions between shield setting force, roof
weighting and coal wall were analysed by increasing the set-
to-yield ratio within the practical range of 0.6-0.9 [36]. The
element’s displacement for yield force activation was
changed to maintain a constant shield stiffness through all
models. The results in Figure 14 show that when the setting
force increased, the retreat interval for the first weighting
was consistent in the 57-58 m range.
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Figure 14. Interaction caused by variation in shield setting force

This weighting was associated with the first breaking of
the main roof strata. However, the interval for the second
weighting followed a slight decreasing trend from 45 to
40 m. The number of detached coal blocks decreased from
75 to 67 through the models. The results can be explained as
follows. The shield setting force did not clearly impact this
event for the first weighting because the overburden load was
too great. Higher setting forces required a shorter time for the
second weighting to reach the first yield event. Within the
same cycle time, more yields caused more roof conver-
gence [36]. The roof strata accordingly failed more easily,
which shortened the weighting interval. Regarding coal wall
detachment, a higher setting force provided extra reinforce-
ment to the immediate roof [37]. This decreased roof delami-
nation and resulted in better coal wall condition. The shorter
weighting interval caused better wall conditions, alleviating
the stress concentration in the unmined seam, as inferred
from Section 5.1. The role of shield setting force in coal wall
stability is consistent with that in the literature [37].

Four values of shield yield force within the range of
3.98-10.02 MN were modelled in separate models. This value
range represented an industry’s practical shield capacity of
811-2044 tons [38]. The setting force and the element’s dis-
placement activating yield force were simultaneously changed
to maintain a constant shield stiffness through the models.

The results presented in Figure 15 show that when shield
capacity increased, the first weighting of the main roof oc-
curred gradually further away from the longwall start, which
increased from 55 to 59 m. The event was associated with the
first breaking of the main roof strata. Similarly, the second
weighting occurred after the first event at an interval that
increased from 38 to 43 m.

Note that for the model of great yield force (10.02 MN),
the working force was commonly less than the shield yield
force through the retreats. The number of detached blocks for
the coal wall increased from 63 to 75 before slightly decree-
sing to 73. The weighting interval and block detachment
increased because a higher yield force provided greater
resistance to the overburden load.
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The shield better resisted roof downward displacement
that caused the voussoir and cantilever roof beams to hang
for a longer span before breaking. The longer span simulta-
neously caused greater stress concentration and block
detachment. Galvin [5] highlighted that a higher shield
capacity can only increase the overhang roof to some extent
due to the lever arm effect. Future analysis of shield capaci-
ty should combine with ground response as recommended
by Barczak and Tadolini [35].

5.3. Shield supporting and moving time

The shield supporting time and moving time greatly con-
trol the longwall retreat rate and were therefore changed for
interaction analysis. Without a guideline to link the numerical
timestep with real time, the numerical timestep for operating
the shield in Mine A’s model was used as a reference. The
timestep for shield supporting mainly varied from 20000 to
150000 steps when a retreat cycle reached equilibrium. For
the current analysis, a maximum supporting time limit of
25000-200000 steps per retreat was selected to avoid a
longwall retreat too fast or excessive shield loading time.

The results in Figure 16 show that when the supporting
time increased, the retreat interval for the first weighting was
not impacted. However, the retreat interval for the second
event decreased from 48 to 41 m. In contrast, the number of
detached coal blocks increased from 66 to 75 blocks. The
second weighting interval decreased due to the increasing
roof convergence associated with longer shield supporting
time. As explained earlier, the shorter weighting interval
should lead to less coal wall detachment. However, because
the coal wall was exposed for a longer time through the
models, more coal wall blocks could complete their detach-
ment, resulting in more coal wall block detachment.

