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Abstract: Surface subsidence is a typical ground movement due
to longwall mining; it causes a series of environmental
problems and hazards, including landscape modification,
surface infrastructure damage and waterlogging in mine
regions. In China, intensive coal extractions are commonly
operated under dense-populated coalfields, which exacerbate
the negative subsequence, resulted from surface settlement.
Therefore, effective approaches to control the ground
subsidence are in urgent need for the Chinese coal mining
industry. This paper presents a newly developed subsidence
control technology: isolated overburden grout injection,
including the theory, technique and applications. In the
proposed method, subcritical widths are designed for the
longwall panels between which barrier pillars with proper
width are remained. Vertical boreholes are drilled from
ground surface above each panel to a designed overburden
level (above the fractured zone). Continuous injection of grout
into the mining-induced bedding separation zone through the
boreholes is conducted during the extraction of each panel.
Because of the high-pressure injection with a vast volume of
slurry (usually up to 40% of the mined-out space), a compact
zone supporting the ground is formed at the centre of each
extracted longwall panel. The compact zones, injected fill, and
barrier coal pillars mutually restrain the deformation of the
key stratum above the injection horizon, thereby reducing the
surface subsidence. Relevant procedures such as injection
system design, grouting material selection, borehole layout,
grout take estimation and injection process design are
proposed. The applicability of this new-developed technology
has been demonstrated through physical modelling, field
measurements, and case studies. Since 2009, the technology of
isolated overburden grout injection has been successfully
applied to 14 longwall areas in 9 Chinese coal mines. The
ultimate surface subsidence factors vary between 0.10 to 0.15.
The favourable results protect local buildings from damage
and villages (a total number of 22) from relocation. This
method has a great potential to be popularized and performed
where longwall mining are implemented under villages and
ground infrastructures.

I. INTRODUCTION

Conventional longwall mining in coal mines gives rise to
significant surface subsidence. The deformation of the
ground damages local buildings and even modifies the
regional landscape. The negative consequences become
more serious where intensive coal mining is carried out in
the coalfields of east China. For instance, in the densely
populated Huaibei mining district, more than 300 villages
stand above the coal seams that need to be extracted. As a
consequence, the local residents are threatened to be
relocated due to underground coal extraction. Therefore,
practical and effective approaches to control the surface
subsidence are in crucial demand for the mining industry of
China.
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Partial mining and backfill mining are commonly utilized
in China to mitigate the ground subsidence. The most-widely
accepted partial method in China is “panel and pillar” or
“longwall partial extraction” method, which incorporates
longwall extraction with rectangular barrier pillars left
between extracted faces (National Coal Board, 1975;
Salamon, 1991; Xu, 2011). In China, this approach is
typically referred to as “strip extraction”; it allows coal
mining under surface infrastructures such as buildings and
railways. Generally, the width of a longwall partial extraction
panel lies into 1/4—1/10 of the seam thickness. Under this
circumstance, a relative low subsidence coefficient at 0.1 is
usually warranted. However, this method features a very low
coal recovery ratio of less than 50%, which is inefficient for
production purpose. The backfilling technique involves
delivering the waste materials into the gob area left by
underground mining (typically referred to as “backfilling”) or
other mining-induced voids such as bedding separation in the
overburden. With the consideration of subsidence control, the
filling of longwall mining induced voids can be implemented
using one of the following modes, namely, grout injection
into the caved zone, grout injection into bedding separation
(GIBS) (Palarski, 1989; Xu et al., 2014; Xuan and Xu, 2014),
and backfilling the gob area. Generally, the last one is the
most popular approach, whereas the other two are more
convenient. During the past few decades, gob area backfilling
technology has been greatly improved in the Chinese coal
mining industry (Junker and Witthaus, 2013; Xuan et al.,
2013; Zhang et al., 2015; Xu et al., 2015). However, even
though the gob backfilling techniques generally achieve
effective control over surface subsidence at a high backfilling
ratio, the engineering practice shows that they have high
backfill capital cost (>*100¥ per ton of coal) and relatively
low efficiency (a coal production of 0.3—-0.5 million tons per
year), which limits the popularization of such techniques.
Conversely, the bedding separation grout injection is a low-
cost method with relatively high coal production efficiency,
but is not able to achieve effective subsidence control (refer to
THEORETICAL BACKGROUND for the detail). Therefore,
effective subsidence control techniques with low cost and
high efficiency are urgent for the coal mining industry in
China.

