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Abstract

Ground subsidence caused by extraction of longwall panels has always been a great concern all over the world. Conven-
tional longwall mining system (CLMS) gives rise to wavy subsidence causing great damage to surface structures. A coal
mine in Shanxi, China, utilizes a split-level longwall layout (SLL) for a sub-horizontal No. 8 coal seam to improve the
cavability of mudstone interlayer and top coal. This layout, however, also produced unexpectedly favorable surface subsid-
ence. Subsidence of No. 6 and No. 8 longwall panels was monitored while mining was conducted. Field instrumentation
and numerical simulation were carried out. It is demonstrated that an asymmetric subsidence profile with stepped subsid-
ence and cracks occurred on the tailgate side but relatively mild and smooth deformation on the other. Due to elimination
of conventional parallelepiped gate pillar, No. 6 and No. 8 gobs were connected. Extraction of two SLL panels acted as
one supercritical panel. The maximum possible subsidence was reached which lowers the likelihood of potential future
secondary subsidence as underground gob fractures and voids have closed. Therefore, SLL is more favorable for post-
mining land reuse as gobs are more consolidated underground.

Keywords Ground subsidence - Longwall mining - Split-level - Mudstone interlayer - Green mining

1 Introduction

Mining subsidence is a depression caused by extraction of
mineral deposits from underground (Peng et al. 1992; Lee
et al. 2013; Sahu and Lokhande 2015; Maria et al. 2022;
Malinowska et al. 2022). Longwall mining is a commonly
used underground mining technique with high efficiency
and productivity (Peng 2006). It is increasingly popular all
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over the world for extraction of coal, trona, potash, etc. A
longwall mining system typically has one or more gates
or entries approximately 150 to 400 m apart, providing an
interconnection and then mining the rib of the interconnec-
tion on a longwall: hence the name, longwall mining. With
the simplest mining system, continuous production and
full automation potential, it can further enhance productiv-
ity, safety and health of the underground workers (Jenkins
and Cullen 1990). However, due to the high productivity of
longwall operations, the large zones of full extraction and
the intensive mining-induced influence, subsidence impacts
of longwall mining operations are experienced more fre-
quently than room-and-pillar operations are. Subsidence
results in damage to surface structures, farmland, etc. which
are greatly concerned by government, residents, as well as
mining corporations (Bian et al. 2012; Xiao et al. 2014; Hu
etal. 2015a; Coulson et al. 2017; Ott 2017). Controlling sur-
face subsidence is challenging but significant for sustain-
able or “green” development of mining industry.

After a longwall panel is extracted the overlying strata
are no longer in a state of equilibrium, they collapse with
from the immediate roof all the way to the ground surface,
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Fig. 1 Schematic for subsidence development (after Peng 2006)

and a depression (or trough subsidence) is developed on the
ground surface which covers a large area as shown in Fig. 1
(Esterhuizen et al. 2010; Wang et al. 2017b). However, for
conventional longwall mining layout, a gate pillar or chain
pillars are left unmined between adjacent panels typically
leading to a wavy surface subsidence profile. In addition,
due to these pillars between panels, maximum possible sub-
sidence cannot be reached, especially for deep mines, it is
referred to as subcritical panels under these conditions as
shown in Fig. 2. In most cases, subcritical panels lead to
overhang or bridging of overburden rock, and stress arching
is developed leading to overstress on the abutment that may
result in a gradual deterioration of gate pillar and overbur-
den strata, which may help, eliminate the irregularities and
close some of the cracks on the surface. However, in some
cases, may lead to instabilities and violent multi-panel col-
lapse failure. In abandoned longwall mines, abrupt second-
ary or potential subsidence may occur due to the failure of
remnant pillars years after extraction (Saeidi et al. 2015).
The influence of mining activity on the ground surface is
not instant; generally speaking, surface subsidence starts
to occur when the mining depth is 2—4 times the mining
distance (Hu et al. 2015a). The surface subsidence charac-
teristics of different working face layout are also different
(Wang et al. 2023a). It is also very difficult, to predict if

Fig. 2 Panel width and corre-
sponding subsidence profile

Subsidence trough

or when failure in an abandoned mine might occur. Some-
times overlying strata above abandoned mines may collapse
decades after the extraction is finished. The critical width
of a panel is the width that needs for the appearance of the
maximum possible subsidence at the center of the trough.
For the supercritical panel, a flat-bottomed depression will
be produced, and the central portion of the trough will attain
maximum subsidence. As subsidence is not complete due to
the influence of the gate pillar, any damage borne by strata
structures is temporary and likely to develop as overbur-
den strata and gate pillars continue to deteriorate, fail and
collapse sometime later. Therefore, potential subsidence is
of great risk for any future projects on the ground surface
above the abandoned mines.

