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Abstract
This paper presents an investigation on the effect of grouting into multi-bed-separation to control mining-induced surface 
subsidence. In the overburden without obvious thick-and-hard strata for generating large-scale bed separation, overburden 
grouting is carried out by increasing the number of boreholes and grouting strata. The scale model test, numerical simulation, 
and field measurements are used to study distribution and process of bed separation and to compare the overburden failure 
with surface subsidence due to pre- and post-overburden grouting, with a case study of the Qi’nan Coal Mine, Anhui Prov-
ince, China. The scale model test and numerical simulation results of the overburden grouting process are in close agreement 
with those obtained from the field measurements. Filling masses with different diffusion radii are commonly formed in the 
different bed separation, which are overlaid to control the surface subsidence. It is proven that overburden grouting can suc-
cessfully mitigate overburden failure and subsidence without obvious hard strata and bed separations. This provides an effec-
tive and cost-efficient approach for addressing the surface subsidence and overburden deformation problems due to mining.

Keywords Subsidence control · Bed separation · Grouting · Overburden failure · Numerical simulation · Scale model test

Introduction

Surface subsidence is an increasingly serious problem dur-
ing coal mining operations performed under buildings, 
railways, and water bodies, and it may cause the destruc-
tion of fertile lands, damage to ground buildings (Bell et al. 
2000; Loupasakis et al. 2014; Xuan and Xu 2014; Luan et al. 

2017). Strip and filling mining are commonly and effectively 
used in underground mining (Sroka et al. 2015; Yin et al. 
2018; Jaiswal and Shrivastva 2012). However, filling method 
developed rapidly compared to other mining methods in 
recent years (Zhu et al. 2016; Zhang et al. 2011; Karfakis 
et al. 1996). There are two main options to fill mined-out 
area to mitigate surface subsidence and protect mine envi-
ronment; goaf filling and overburden filling in accordance 
with filling locations. Filling mining method can be divided 
into gangue filling, sand filling, paste filling and high-water 
materials filling (Yao et al. 2012; Li et al. 2017; Yang and 
Li 2017; Belem and Benzaazoua 2008; Chang et al. 2018). 
Overburden grouting is another filling method carried out 
in bed separations.

With the rapid development and application of under-
ground backfill mining, paste backfill mining techniques 
are widely used all over the world. Paste backfilling mining 
uses slurry made of aggregates such as fly ash or cement fill 
and water. The method was first implemented at the Preus-
sag’s Bad Grund Mine in Germany in 1979 and then applied 
to Australia (Rankine et al. 2007; Rankine and Sivakugan 
2007; Sivakugan et al. 2015). Subsequently, it was gradually 
applied to control surface subsidence in many coal mines 
(Liu et al. 2017).
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Overburden grouting is a relatively new method to con-
trol surface subsidence. The filling material is injected into 
the bed separation during mining by the vertical drilling 
boreholes. Bed separation occurs between different strata 
where the upper stratum is stronger than the lower one over 
the longwall excavation (Palchik 2003, 2005). The injected 
materials by a high pressure formed a certain size of pack to 
support the overlying strata. The compacted slurry injected 
into bed separation has a positive effect to support over-
burden and mitigate its deformation. It effectively controls 
and mitigates the surface subsidence caused by coal min-
ing. Overburden grouting trial for mitigating subsidence 
originated in Poland in 1980, where surface subsidence was 
reduced by 20–30% in comparison with that due to caving 
method (Palarski 1989). It was then introduced into China 
and Australia. Surface subsidence was reduced by 63–65% 
(namely subsidence reduction ratio) at the Laohutai Coal 
Mine, China (Chen et al. 2016). Subsidence reduction ratio 
varies between 36 and 65% in other coal mines such as 
Xinwen, Kailuan, Huaibei (Sun et al. 2008). The estima-
tion shows that the maximum subsidence reduction ratio is 
close to 50% in case of overburden grouting above longwall 
panel in West Cliff Colliery in Australia (Chen and Hu 2009; 
Shen and Poulsen 2014). Other results also show that over-
burden grouting can be used to control surface subsidence 
and deformation caused by mining (Palarski 1989; Gray 
et al. 1998; Sivakugan et al. 2006; Siriwardane et al. 2003; 
Lokhande et al. 2005). However, the efficiency of subsid-
ence controlling is quite different in different injection loca-
tions and geological conditions. For instance, grout injecting 
into bed separation closer to mining seam can achieve more 
subsidence reduction (Chen and Guo 2008). Furthermore, 
combining with coal pillars, overburden grouting can further 
improve grouting effectiveness. Besides, larger bed sepa-
ration developed with overlying thick and hard rock strata 
(e.g., igneous sill) benefits more grouts injection (Xuan and 
Xu 2014, 2017; Xuan et al. 2014). Several successful trials 
show that the overburden stresses and strains due to mining 
are reduced and the surface subsidence reduction ratio was 
improved based on partial mining and specific geological 
condition (Xuan and Xu 2014; Xuan et al. 2014).