This paper presents a new subsidence control method, i.e.,
isolated overburden grout injection that has the advantages of
both partial extraction and traditional overburden bedding
separation grout injection. The general principle, design, and
applications are described in the following sections.
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II. THEORETICAL BACKGROUND

Essentially, for the laminated coal measure strata,
longwall subsidence is associated with the mining-induced
voids that propagate from the underground excavation to the
ground surface. Therefore, the grout injection that fills the
bedding separation zone can decrease the surface settlement.
This approach involves the injection of slurry into mining-
induced overburden bedding separation zone through one or
more surface boreholes as the longwall face advances
(Palarski, 1989; Gao et al., 2002; Zhao et al., 2009); bed
separations are horizontal fractures that occur along the
interfaces between weak and strong rock layers during coal
extraction (Chen and Guo, 2008; Palchik, 2005; Palchik,
2010).

The concept of GIBS was proposed by researchers in the
former Soviet Union. In Poland, GIBS field trials were
conducted for both the control of subsidence and the
underground disposal of waste. The results indicated that
GIBS could achieve a surface reduction ratio of 20-30%,
compared with that induced by traditional mining with full
caving (Palarski, 1989). In the 1980s, GIBS trials were
tested in the Laohutai coal mine, which was reported to be
the first attempt to control surface subsidence in China
(Zhao et al., 1995). Soon afterwards, a few more coal mines
(around 10) applied this method to control the mining
subsidence. Unlike the traditional backfill mining, this
technique does not interfere with ongoing coal mining
operations, because the void filling takes place in a location
separated from the mining. The surface reduction ratio was
found to be less than 50%, which is considered insufficient
to meet the safety requirements for mining under surface
infrastructures. Historic data of 18 test longwall panels are
collected from the published literature including (Gao et al.,
2002; Xu et al., 1998; Yang, 2002; Yuan et al., 2001; Zhao
et al., 1995). As seen clearly in FIG 1 la, the averaged
maximum surface subsidence reached 1.0 m, indicating the
surface structures could be damaged seriously during the
advancement of longwalls.

We found the low injection ratio is mainly responsible for
the failure to control the subsidence of the traditional GIBS.
The injection ratio represents the proportion of the volume
of compacted fill feed into the bedding separation zone to
the total underground excavation space. The average
injection ratio is calculated to be 6.8% for the 18 faces, a
few working faces approximated 20% though (FIG 1b).
Since the low grout injection provides insufficient force to
support the overlying strata and to compress the rocks in the
gob area, appreciable deflection of the rock strata causes
remarkable surface subsidence. In other words, compaction
of the gob area increases significantly the vertical movement
of the surface during the mining of multi-panels with critical
extraction width.
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FIG 1 — Maximum surface subsidence (a) and injection ratio (b) for the test
longwall panels from the literatures (dash line showing the average).

In the previous studies, the effect of grouting on the
expansion of the bedding separation is neglected since it is
believed that the fill volume equals to the separation zone
induced by excavation. Based on numerical investigation
and field measurement, some researchers, e.g., Chen and
Guo (2008), Chen and Hu (2009), Palchik (2010), Shen and
Poulsen (2014), Jia et al., (2008), Zhang et al., (2005)
revealed that the aperture of the natural bedding separation
caused by longwall mining is very small with a single
separation aperture of 0.002-0.4 m (average: 0.15 m),
accounting for 8% of the extracted seam thickness (FIG 2),
and that the average value of the total separation aperture for
a longwall panel is 0.69 m, which is smaller than 20%-30%
of the extraction space. That is to say, the low value of
injection ratio for the traditional GIBS results from the fact
that only the mining-induced apertures are filled in the
process of grouting.
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FIG 2 — Aperture of a single bedding separation.

Consequently, the subsidence reduction ratio of GIBS
can be increased by using a high injection pressure to
enlarge the bedding separation, thereby allowing the
injection of considerably larger volume of grout. Thus, the
injection ratio will be increased and the considerable
reduction of subsidence is expected due to the compaction
of the gob area.