For the shield moving time (also known as shield unsup-
ported time), two extreme cases of immediate shield move-
ment and slow shield movement were analysed apart from
the real case of Mine A.
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The results presented in Figure 17 show that while both
first and second weighting intervals decreased, the coal wall
detachment increased.
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As explained earlier, the results are consistent with those
caused by shield supporting time and can be attributed to the
roof convergence and coal wall exposure. All results in Sec-
tion 5.3 confirm that an increase in longwall retreat rate (de-
crease in shield supporting and moving time) prolongs the
weighting interval, as widely accepted in the literature [39]. To
control roof weighting, this retreat rate should be rapid but
only to the extent that it remains regular and controlled [5].

5.4. Coal seam strength and stiffness

Four coal cohesion values within the 0.84-2.53 MPa
range were modelled to represent different coal seam
strengths. The results presented in Figure 18 show that when
the seam strength increased, the first weighting occurred
gradually away from the longwall start, which increased
from 55 to 58 m. The interval where the second weighting
happened after the first event also rose from 16 to 41 m in
the first three models before decreasing to 36 m in the fourth
model. The reason for the increasing trend in the weighting
interval was as follows. When the coal strength increased,
the coal seam could remain intact for a longer span of roof
hanging. The longer span caused greater stress concentration
until this stress exceeded the coal's strength. The seam pro-
vided more resistance to roof convergence and accordingly
delayed the occurrence of roof weighting.
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Figure 18 also shows that the number of detached coal
blocks was consistent in the first three models before increa-
sing to 85 blocks in the last model. There was no clear trend
for coal wall detachment because while a stronger seam was
more difficult to fail and detach, a longer interval between
weighting events caused more stress concentration in the coal
seam. Considering both intact coal and in-seam geological
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structures, a better representation of seam strength is required
for future studies.

The coal seam stiffness was analysed by varying the coal
elastic modulus in the 0.52-3.09 GPa range. The results pre-
sented in Figure 19 show that when the seam stiffness in-
creased, the first weighting of the main roof occurred con-
sistently at 57-58 m of longwall retreat.
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Figure 19. Interaction caused by variation of coal seam stiffness

This result is similar to that caused by shield stiffness and
was attributed to the significant overburden load (Section
5.1). The second weighting occurred after the first event at an
interval increasing from 34 to 45 m. This trend increased
because stiffer coal seams better resisted roof convergence
and delayed roof weighting. Figure 19 shows a significant
decrease in coal wall detachment from 99 to 62 blocks. Alt-
hough the longer weighting interval could cause greater
stress concentration in the unmined seam (Section 5.1), the
stiffer seam increasingly inhibited block deformation and
displacement. The coal wall, therefore, became more stable
when seam stiffness increased. Better representation of seam
stiffness, considering both material property and seam geo-
metry, is recommended for future studies.

6. Discussion and further research

Rock mass surrounding an underground space, especially
in the case of longwall mining, may experience severe insta-
bilities if the overburden facilitates a weighting event despite
resistance from shield support and coal wall. Using the real-
time monitoring data of shield and geological-mining condi-
tions, this paper develops a panel-scale DEM model of
longwall retreat to understand the mechanism of mining-
induced weighting better. Compared to previous studies [9],
[11], [12], this study sufficiently represents first weighting and
subsequent events. This is mainly due to the sufficient mo-
delling of total retreat length and web cutting thickness. The
mechanism of weighting events is more thoroughly studied
by considering simultaneous interactions among roof strata,
shield support and coal wall, which has not been entirely
performed in previous studies [14]. The interactions are in-
vestigated through broad geomechanical behaviours such as:

— stress tensor distribution around underground space;

— stress concentration, stress relief, and rock failure in the
main roof strata;

—coal block detachment at the side (wall) and roof
(between the wall and shield) of the mining space;

— shield force exerted by roof displacement.