In spite of intensive mining-induced influence, subsid-
ence due to the extraction of longwall panels is delayed.
Many case studies have indicated that the ground surface
may subside a few days, weeks, months, and in some cases,
even years after the face advances past the corresponding
surface location. As a result, structures located at the cen-
ter of the flat-bottomed part of the subsidence trough suffer
from the minimum strain.

In fact, the type of structures and deformation that occurs,
and whether it influences up to the surface, depends on many
factors, such as rock strength, rock type, bulking factor of
overlying strata, competence and thickness of overlying
beds, mining height, mine depth, mine layout and how far a
stratum is over the mined out area. The magnitude, extent,
and duration of subsidence can be minimized through effec-
tive mine layout, proper barrier and gateroad pillar design,
and a rapid and efficient mining system. Many measures
being taken to control surface deformation occurred on the
surface including backfilling or stowing, planned subsid-
ence, selected extraction, harmonious extraction, simultane-
ous extraction, limited thickness extraction, etc. (Sui et al.
2015; Zhao et al. 2017).

Split-level longwall layout (SLL) locates gateroads of
a longwall panel at different elevations within the same
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Fig.3 Split-level longwall layout (SLL)

coal seam. For flat coal seams, the tailgate is excavated
immediately on the floor while the headgate is excavated
immediately beneath the roof, which gives rise to a gradual
elevation in the panel. Depending on field conditions and
requirements, this section is elevated by adjusting the incli-
nation of each pan, shield and other mining machines. The
tailgate of a panel can be staggered concerning the headgate
thus forming an approximate triangular gate pillar. Figure 3
shows SLL for Zhenchengdi coal mine in China (Wang et al.
2017b; Feng et al. 2019; Feng et al. 2019).

Due to the staggered layout of adjacent panels, SLL is
preferably adopted for coal seams whose thicknesses are
greater than the sum height of two roadways. Since gob
needs time to settle, most of times this takes several months
to one year to be compacted. Therefore, two adjacent pan-
els must be extracted sequentially, the development of the
entry of the future panel should be done at least 6 months
(preferably one year) after the previous panel is mined.
This point must be kept in mind when a coal mine plans to
use the approach. SLL is preferential for coal seams with
low gas content or no accumulated gob water. With proper
measures, such as pre-drainage of gas through gob wells or
cross-measure drill holes, grouting, employing outer offset
configuration with a slender pillar in between or leaving a
coal sheet between the two adjacent panels then it can be
applied for coal seams with higher gas content (Wang et
al. 2023a; Wang et al. 2023a). Gob water has to be drained
before the adjacent SLL panel is going to be prepared.

Conventional longwall mining system (CLMS) gives rise
to wavy subsidence causing great damage to surface struc-
tures. Subsidence behavior due to extraction of coal using
SLL has never been studied before. It is guessed instinc-
tively that its subsidence behavior must has some advan-
tages over conventional layouts as the gate pillar between
adjacent SLL panels is much smaller triangular gate pillar
which has little influence on surface subsidence. Therefore,
this paper presents a detailed subsidence case study utilizing
SLL in coal mine of Shanxi Province, PR China. The study
provides an evidence as well as a strong scientific basis for
favorable ground subsidence by using SLL.
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2 Background

The coal mine for a case study in this paper is situated in
the west of Taiyuan, Shanxi Province, PR China. The lithol-
ogy is dominated by mudstone, limestone and sandstone,
as shown in Fig. 4. They are of significantly contrasting
mechanical parameters. The No. 8 and 9 coal seams are
being mined. No. 8 coal seam is about 4.2 m thick and the
No. 9 coal seam is about 3.4 m thick. The burial depth of
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Fig.5 Split-level longwall layout 1400 m
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Fig. 6 Geometry of the working face. a Configuration of created free space in mudstone interlayer b Configuration of created free space in mud-

stone interlayer

the coal seam is between 200 and 307 m, and the average
inclination angle of the coal beds is 8°. The lithology of the
No. 8 coal seam roof is mudstone, and the No. 9 coal seam
floor lithology is carbonaceous mudstone. There is an inter-
layer mudstone with an average thickness of 0.8 m between
the two coal beds. The mining method in use is longwall top
coal caving. As shown in Fig. 5, the SLL method is used to
arrange two working faces No. 6 and No. § with the same
geometric shape. The working faces are 200 m in width and
1400 m in length.

@ Springer

The mudstone interlayer had a significant influence on
cavability of top coal due to the inability of the interlayer
to cave without delay and large fragmentation of caved
mudstone rocks. Previous mining practices show that the
large caved mudstone rocks were frequently stuck at the
sliding rear canopies when it was open to allow top coal
to fall through onto the rear AFC which prevented the top
coal above the interlayer from flowing and thus reduced the
recovery rate significantly (Feng et al. 2019).

However, for SLL as shown in Fig. 6a, the free space
highlighted by the red circle in the working face was created
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because SLL panel cut through the mudstone interlayer. The
structural model was built correspondingly as shown in
Fig. 6b. An infinitesimal was taken from the free surface.
As the right side is free, no horizontal force is acting on it,
it is only subject to vertical principal stress o; shown in the
figure. Therefore, compared with conventional layout, the
mudstone interlayer using SLL has smaller caving interval,
thus having better caving property that does not affect the
top coal caving, flowing or drawing.