Above mentioned modifications about overburden grout-
ing are based on increasing width of pillars, adjusting injec-
tion locations and geological condition options to improve 
surface subsidence reduction ratio. Pumping pressure 
through boreholes and strata pressure transmitted by injected 
filling mass from overlying strata result in a compacted rock 
mass between bed separation and roof. The compacted rock, 
filling mass and coal pillar commonly support overburden 
to improve its stabilization. A thick and strong rock strata 
in overburden (i.e., the key stratum) is advantageous to 
implement overburden grouting and better effectiveness 
of surface subsidence control (Xuan and Xu 2017). Those 

previous researches have considerably helped in improving 
subsidence reduction ratio. However, in some cases without 
thick and strong strata, overburden grouting into a single 
bed separation is insufficient to meet the requirements of 
construction protection (Sun et al. 2008). Therefore, a multi-
bed separation grouting method is proposed in this paper by 
increasing the number of grouting boreholes and locations 
to enhance the injection ratio to meet the surface subsidence 
controlling requirements. The multi-bed separation grouting 
is implemented from the lower stratum to the upper one in 
the vertical direction and along the mining direction, respec-
tively. The aim of this study is to investigate the development 
of multi-bed separation, the mechanism of subsidence con-
trol and the effectiveness of multi-bed separation grouting 
into overburden without thick and strong strata.

Hydrogeological and engineering geological 
conditions

The Qi’nan Coal Mine is located in Suzhou City, Anhui 
Province, China (Fig. 1). It covers approximately 1.5 km2 
and has a designed capacity of 1.8 million tons per year. It 
was put into operation in 2000. The Qi’nan Coal Mine is 
located in the Huaibei plain with an inclination of 7°–15°.

The Qi’nan Coal Mine has a low curved monoclinic struc-
ture with an inclination angle of 12°–24°. The coal seams 
belong to gentle-inclined one with an average inclination of 
15°. The rocks deposited in the mining area mainly consist 
of clastic sedimentary rocks. The rocks at the roof and floor 
of the Seam no. 3-2 have different strengths; sandstone, silt-
stone and mudstone belong to hard, medium–hard and soft 
rock according to the Code for Investigation of Geotechnical 
Engineering (Ministry of Housing and Urban-Rural Devel-
opment of the People’s Republic of China 2002), respec-
tively. Aquifers in this mine include the Cenozoic porous 
aquifer, the Permian fissured sandstone aquifer, the Carbon-
iferous Taiyuan Formation and the Ordovician karst fissured 
aquifer. Overall, the specific capacity of the aquifers ranges 
from 0.0004 to 0.0455 L/(s m). The normal groundwater 
inflow is 0.5–1 m3/h in some panel.

The panel applied overburden grouting is the first long-
wall panel with a width of 187 m beneath the part without 
buildings and a width of 127 m beneath the villages which 
should be protected. The average mining depth of the seam 
is 467 m. Its advancing length is 1000 m with a mining 
rate from 100 to 150 m/month. The strike direction of the 
panel is nearly north to south. The Seam no. 3-2 is located 
in the Permian Upper Shihezi Formation. The cutting height 
is about 4 m. The roof of the Seam no. 3-2 was mainly com-
posed of mudstone and fine stone and siltstone. The average 
thickness of the unconsolidated formation above bedrocks 
is 280 m.
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Method

Scale model testing

Scale model tests are carried out to investigate the 
development of multi-bed separation during mining and 
grouting into the bed separations for mitigating surface 
subsidence.

Table 1 lists the overburden stratigraphy and phys-
ico-mechanical parameters of rocks of the panel. 
The scale model has a size of 1.4 m × 0.2 m × 0.53 m 
(length × width × height) to a scale of 1:500. In the scale 
model, the overburden and the coal seam are simulated by 
a mixture of sand, calcium carbonate, gypsum, cement, 
pulverized coal and water. The mica was used to split the 

rock strata. The cutting height in the model was 0.8 cm on 
a buried depth of 93.4 cm representing the cutting height 
and buried depth of 4 m and 467 m in prototype, respec-
tively (Fig. 2). Three observation lines and 27 monitoring 
points at 11.2, 15.4, and 21 cm were set from the roof of 
the coal seam, respectively. They represented observation 
lines were set at 56, 77, and 105 m in the prototype above 
the roof of the coal seam, respectively. 