III. TECHNOLOGY RATIONALE

The isolated overburden grout injection is proposed. The
new approach possesses the advantages of both the partial
extraction and the traditional GIBS. In the proposed method,
subcritical widths are designed for the longwall panels
between which barrier pillars with proper width are
remained. Vertical boreholes are drilled from the ground
surface above each panel to a designed overburden level
(above the fractured zone). Grout is injected continuously
into the mining-induced bedding separation zone through
the boreholes during the extraction of each panel. By using a
high-pressure injection, a main bedding separation would be

enlarged with a vast volume of fill injected (usually up to 40%

of the mined-out space); furthermore, a compact zone
supporting the ground is formed at the center of each
extracted longwall panel. The compact zones, injection fill,
and barrier coal pillars mutually restrain the deformation of
the rock layers above the injection horizon, thereby reducing
the surface subsidence. FIG 3 illustrates the schematic of the
isolated grout injection technology (Xuan and Xu, 2014).
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FIG 3 — Schematic cross section of isolated overburden grout injection.

A. Experimental study

In order to illustrate the applicability of the proposed
approach, a physical simulation was carried out. The
experimental device at a 1:100 scale reproduces the
overburden grout injection by adding a grout injection
module to a traditional test rig (FIG 4). The internal
dimensions of the test rig were 4.84 x 2.25 x 0.3 m (length x
height x width). The grout injection module, which
comprises a pump, a slurry-storage tank, injection pipelines,
injection hole, pressure gauge, and a transparent injection
capsule, simulates the injection process (FIG 4). Subsidence
is recorded for different rock layers and ground surface
along 20 measurement lines on the front of the model. After
the extraction of the coal layer, the photogrammetric system
enables the measurement of the subsidence for different
rock layers. The modeled injection horizon is 60 m above
the seam. Two longwall panels (width of 140 m) are
simulated.

FIG 4 — Experimental system. (a) Overall model photograph, (b) injection
pump, tank and pipeline, (c) injection capsule, (d) injection capsule placed
in overburden model with the borehole connected, (e) subsidence
photogrammetric measuring device, (f) pressure gauge

Following the extraction with isolated injection into a
main bedding separation, the injection ratio for the panels 1
and 2 reached 48.2% and 42.6%, which is 6-7 times of the
traditional GIBS. The rock layers between the central area
(with a width of ~40 m) of each gob and the injection
horizon wundergoes large vertical displacements. The
difference of subsidence between any of these layers (i.e., 7,
17, 27, 37, 47 m above the seam) and the layer immediately
below the injection horizon (i.e., 57 m above the seam)
approached 0 mm above each central gob area (~40 m), as
shown in FIG 5a. Moreover, the residual bulking factor for
the central gob zone is calculated to approach 1.05,
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indicating an injection-induced compact zone was formed
for each panel. The two injection-induced zones together
with the coal pillar support the ground, thus reducing the
subsidence. The final surface subsidence was reduced to
0.273 m; thus, a subsidence reduction ratio of 89% was
achieved (FIG 5b), which demonstrates the effectiveness of
the isolated grout injection technology.
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FIG 5 — Experimental verification.

B. Borehole test

In addition to the experiment, a field investigation using
borehole drilling was conducted (Xuan and Xu, 2014; Xuan
et al., 2015). Two boreholes were drilled to an abandoned
longwall panel where isolated grout injection was
implemented during mining. It was found that the water
contained in the slurry seeped way and thus the separation
zone had been filled with compacted fill. More than 90% of
the total injected fill gathered in a section of the overburden,
which was considered as a main injection section (height of
4.8 to 18.4 m) or approximately as a main injection horizon.
The main injection sections were located between the
bottom of the injection borehole and the immediately above
hard and thick rock layer (i.e., key stratum). The results of
one borehole are shown in FIG 6. The injection ratio and
subsidence reduction ratio reached up to 43% and 79%,
respectively (Xuan and Xu, 2014), which demonstrated that
the two ratios can be largely improved if a main injection
horizon is controlled. Moreover, the central gob area was
found be to be compacted. Therefore, this borehole test also
verifies the effectiveness of the isolated grout injection
technology.
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FIG 6 — Borehole investigation of isolated grout injection.

IV.TECHNICAL DESIGN

Fly ash produced by the power plant was selected as the
grouting material. The fly ash and water were mixed to
produce slurry. Figure 9 illustrates the designed grouting
system designed for the Liudian coal mine, Huaibei Mining
(Group) Co. Ltd, China (Xuan and Xu, 2014).
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FIG 7 — Grout injection system.