2.1 Subsidence measurements

To assess and understand the extent and rate of subsidence,
observation stations were installed to collect the subsidence
data during the extraction of No. 6 and No. 8 panels, aim
to identify potential risks to infrastructure, such as build-
ings, roads, and pipelines. Two survey lines with monu-
ments spaced at 20 m were laid out including one along the
panel centerline in the strike direction and two lines in the
dip direction as shown in Fig. 7. Lines 1, 2, 3 are 1000 m
in length and extended 300 m out by the panel. Line 4 is
1000 m long as well starting from the center point of the
panel and extending to the outer edge that was 300 m away
from the panel edge.

There are 51 monuments on these four lines. These
monuments were set up before any mining activities were
carried out. To be effective, monuments were elaborately
constructed making sure that they were not affected by
subsidence-unrelated movements, such as soil heave due
to freezing, shrinking of surface clay minerals because of
rain, etc., and to ensure accurate observations, control con-
ditions must be maintained throughout the monitoring pro-
cess. These include stable benchmarks or reference points,
precise leveling instruments, and regular calibration checks.
The working face advanced by around 130 m per month.

Fig. 7 Survey plan

The extraction of the No. 6 panel was performed from Nov
28, 2015 to Oct 22, 2016. Subsidence observations were
made every two months approximately but trying to avoid
bad days when rain, snow or fog, etc. occurred. The setup
room of the No. 8 panel was ready for working face advance
on Mar 5, 2017. On Jun 17, 2017, 450 m of the No. 8 panel
was extracted. Therefore, subsidence measurements only
on Line 1 and Line 4 were recorded during this period of
extraction. One measurement was done on Mar 25, 2017,
one on May 5, 2017, and the final time was on June 17,
2017. Due to the period of the observation project, observa-
tion contract was over after June 17, 2017, and subsequent
subsidence monitoring could not be continued. In addition,
despite rigorous control measures, certain uncertainties exist
in land subsidence observations. These uncertainties can
arise due to natural variations in subsurface geology, varia-
tions in groundwater levels, and limitations in measurement
techniques. Additionally, external factors such as climate
change and human activities may introduce additional com-
plexities and uncertainties into the observed subsidence pat-
terns. Nevertheless, through laborious work of the research
group, the data collected were enough for analysis of this
research. Subsidence data are plotted as shown in Figs. §,
9,10, 11 and 12.

3 Discussion

Figure 8 shows that no subsidence occurred on Line 1 two
days after the setup room started to advance (Nov 30, 2015).
On Dec 26, 2015, 28 days after the working face departed
from the setup room and the working face was around 180 m
away from Line 1, the extraction began to influence Line 1
slightly, the maximum subsidence was only 223 mm. On
Feb 19, 2016, 9 days after the working face passed by Line
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Fig.8 Subsidence data of Line 1
(Working face reached Line 1 on
Feb 10, 2016)

Fig.9 Subsidence data of Line 2
(Working face reached Line 2 on
May 14, 2016)

Fig. 10 Subsidence data of Line 3
(Working face reached Line 3 on
Aug 19, 2016)

@ Springer

038 8 R B-HRHBRSSO-6-$-5§ 3 5.8

o%
*
.lt

‘t‘ttt.—t--r-—'-x—n— A 4—A—A—t—.—.—t—g—.—.—.
A

q\A

8009 [ eft side ° ] ot
1000 - —*— Nov 30, 2015
1500 —e— Dec 26, 2015

—A—Feb 19, 2016

v Apr 20, 2016
—— Jun 18, 2016
—<— Aug 22, 2016
—»— Oct 23, 2016
—o— Dec 25, 2016

35004 _w Mar02,2017
4000 4 Mar 25, 2017
May 05, 2017

3 4500 A Jun 17,2017
A
5000 Location of La, s atana Location of
5500 ] 28416 tailgate 28418 headgate
6000

—
-300 -250 -200 -150 -100 -50 O 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Distance to 28416 tailgate (m)

O N n—i-ts;:':‘—‘—t-o—rg—n—-—n n—x—n,n—-—n—a—’—'»t—t—t—‘—asi-‘—'—'aa-i—t-o
500 = V- v-v-V v /‘;‘/
Left side 0/’/ Right side
1000 ¢ /‘/
4
~ 1500 - Ry
g hd —*x— Nov 30, 2015
= 2000 —e— Dec 26, 2015
2 —a—Feb 19, 2016
8 2500 - v— Apr 20, 2016
_.: —e—Jun 18, 2016
2 30001 —<— Aug 22, 2016
{:é 2500 ] »— Oct 23, 2016
o o Dec 25,2016
4000 | Location of \ \;/ v Location of =™ Mar 02, 2017
4500 28416 tailgate 28416 headgate
5000 —