At the top of the model, three layers of iron bricks are 
used to simulate the gravitational pressure of the uncon-
solidated layer which is a distribution load of 9.45 kPa. The 
model tests simulate the mining process along the strike 
direction, excavating from right to left (Fig. 2). The open-
off cut is excavated at a distance of 21 cm from the model 
boundary (Fig. 7a). The mining step is 7 cm, simulating the 
35 m in prototype mining. The next excavation is performed 

Fig. 1  Location of the Qi’nan Coal Mine

Table 1  Physico-mechanical properties of coal measures

Lithology Density (kg/m3) Compressive 
strength (MPa)

Elastic modulus (MPa) Internal fric-
tion angle (°)

Tensile 
strength 
(MPa)

Cohesion 
(MPa)

Poisson’s ratio

Sandy mudstone 1700 – 1820 18 4.7 4.8 0.20
Fine sandstone 2700 37.8–84.6 2900 31 4.8 3.2 0.23
Siltstone 2500 40.6–72.5 2600–3600 35 4.8 4.4 0.24
Mudstone 2700 11.6–36.0 3000–4500 25 3.7 4.8 0.25
Medium sandstone 2600 67.0–88.1 6000 33 2.0 1.1 0.24
Seam no. 3-2 1400 – 1990 22 1.7 0.4 0.26
Sandstone 2600 105.4–219.4 50,000 33 3.0 3.1 0.14
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at an interval of about 15 min after the last excavation. The 
strata above the roof will break first during coal seam exca-
vation simulation. The bed separation gradually develops 
from the roof of the coal seam to the ground surface in ver-
tical direction and gradually develops horizontally along 
the excavation direction. Injection will be carried out while 
the separation occurred. The same excavation and injection 
sequence is carried out to bed separation repeatedly until 
mining completed.

The overburden grouting was simulated by an airbag and 
a micro-gas pump which is used to inject grouts into the 
airbag. The airbag was made of 0.2-mm-thick transparent 
polyethylene (PE) film and the expansion space was left 
inside the airbag (Fig. 3).

The average horizontal distance of observation points was 
14 cm (70 m in prototype) and their locations and changes 
were obtained by photogrammetry. A boundary seam with 
a length of 21 cm was reserved on each side to offset the 
influence of the boundary effect. The simulated extraction 
distance was 98 cm (490 m in prototype).

Numerical simulation

Discrete element code UDEC is used to simulate the grout-
ing into overburden with mining and analyze the relation-
ship between the injection–production ratio and surface sub-
sidence, as well as the grouting effect (Cundall and Strack 
1979; Itasca Consulting Group, Inc 2005). This software 
has high-speed calculation performance and can complete 
large-scale accumulation model calculations. UDEC is based 
on a two-dimensional discrete element algorithm, which can 
describe the mechanical behavior of a discrete medium in 
two-dimensional space and can represent non-continuous 
media through simulating discrete blocks. UDEC’s Fish lan-
guage can be used to compile and calculate special functions 
such as overburden grouting.

Figure 4 shows the schematic diagram of 2D model. 
The simulated model size was set at 600  m × 472  m 
(length × height) and an excavation width of 127  m in 
accordance with the engineering geological and mining 
conditions for overburden bed separation grouting. There 
is a boundary of 236.5 m in both sides to reduce the bound-
ary effect. Table 2 lists the mechanical properties of the 
overburden determined by laboratory testing. Moreover, 

Fig. 2  A scale model to simulate subsidence and overburden grouting

Fig. 3  Bed separation grouting simulated by injecting grout into a 
closed airbag
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Fig. 4  Model geometries of UDEC numerical simulation

Table 2  Physico-mechanical 
properties of rock strata

Lithology Density (kg/m3) Bulk 
modulus 
(MPa)

Shear 
modulus 
(MPa)

Internal fric-
tion angle (°)

Tensile 
strength 
(MPa)

Cohesion 
(MPa)