Generally, more than one borehole is needed for a
longwall panel. Based on the previous field investigation, it
is found the grouting diffusion radius can reach 130-225 m;
more details on this test can be referred to Xuan and Xu
(2014). The borehole arrangement can be determined using
the radius.

To estimate the grout (the volume of compacted fill) take,
an equation have been developed (Xuan et al., 2016):
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where «; is the ultimate injection ratio, which is the
estimated maximum grout take for a certain injection
horizon of a longwall panel; H is the distance from the main
injection horizon to the extracted seam, W is the longwall
width; ¢ is the angle of full subsidence, which is defined as
the angle between the line joining the edge of the flat part of
the subsidence trough to the edge of the extraction zone and
the coal seam layer; /. is the height of the caved zone; K" is
the residual bulking factor of the caved rocks; M is the
mining height.

V. APPLICATION

Up to December 2015, the isolated overburden grout
injection technique has been carried out successfully in 14
mining areas of nine coal mines where coal blocks are
overlain by 19 surface villages. A total of 8, 086 thousand
tons of raw coal resources overlain by villages has been
extracted, and yet, it saves a village removal cost of ~2.42
billion RMB. The unit cost of the injection is 30—60 RMB/t
of coal. Surface subsidence coefficients are less than 0.15 at
the populated areas and no damage has occurred to the
buildings which can be resided normally without repair.

The 101 mining area of the Liudian coal mine is taken as
an example to illustrate the general procedures of longwall
mining with isolated overburden grout injection. The
extracted seam is #10 with an average angle of 25° The
cover depth ranges from 467m to 668 m, with an average of
572 m. The thickness of the alluvium is 169-437 m,
whereas that of the strata is 1919—383 m (average: 287 m).
In this area, four villages stand overlaying two longwall
panels (1018 and 1016) (FIG 8). Panel 1018 is the first one
to be extracted with the width and length of 154 and 498 m,
respectively, whereas the width and length of Panel 1016 are
135 and 276 m, respectively. A 40-m-wide barrier pillar is
left between the two panels. The mining height of the two
panels is 3.2-3.5 m.
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FIG 8 — Surface-underground contrast plan for the study area.

To extract the coal resources below the buildings, the
isolated grout injection technique was applied for the two
panels from December 2012 to August 2015. The total
amount of compacted fly ash injected reached 221325 t with
an injection ratio of up to 52.8%. Following the extraction
of this area, the maximum surface subsidence was measured
to be 0.451 m (FIG 9). The surface subsidence profile and

the corresponding subsidence stations are shown in FIG 9
and FIG 8, respectively. No damage has been found in the
buildings of the local villages. At the same time, grout
injection conducted in this manner permitted the production
of 938,000 t of coal at this area, and up to 70 million RMB
has been economized by conducting the isolated grout
injection technique. More cases can be found in Teng et al.,
(2016), Xuan and Xu (2014), and Xuan et al. (2014).
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FIG 9 — Observed surface subsidence for the study area.

VI.CONCLUSIONS

In this paper, a newly developed subsidence control
method, namely, isolated overburden grout injection
technique, is introduced. This approach has the ability to
combine the advantages of both partial extraction and
traditional overburden bedding separation grout injection. The
principle of this technique is presented and verified through
physical modeling and borehole detection. Moreover, a case
study is described to illustrate its capability on subsidence
control during longwall mining under surface buildings.

By using a high-pressure injection from surface boreholes,
a vast volume of fill (usually up to 40% of the mined-out
space) is feed into a main bedding separation, by which a
compact zone supporting the ground is formed at the center of
each extracted longwall panel. This zone, the injected fill and
the barrier pillars between the longwall panels together reduce
the magnitude of surface subsidence. Generally, the resulted
surface subsidence coefficient is no greater than 0.15 which
ensures the ground infrastructures being undamaged.

The isolated overburden grout injection technique is a
low-cost solution for surface subsidence control. Meanwhile,
the ongoing coal mining activities can keep undisturbed
during the borehole practices. Although a subcritical
longwall panel and a designed width of coal pillar are
required, the proposed approach has a great possibility to be
utilized in coal districts due to that it saves the villages from
migration.
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