—_——
-300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350 400 450 500
Distance to 28416 tailgate (m)

0 M-—9-f-0-0-0- {11—:—0—‘~‘70 ~0=$-9-9-9-§- tj—‘—‘*‘*‘-&‘f"‘-‘-‘=t—‘—‘4xf—‘—i+‘-‘
500 -| 4 1/
Left side <« /./ Right side
1000 | ¥
~ 1500
E —*— Nov 30, 2015
= 2000 —e— Dec 26, 2015
2 —aA— Feb 19, 2016
2 2500 - v— Apr 20, 2016
2 —e—Jun 18, 2016
z 3000 —<— Aug 22, 2016
2 35004 —»— Oct 23,2016
H .// * Dec 25,2016
40004 Location of \ Location of ™ Mar 02,2017
4500 ] 28416 tailgate i & 284]6 headgate
5000 — : ‘%

—
-300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350 400 450 500
Distance to 28416 tailgate (m)



Investigation of ground subsidence response to an unconventional longwall panel layout

Page70of 17 68

Fig. 11 Subsidence data of Line 4
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Fig. 12 Stepped subsidence a
The main crack across Line 1 b
Cracks at other locations

1, the subsidence grew significantly with maximum subsid-
ence of 2209 mm, but the subsidence profile, the right side
in particular, was gentle and smooth, which attributed to the
reduction of mining height at the elevating section. On Apr
20, 2016, the subsidence profile shows that an abnormal
leap occurred between the points (-20, 343) and (0, 1627),
the subsidence value increased abruptly from 475 mm to
2956 mm. This appeared in the form of obvious stepped sub-
sidence and cracks on the surface as shown in Fig. 12. The
step was 2.46 m high, and the crack was 0.87 m wide. The
configuration is demonstrated in the blue line. This was due

Distance to setup room (m)

(b)

to the differential subsidence, shear and tension that caused
cracks as the surface stretched over the outer edge of the
No. 6 panel. As unconsolidated alluvium, colluvium, and
soil cover were not thick enough, stepped subsidence and
cracks were not obscured. However, it is hard to predict the
exact time when the abrupt stepped subsidence occurred. In
this particular case study, it occurred between 10 days to 70
days after the working face advanced past the Line 1. How-
ever, on the other side of the No. 6 panel, the subsidence
profile remains even and smooth with no sudden increase or
leap. This demonstrates that the split-level panel geometry
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is conducive to surface structure protection at the elevat-
ing section. After Apr 20, 2016, the subsidence kept grow-
ing slowly and evenly, which also validates several existing
studies indicating that subsidence may completely cease
years after panel extraction (Cui et al. 2001). Wang et al.
(2017a) also noted that the gob above the elevating section
has a lower void ratio and higher compaction or consolida-
tion meaning that the potential or secondary subsidence is
less likely to occur.

Overall, since there were no flat-bottomed parts on all
curves before Mar 02, 2017, the No. 6 panel is a subcriti-
cal panel. Moreover, the asymmetrical panel geometry gave
rise to an asymmetrical subsidence profile, and an asym-
metrical subsidence trough was developed consequently.

The curves after Mar 02, 2017 were obtained through
measurements done on Mar 25,2017, May 5, 2017 and June
17, 2017. On May 25, 2017, since the working face of the
No. 8 panel advanced only 95 m and did not reach the Line
1, the curve was almost the same as that on Mar 02, 2017.
Most notably, on May 05, 2017, when the working face was
40 m away from Line 1, the influence of extraction of panel
No. 8 was revealed on Line 1. The orange curve indicates
that the maximum surface subsidence on Line 1 above the
No. 8 panel reached 2438 mm. However, on Jun 17, 2017,
when the working face advanced 150 m past Line 1, a flat-
bottomed green curve was obtained which means that the
width of the extraction in the dip direction was super-critical.
This was due to the elimination of the conventional rectan-
gular gate pillar leaving only a tiny triangular pillar that had
little effect on surface deformation. In addition, the magni-
tude of maximum subsidence reached 5096 mm which is
larger than that when the width of extraction is subcritical,
indicating that the subcritical panel leads to a higher likeli-
hood of potential future subsidence because large voids in
the gob of the subcritical panel are not closed even long after
extraction. Therefore, future construction projects are more

Fig. 13 Characteristics of the
subsidence employing SLL and
CLMS (Wang et al. 2014)

likely to be sound and safe above the abandoned supercriti-
cal longwall panels as subsidence is more complete.

It is known that most longwall panels in China are sub-
critical panels, especially at depth, critical or supercritical
width of extraction is much harder to be reached. Potential
subsidence is of great risk for future projects on the ground
surface above these abandoned coal mines. Therefore, SLL
is an alternate measure that can be taken for subsidence
control in proper geological settings. If structures can be
located at the center of the mined-out area above two or sev-
eral SLL panels, especially under deep conditions and due
to the delayed subsidence, the protection function of SLL
for these structures would be better as shown in Fig. 13.