For coal wall, the representation of in-seam fractures as
a discrete fracture network, rather than simplified join sets
in a previous study [10], leads to a more realistic response
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of the wall (e.g., spalling, cavity) to roof weighting. For
shield support, because the setting force, yield force and
associated leg convergences are modelled based on real
shield specifications and ground control curve, the shield
sufficiently responds to roof strata displacement. These
behaviours of coal wall and shield contribute to more relia-
bly identifying a weighting event.

Within the data range used for the analysis, the findings
of this paper provide the reader with a better visualisation
of stress distribution and rock mass failure around an un-
derground mining space. This is particularly helpful to
engineers in better identifying potential geotechnical ha-
zards that the mining induces. The detailed modelling of
this paper should help the reader and engineers develop
their model for studying a practical problem. Based on the
findings from the interactions among roof weighting, shield
support and coal wall, mining engineers can develop tech-
nical solutions to improve coal wall and shield stability.
This accordingly increases the level of safety at work and
maintains the production schedule. Although the findings
are helpful for both earth sciences and practice, it should be
mentioned that the modelling was two-dimensional in na-
ture. Future studies using a three-dimensional program are
recommended to analyze real longwall operations better. In
addition, because the shield yield valve was not modelled
for model simplification, this valve should be considered in
upcoming research better to represent roof convergence and
associated coal wall behaviour.

7. Conclusions

This paper provides a detailed understanding of longwall
mining-induced weighting from its first occurrence to subse-
quent events and its interactions with shield support and coal
wall. The study confirms that the weighting events are asso-
ciated with the formation and failure of voussoir beams and
cantilever beams within the main roof strata. The study de-
tails the profiles of both horizontal and vertical stresses in the
main roof strata. During periodic weighting, a re-concent-
ration of horizontal stress at the clamped end of the cantile-
ver roof beam is demonstrated, which reaches a peak of
1.5 times the pre-mining value. Apart from the primary
breaking at the clamped end, a cantilever roof beam may
experience a secondary breaking near its middle. Within the
main roof, the intact rocks were found to fail in tension,
while the geological structures mostly failed in shear.

The study reveals that while an increase in shield stiff-
ness and yield force delays the occurrence of the weighting
event, the associated longer span of the voussoir/cantilever
roof beam increases the coal block detachment at the wall. In
contrast, an increase in the set-to-yield ratio of the shield
shortens the weighting intervals, and this accordingly de-
creases the coal wall detachment. For coal seams, both stiffer
coal and stronger coal delay the occurrence of weighting.
The stiffer coal, meanwhile, clearly improves coal wall sta-
bility despite the negative impact from the greater weighting
interval. Similarly, a faster longwall retreat rate improves
coal wall stability while delaying the weighting occurrence.
The findings of this paper, within the data range being ana-
lysed, should assist engineers in better identification and
response to geotechnical hazards in underground space,
maintaining a safe workplace, and minimising environmental
impact and resource loss.
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MexaHi3M HABaHTaKeHHs NOKPIBJIi NIPU CyUiJIbLHIl cucTeMi po3podKu Ta HOro B3aeMois
3 MeXaHi30BAHUM KPilJIeHHSIM i ByTJIBHUM MacHMBOM

T.1. Jle, KK. Hryen, M.T. Tpan

Merta. [locmipkeHHS MeXaHi3My HaBaHT)XEHHS IOpiJ TOKPIBIi, CIPHYMHEHOTO BUHMAHHSIM JlaBaMH, a TaKOXX HOTO B3aeMomii 3
MEXaHi30BaHUM KPIIJICHHSM 1 BYTUIBHMM MacHBOM JUIsl TPOTHO3YBAaHHs IeOTEXHIUYHOT HEOEe3MeKH y MiI3eMHOMY HPOCTOpi ¥ MiIBHILIEHHS
Oe3mnexu ripHU4YMX pooiT.