Unconsolidated layer 1700 1010 760 18 4.7 1.6
Sandy mudstone 1700 1010 760 18 4.7 4.8
Clay 1700 1060 980 22 4.7 3.7
Fine sandstone 2600 1800 1200 31 4.8 3.2
Siltstone 2500 2600 1600 35 4.8 4.4
Mudstone 2700 2900 1800 25 3.7 4.8
Siltstone 2500 3600 2500 35 3.8 5.4
Medium sandstone 2600 3800 2400 33 2.0 1.1
Mudstone 2700 2000 1200 25 2.7 3.9
Medium sandstone 2600 3800 2400 33 2.0 1.1
Mudstone 2700 3100 1900 25 1.0 0.1
Siltstone 2500 1700 1000 35 1.1 0.2
Fine sandstone 2600 2000 1300 31 1.1 0.2
Mudstone 2700 2000 1200 25 1.0 0.1
Seam no. 3-2 1400 1400 790 22 1.7 0.4
Sandstone 2600 24,000 22,000 33 3.0 3.1
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the boundary of the model is free at the top and fixed at the 
bottom and horizontal directions.

Field measurements

The slurry mix included the raw materials and solvent. In the 
grouting project, fly ash was used as the grouting aggregate 
mixing with a certain amount of water to make the filling 
slurry, which had strong diffusivity and fluidity. It filled the 
bed separation effectively using fewer drilling boreholes, 
and formed strong concretion. The water–cement mass and 
volume ratio of field grouting test was selected to be 1.4–2.5 
and 1–1.4, respectively. The mixing ratio corresponded to 
the slurry concentration, which was represented by a ratio of 
water to aggregate by mass (abbreviated as W/C):

where ρ* is the water–cement ratio, mw is the mass of water, 
and mc is the mass of fly ash.

The relationship between the slurry density and the W/C 
is given as follows:

where ρc is the density of fly ash.
After the fly ash slurry is injected, the water in the slurry 

will eventually lost (some of them infiltrates into surrounding 

(1)�
∗ = mw∕mc,

(2)� =
�c(�

∗ + 1)

�c�
∗ + 1

,

microcracks and some solidifies with cement slurry) and then 
the dry ash injected plays an effective role in reducing sub-
sidence. Accordingly, W/C is properly adjusted to ensure the 
slurry has good fluidity in the filling space without consider-
ing the concretion rate and slurry controllability during the 
grouting.

To provide reliable measurements to study grouting effect, 
surface observation stations are set up on the surface above 
the panel to monitor the surface deformation and movement 
pre- and post-grouting. Figure 6 shows the layout of the obser-
vation stations. Three observation lines were set on the surface, 
including one in strike direction (labeled J1–J15) and two in 
dip direction (labeled J16–J34 and T1–T19, respectively).

Figure 5 shows the grouting pressure in different positions 
of the grouting system. The excessive water of slurry lost and 
solid components only leaves in the bed separation. This pro-
cess will cause the changes of pressure in the bed separation.

When the grouting borehole pressure is larger than zero (Po 
> 0), grouting pressure exists under the necessary conditions 
as follows: the bed separation is full of slurry and the volume 
of the grouting slurry is larger than the sum of the volume of 
the bed separation and the water outflow:

where Vs is the grout take  (m3/h), Vb is the volume of newly 
separated strata  (m3/h), and Qw is the volume of water flow-
ing out of the bed separation  (m3/h).

(3)Vs > Vb + Qw,

Fig. 5  Schematic of grout injection into overburden of isolated pan-
el’s longwall mining. Po is the pressure of grouting pump; Pb the 
pressure inside bed separation; Pp the pump pressure; H the depth of 

bed separation; Hg the height of the grouting layer, Hw the height of 
the water-conducting fractured zone; Hp the height of the protective 
layer
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In the grouting stage with pressure, the pressure inside 
separation space and for grouting pump is as follows:

where Po is the pressure of grouting pump, Pb is the pressure 
inside bed separation, Pp is the pump pressure, H is the depth 
of bed separation, Gf is pressure gradient with depth, fp is the 
resistance of grouting pipe and γs is the unit weight of slurry.

The grouting bed separations located in the range of strata 
which are above more than 10–20 m from the water-conduct-
ing fractured zone to ensure a safe grouting by preventing 
the panel from the injected slurry inrush. The main injection 
boreholes G1, G3, and G6 in the present experiment are 
60 m from the roof of the coal seam and the auxiliary injec-
tion borehole G2, G4, and G5 is 90 m above the roof of the 
coal seam (Table 3 and Fig. 6).

Results and analysis

Mechanism of subsidence reduction 
with overburden grouting

The backfilling mass and its underlying strata in longwall 
backfill mining are reversed to support the overlying strata. 
However, in the case of overburden grouting, the filling mass 
between the rock masses above the panel transmits load to 
the lower rock through the strata under grouted bed sepa-
ration. Eventually, the increased load is transmitted to the 
caving rocks which are then compacted.