Figure 9 shows that before Feb 19, 2016, no surface sub-
sidence occurred. On Apr 20, 2016, when the working face
was 120 m away from Line 2, the surface started to sub-
side slightly. The maximum on Line 2 was only 348 mm.
On June 18, 2016, 35 days after the working face passed
by Line 2, the corresponding curve shows that evidently
stepped subsidence occurred twice on the left side of the
panel on the ground surface. The maximum subsidence
reached 3102 mm. It is only certain that the stepped sub-
sidence on Line 2 occurred between Apr 20, 2016 and Jun
18, 2016, which indicates that the stepped subsidence may
occur after or before the working face reached Line 2. By
contrast, the right side of the profile suggests that the sub-
sidence on the right of the panel was mild and uniformly
continuous which is also attributed to the elevated geometry
on the right side of the panel.

Data on Aug 22, 2016 (Three months after the working
face advanced past Line 2) shows that the subsidence got
certain mild and even increase compared with subsidence
on Jun 18. 2016. The maximum subsidence was 3984 mm.
Data on Oct 23, 2016 suggests that there was a small
amount of subsidence increase compared with subsidence
on Aug 22, 2016. The subsidence curves since Oct 23, 2016
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indicate that the subsidence kept increasing but very slightly
and subsidence may almost cease.

Figure 10 shows that no subsidence occurred before Apr
20, 2016. On Jun 18, 2018, when the working face was
250 m away from Line 3, a very tiny subsidence that was
hard to be detected by the naked eye occurred, which could
only be seen by a sophisticated and accurate survey instru-
ments. On Aug 22, 2016 when the working face passed by
Line 3 for three days, the maximum subsidence reached
1864 mm yet smooth without any sudden leaps. On Oct 23,
2016, two months after the working face passed by Line 3,
the subsidence increased significantly with a magnitude of
maximum subsidence of 4384 mm. Although there was no
evident stepped subsidence, the subsidence profile was not
even smooth. Unlike the disorder or differential of the left
part of the profile, the right side of the subsidence curve was
still mild and uniformly continuous. After that, the subsid-
ence increased very slowly. The last time of measurement
(Mar 02, 2017) indicates that the maximum subsidence on
Line 3 was 4664 mm.

Figure 11 shows that no surface subsidence occurred on
Nov 30, 2015. On Dec 26, 2015, when the working face
was about 120 m away from the setup room, the subsidence
on Line 4 showed that it did not get critical or super-critical
width of extraction, and the magnitude of the maximum
subsidence was 1234 mm. On Feb 19, 2016, when the
working face was about 350 m away from the setup room,
however, it shows that the width of extraction was super-
critical in the strike direction since a flat-bottomed curve
was observed and the magnitude of the maximum subsid-
ence reached 4435 mm. However, the width of extraction
in the dip direction was still subcritical. From Feb 19,
2016 on and before May 05, 2017, lengths of flat-bottomed
parts on subsequent curves increased with the advance of
the working face and the subsidence still kept growing but
very slowly. The curve on Jun 17, 2017, the working face
of the No. 8 panel advanced 150 m past Line 1, overlying
strata above No. 6 and the No. 8 gobs subsided together, two
panels acted as one supercritical panel, and the maximum
magnitude of subsidence on Line 1 increased to 5097 mm.
As No. 8 panel was extracted only 450 m when the project
ended, survey points whose coordinates were larger than
450 hardly changed. This also demonstrates that the isolated
troughs are ultimately joined together due to the supercriti-
cal size reached for multiple SLL panels.

3.1 Numerical modeling

The ground surface subsidence was further analyzed by
the Universal Distinct Element Code (UDEC) and the
final parameters are given in Tables 1 and 2. Two models
were established to investigate the difference in surface

subsidence between the SLL and the CLMS with 20 m of
gate pillar. Both two models were built 1000 m long and
340 m high, and the Coulomb-Moore model was used as
a constitutive model, the bottoms of the models were fixed
in both two directions, the left and right sides were fixed in
the horizontal direction, and the vertical direction was free.
The in-situ stress varying with depth was applied inside the
model, and the in-situ stress gradient was 20 kPa/m. And the
strata structure of the overlying strata was simplified for the
efficiency of calculation, some strata that are too thin were
grouped with the adjacent thick stratum. As the coal seam
is near horizontal, the dip angle is small, less than 8°, so the
dip angle of the numerical model is set to be 0°. To prevent
the model from being unable to reach equilibrium due to dis-
orderly vibration at the equilibrium position, viscous damp-
ing is applied using the damp auto command. This damping
exerts a force in the opposite direction of the block’s motion
velocity. The force is proportional to the block’s motion
velocity, thus speeding up the model’s equilibrium velocity
without affecting the results. The parameters of each stra-
tum in the model were obtained by laboratory testing on
drill core samples supplemented by data provided by other
researchers. The model is shown in Fig. 14. The numeri-
cal simulation process was as follows: after the model was
established, the in-situ stress gradient and gravity accelera-
tion were applied first, and the model was iterated to reach
the initial equilibrium state. Then, the first panel is simulated
to be excavated and calculated to equilibrium, and the sub-
sequent panel is excavated and calculated to equilibrium.
Since the migration of overlying strata is small before the
main roof is not broken, it has little influence on the surface
subsidence, so the working face was excavated at one time.