Metoanka. Ha ocHOBI JaHWX OIepaTHBHOTO MOHITOPHHTY HaBaHTaXX€Hb HA MEXaHi30BaHE KPIIUICHHS Ta TipHUYO-TEOJIOTIYHUX YMOB PO3-
poGiieHo nmaHensHy gncensHy DEM-Mozens nponecy 04iCHOTO BUMMAHHS IS KPaIoro po3yMiHHS TeOMEXaHITHOTO MEeXaHi3My HaBaHTHKCHHSI.

PesyabTaT. BuBueHO pO3MOiNM TOPH30HTANBHUX 1 BEPTHKATBHUX HANpPY)XEHb Y MOPOJax OCHOBHOI IOKPIBIi BYTiUIBHOTO ILTACTA.
BCTAQHOBJICHO MOBTOPHE KOHIEHTPYBAHHS TOPH30HTAILHUX HAIPYKEHb 01 3aKpIMUICHOro KiHI[I KOHCOJI MOKPIBi MiJ Yac MepioJuyHOro
HaBaHTAKEHHSI, SIKE Csira€ MakCUMyMYy, 110 y 1.5 pasu mepeBuiiye BuaoOyBHI 3HaueHHs. Bu3HaueHo, 1110 OKpPiM NEPBUHHOTO PYHHYBaHHS
01711 3aKpIMIIeHOTo KiHI, KOHCOJIb TIOKPIiBIIi MOX€ 3a3HaBaTH BTOPHHHOTO PYHHYBAaHHS ITOOJIH3Y CEpeMHH NPOJILOTY. BeranosieHo, mo y
TOPO/IaX OCHOBHOI ITOKPIBII MepeBakae pyHHyBaHHS 32 PO3TATOM, TOJ K T€0JIOTiUHI HOPYIIEHHS pYyHHYIOTHCS TIEPEBAXKHO 32 3CYBOM.

HaykoBa HoBH3HA. BusiBieHo, 1110 301bIICHHS KOPCTKOCTI Ta TPAHMYHOTO 3YCHILIA CIPAl[bOBYBAHHS MEXaHI30BaHOTO KPIiIUICHHS 3a-
TPUMY€E HACTaHHS HaBaHTA)XCHHS, OJTHAK, BOJJHOYAC TIPH3BOIUTH JI0 301IBIICHHS MPOJILOTY KOHCOJIEH, 110 CIIPHsIE BiAlIapyBaHHIO BYTiIbHO-
ro MacuBy Ous BHOOI0. BHsiBII€HO, 110 30UIBIIEHHS CITiBBiJHOIICHHS MK [TOYaTKOBHM 1 TPAHUYHUM HAaBaHTAXXCHHSIM KPIIJICHHS CKOPOYYE
IHTepBaJI MiXK HAaBaHTa)KEHHSMH, IO, BiIMOBIIHO, 3MEHIIYE BiAIIapyBaHHS BYTUUIA Ha BHOOI. BibIn sxopcTka Ta MillHA BYTiIbHA TOBIIA
3aTpUMYy€ HACTaHHS HAaBaHTA)KCHHSI.

ITpakTHyHa 3HAYNMicTh. OTpUMaHi pe3yabTaTh AAIOTh 3MOTY Kpalle iJeHTH(IKyBaTH Te0TeXHIUHI 3arpo3u B MiJ3eMHOMY IIPOCTOPI Ta
OTIEpaTHUBHO pearyBaTy Ha HUX, IO CIIPHSE MiIBUIIEHHIO Oe3IeKH poO0TI0ro cepesoBHINa Ta 3MEHIIICHHIO HETaTUBHOTO BIUIMBY HA JTOBKLIIIA.

Kniouogi cnosa: niozemnuii 8u0o6ymox, Ha8AHMadlcenHs NOKPIGi, pYUHYBAHHA NOKPIGenbHOI OAKU, MOHIMOPUHZ V PeanbHOMY Hdci,
KOHCMPYKYIS MEXAHI308aHO20 KPINAEHHS, CMADiIbHICMb 8Y2ilbHOI CIMIHKU
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