After the models were established, both models simu-
late the extraction of the model in two steps to simulate the
successive extraction of two panels. After each extraction,
models were calculated to equilibrium, And a survey line
was set up in the loess layer to monitor the surface sub-
sidence. The models after two extractions and balance are
shown in Fig. 15, and the comparison of the subsidence
curve with the measured curve is shown in Figs. 16 and 17.

Figures 16 and 17 show that the simulated subsidence
range of the surface subsidence curves after two equilibria
are smaller than the field data. The reason is that the overly-
ing No. 2, 3 and 6 coal seams have been mined before the
field measurement, and the gobs of the overlying No. 2, 3,
and 6 panels are not completely collocated with the panels
in No. 8 and 9 in the vertical direction. Therefore, when the
No. 8 and 9 coal seams were mined, the overlying key stra-
tum of the lowest No. 6 coal seam that has been mined was
already influenced by mining. The key stratum was full of
fractures, so the subsidence range was larger. This phenom-
enon was also proved by Dong (2020) and Wang (2013).
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Table 1 The parameters for each stratum in the model (Jia 2020)

Lithology Thickness  Density =~ Cohesion  Friction angle  Tensile strength ~ Bulk modulus Shear modulus
(m) (g/em?) (MPa) (°) (MPa) (GPa) (GPa)
Loess 24.0 1820 0.02 20.2 0.015 0.3 0.1
Sandy mudstone 14.0 2410 2.5 35.1 2.4 4.24 2.19
Medium-grained sandstone 15.0 2813 8.3 38 2.7 25.71 16.17
Mudstone 6.5 2340 1.2 30 0.5 6.55 2.02
Fine-grained sandstone 26.0 2408 32 42 1.2 26.11 12.75
Sandy mudstone 24.0 2465 24 39 1.9 4.57 2.48
Fine-grained sandstone 4.0 2518 3.5 40 1.5 24.65 14.09
Siltstone 22.0 2540 2.2 36 0.9 3.99 2.17
Medium-grained sandstone 4.0 2780 7.7 38 2.5 26.94 15.40
Sandy mudstone 28.0 2300 2.4 30 1.1 4.68 2.29
No. 2 Coal Seam 2.8 1390 0.8 30 1.5 5.00 2.05
Coarse sandstone 4.6 2350 4.0 35 2.0 20.00 12.00
No. 3 Coal Seam 4.2 1410 0.8 31 1.5 5.19 2.12
Mudstone 4.1 2150 1.0 30 0.5 6.67 1.43
Coarse sandstone 14.6 2590 11.6 40.8 3.1 19.43 13.97
Sandy mudstone 15.6 2250 2.5 35 1.5 3.85 2.42
No. 6 Coal Seam 3.0 1390 0.8 30 1.5 4.50 2.08
Carbonaceous mudstone 8.5 2390 2.3 35 1.4 4.17 2.15
Limestone 8.7 2550 13.0 40 13.0 13.33 10.00
Mudstone 2.7 2200 7.0 27 2.5 9.77 7.02
Limestone 3.0 2720 15.5 44 11.5 21.67 16.25
Carbonaceous mudstone 1.8 2060 2.01 16 1.5 3.10 1.30
No. 8 Coal Seam 5.4 1380 0.8 30 1.5 4.67 2.15
No. 9 Coal Seam 3.5 1230 1.3 18 2.1 10.25 4.73
Sandy Mudstone 20.0 2350 3.9 39 1.2 17.33 10.40
Sandstone 70.0 2500 25.0 30 5.0 16.7 10.0
Table 2 The parameters for joint in the model
Joint type Normal stiffness Shear stiffness Friction angle Cohesion Tensile strength
(Pa) (Pa) ©) (Pa) (Pa)
Mudstone - Losses 1.00x107 4.00x10° 17 0.00 0.00
Mudstone - Mudstone 2.80x10® 9.00x10’ 27 6.00x10° 4.00x10°
Sandstone - Sandstone 2.01x10° 8.40x10® 28 1.90x10° 1.90x10%
Sandstone -Coalseam 9.50x108 3.80x108 18 1.10x10° 6.00x10°
Mudstone - Coalseam 2.80x10° 9.00x10’ 27 6.00x10° 4.00x10°
Mudstone - Limestone 2.80x10° 9.00x107 27 6.00x10° 4.00x10°

But the gob of No. 2, 3 and 6 panels were not considered in
this numerical modeling due to lack of information.

It is also noted that the subsidence after extraction of one
panel is also much smaller than the field measurement. This
may be because the width of the panel is far less than the
critical width of extraction in the dip direction in numerical
simulation. A huge bed separation with a maximum height
of 3 m and a length of 70 m appears under the overlying
competent stratum as shown in Fig. 18. In practice, after the
extraction of the upper No. 2, 3 and 6 coal seams, the com-
petent stratum that is not expected to have been fractured
after the extraction of one panel was fractured, so the field-
measured surface subsidence was about 3 m larger than the
simulated maximum subsidence.

@ Springer

What’s more, no flat-bottomed trough appeared after the
extraction of one panel, indicating that the surface subsid-
ence had not fully developed due to the extraction of only
one panel. Figure 17 shows a flat-bottomed trough that
appeared after the extraction of two panels, meaning that
the width of the two panels was supercritical. This can be
further illustrated by comparing the extraction of SLL pan-
els with CLMS panels.

Figures 19 and 20 are the surface subsidence curves
after the extraction of two SLL panels and two CLMS
panels, respectively. Figure 19 shows that after the extrac-
tion of one panel, the maximum subsidence values of the
two methods are similar. The maximum subsidence of the
CLMS is 1047 mm, and that of the SLL is 1111 mm. The
difference between the CLMS and SLL is only 64 mm.
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Fig. 14 The UDEC model built

Wloess (4008)
msa stone (9352)
EMedium-grained sandstone (1504)
WMudstone (5344)
WFine-grained sandstone (2508)
indyMudstone1 (16032)
EFine-grained sandstone (668)
CSistone (1792)
ium-grained sandstone?2 (658)
SandyMudstone2 (18704)
@2CoalSeam (4004) o0
[CiCoarseSandstone (572)
BiCoaiseam (£004)

m 1(2672)

B CoarseSandstone’ (672)

@ SandyMudstone3 (2680)
BECoaiSeam (4000)

@ CarbonaceousMudstone (1144)
ElLimestone (1144)

tone

ClLimestone1 (800)
Carbonaceoushudstone1 (1336)

G8CoaSean 167

§9CoalSeam (208

W SandyMudstoned (408)

BSandstone (816)

00,

| 200m

_

wove

o 200m

1 7

d
1
o 4 e

First extractd)n panel

200m

| |
Triangular pillar Second extraction panel

200m |

| |
| |
o s + 1

First extractén panel

Fig. 15 The models after extractions. a SLL b CLMS

After the extraction of two panels, however, the maximum
subsidence of the CLMS is 3349 mm, while the maximum
subsidence of the SLL reaches 5777 mm. The evident dif-
ference is as large as 2428 mm. This also proves again
through numerical simulation that the small triangular pillar

| I
20m pillar Second extraction panel

developed by using SLL has little influence on strata move-
ment. And part of the caved zone above the first panel and
the caved zone above the successive panel connected, which
leads to the expansion of caving strata downward during the
extraction of the successive panel. Therefore, the SLL gob
is more compact. In other words, the long-term stability of
SLL gob is better. Figure 18 shows that for SLL, the right
side of the large separation mentioned above is basically
closed while the left side is still open which proves above
point of view. Figure 21 is the joints with zero normal force
and shear force export from UDEC, as shown in Fig. 21,
a large number of fractures formed during the first extrac-
tion are reduced or closed. Therefore, it can be concluded
that after the extraction of the second SLL panel, the width
is supercritical. However, for CLMS, a conventional large
coal pillar separated the two adjacent panels, so the extrac-
tion of the second CLMS panel has a very limited effect on
rock strata above the first CLMS panel. In Fig. 18, unclosed
separations are still visible for CLMS.

As shown in Fig. 22, the exported images of UDEC were
post-processed to obtain the model outline. By exporting the
UDEC block to CAD, the Boolean operation is carried out
in CAD to delete closed cracks, so the area of outer con-
tour, block and subsidence could easily get. Then the area of
fracture could be obtained by subtracting the area of block
after extractions from the area of outer contour after extrac-
tions, the area of expansion are calculated by subtracting the
area of block before equilibrium from the area of block after
extractions, these data are shown in Table 2.

The difference between SLL and CLMS is further com-
pared by calculating the fracture rate, which is the percent-
age of the fracture volume in the mined coal volume, which
is simplified to the percentage of the fracture area in the
mined area under two-dimensional conditions, so the calcu-
lation formula of the fracture ratio is as follows:
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Fig. 16 Comparison of the sub-
sidence curve of numerical mod-
eling with the measured curve
after extraction of one panel

Fig. 17 Comparison of the sub-
sidence curve of numerical mod-
eling with the measured curve
after extraction of two panels

Fig. 18 Changes of separation
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Fig. 19 Comparison of the

surface subsidence curve with Of-R-R-E-m-gg a
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Among them, R is the fracture ratio; V; is the fracture area,
the area of fracture of SLL is V;;=1805.116 m? the area of
fracture of CLMS is V;,=2507.378 m%; V, is the area of coal
mining, and the area of coal mining of SLL is V,,=393x8.9
-7%5.9-7x 3 =3435.4 m?, the area of coal mining of CLMS
is ¥, =400x8.9=3560 m*.

So the fracture rate of SLL is Ry=52.54%, and that of
CLMS is R=70.43%. It can be seen that CLMS has 17.89%
more fractures than SLL. These fractures may close slowly
in the later residual subsidence process, causing secondary
damage to the surface upon CLMS gob.

In addition the area of block expansion of SLL is
2342.7782 m? smaller than it of CLMS, and the area of sub-
sidence of SLL is 413.0622 m? larger than it of CLMS as
shown in Table 3, which indicated that blocks have much
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more space to migration under condition of SLL than
CLMS. The blocks of CLMS were forced to deform due to
the lack of migration space, further causing the instability of
the underground space of CLMS condition.

The ground fissures of SLL can also be studied in Fig. 22.
According to statistics data as shown in Table 4, there are 18
ground fissures with an opening of more than 9 cm above
the ground, including 10 ground fissures on the left side of
the gob center and 8 ground fissures on the other side of the
gob center. The reason for the uneven distribution of ground
fissures is that there is a gentle slope on the right side of the
gob, which cause the subsidence of the right side is more
gentle, so SLL will cause more damage on the left side of
the gob center than the right side.

Figure 20 shows that after the extraction of the second
panel, the subsidence curves of CLMS also have a flat-bot-
tomed section, but from the above analysis, the separations
above CLMS gob are still not closed, and the subsidence is
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Fig. 21 Comparison of the frac-
tures with SLL and CLMS after
the second equilibrium. a SLL b
CLMS

Subsiderlce basin

Subsiderlce basin

-150
-200

-R50

small. However, the separation in the strata above the SLL 4 Conclusions

gob is basically closed, and the subsidence is larger. There-

fore, in the dip direction, whether the subsidence curve has

a flat-bottomed or near flat-bottomed section cannot be the (1) Every individual longwall panel was subcritical and
criterion for judging the critical width of extraction. maximum possible subsidence could not be reached,
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Fig. 22 The model outline. a SLL
b CLMS
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Table 3 Comparison of the area data with SLL and CLMS

Method  Area of Fracture ~ Area of Outer contour ~ Area of Block after extractions ~ Area of Subsidence  Area of block expansion
(m?) (m?) (m?) (m?) (m’)

SLL 1805.1160 338436.8160 336631.7 1563.1840 67.1

CLMS 2507.3782 338849.8782 336342.5 1150.1218 2409.8782

Table 4 Statistics data of ground fissures of SLL

Number Distance to subsidence center Fracture aperture Number Distance to subsidence center Fracture aperture

1 -336.9942 0.1002 10 -126.0484 0.1005

2 -270.8922 0.1003 11 177.9161 0.1018

3 -228.7906 0.1 12 190.0104 0.1015

4 -210.6301 0.0999 13 202.0982 0.1011

5 -192.6148 0.1001 14 226.3435 0.1006

6 -174.49 0.1 15 24447 0.0997

7 -156.4016 0.1001 16 268.5301 0.1007

8 -144.2314 0.1002 17 298.6441 0.1005

9 -138.2082 0.1006 18 418.81 0.1
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future potential subsidence is of great risk for any
projects on the ground surface as large voids in the
gob of subcritical panel are not closed even long after
extraction.

(2) SLL with asymmetrical panel geometry led to asym-
metrical subsidence with stepped subsidence and cracks
on the tailgate side but relatively mild and smooth sub-
sidence on the other.

(3) Due to the conventional rectangular gate pillar, overly-
ing strata above No. 6 and No. § gobs subsided together,
two panels acted as one supercritical panel. The width
of the extraction in the dip direction was super-critical,
maximum possible subsidence was reached and subsid-
ence is more complete with a higher degree of gob con-
solidation. The likelihood of potential future secondary
subsidence is minimal as underground gob fractures and
voids close.

Overall, SLL is more favorable for post-mining land reuse
as gobs are more consolidated underground. This study is
applicable for coal mines utilizing longwall mining, espe-
cially for those using SLL. But please not that the findings
of this paper are not totally applicable for all the other min-
ing projects. Because geologic conditions are different. For
instance, a number of coal mines using SLL are mining coal
seams with large inclination such as Tangshan, Huafeng,
Hebi, Gongwusu, Jingyuan Huating, etc. The subsidence
results of these longwall panels must be different from the
case presented in this manuscript as the coal seam in this
case is relatively flat. So the subsidence of using SLL for
coal seams with large dip angle need further studies. The
mining subsidence behavior is also site specific. For similar
geologic conditions and mining layout present in this paper,
the mining subsidence behavior can be similar but with slight
variation depending on overlying strata characteristics.
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