The major difference between the two methods is that the 
compacted and supporting strata in the caving zone show a 
typically dynamic behavior under sufficient mining, in com-
parison, overburden grouting relies on the filling mass to 
expand and fill the space of bed separation during the pro-
cess of grouting with a high-pressure and to compact directly 
the fractured rock in the condition of insufficient mining. 
Therefore, multi-bed separation overburden grouting can 
contribute to increase the volume of injected slurry and to 
improve grouting rate to control the surface subsidence.

Palchik (2005) proposed an empirical formula for devel-
opment conditions of the bed separation:

(4)Po = Pp − H × Gf − fp,

(5)Pb = Pp − H × Gf − fp + H × �s,

where M is the extraction height of coal seam; H is the dis-
tance of bed separation interface and extracted coal seam; 
σa and σb are the uniaxial compressive strengths of the upper 
and lower rock layer of the bed separation, respectively; ha 
and hb are the thickness of the upper and lower layer of 
the bed separation, respectively; and hd is the thickness of 
the rock “layer-bridge” within the distance of 100 m from 
extracted coal seam. The coefficient a is equal to 0.07 in the 
formula. When the coefficient K is greater than zero, bed 
separation occurs. Here, the values of K of horizontal frac-
ture are 0.25 and 0.23 calculated from the strata with a dis-
tance of 60 m and 90 m away from coal seam, respectively. 
It implies that the bed separation would occur between the 
rock mass with longwall mining.

The process of bed separation formation shows a cycle 
of “generation–development–expansion (persistence)–dis-
appearance (compaction)”. At the beginning, the bed sepa-
ration appears as a horizontal fracture with the small size, 
and then it expands slowly until the upper boundary rock 
of the bed separation reached a critical breaking length. 
When the bed separation is close to the breaking length, 
the space of bed separation reaches the maximum at this 
moment. As the excavation continuing, the overburden 
deformation is intensified, the upper boundary rock of bed 
separation is bent downward and the space of bed separa-
tion gradually becomes smaller till closed. The process of 
bed separation development is repeated between the higher 
strata during excavation. Thus, the injected bed separa-
tion should have a safe distance from the water-conducting 
fractured zone to prevent he panel from injected slurry 
inrush. As a result, the locations for grouting should be 
higher than the sum of heights of water-conducting frac-
tured zone and protective layer (Fig. 5):

where Hg is the height of the grouting layer, Hw is the height 
of the water-conducting fractured zone and Hp is the height 
of the protective layer. The protective layer is generally 
selected from 10 to 20 m.

(6)
K =

√

M∕H
�

ln
�

𝜎a∕𝜎b
�

+ ln
�

ha∕hb
��

− a
�

hd∕ha
�

> 0,

(7)Hg min = Hw + Hp,

Table 3  Designed locations and 
depths of grouting boreholes

G1 G2 G3 G4 G5 G6

Distance to the opening (m) 60 110 210 250 360 400
Distance to the tail gate (m) 75 50 75 50 75 100
Distance to the coal seam roof (m) 60 90 60 90 90 60
Borehole depth(m) 383.5 373.5 398.5 383.5 378.5 400.5
Panel elevation (m) − 425.0 − 445.0 − 440.0 − 455.0 − 450.0 − 442.0
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Development of multi‑bed separations 
and overburden grouting

When the coal seam is mined to 49 cm (245 m in proto-
type), the overlying strata slump in one-time. At the roof, 
the rock beam hinged structure appears and overlying rock 
is deformed and subsiding under the influence of gravity. 
A certain void appears in the upper strata above goaf. The 
immediate roof of mudstone and siltstone collapses first 
accompanied by rock fracture (Fig. 7b). With the panel 
advancing, the sixth stratum caves completely, causing 
microcracks in the upper rock strata (Fig. 7c). In the pro-
cess of panel advances to 70 cm (350 m in prototype), the 
mudstone and medium sandstone are separated first at a dis-
tance of 14 cm above the roof due to the underlying mud-
stone stratum fracture. The bed separation has generated and 

developed at 70 m in prototype above the top of the roof. The 
space of bed separation is in the expansion stage of the bed 
separation development cycle this moment and the space of 
bed separation is continuously increasing. In this process, 
overburden grouting can be started (Fig. 7d). The first stage 
of bed separation grouting test started at this time. During 
the grouting process, it shows clearly that the strata beneath 
the bed separation was squeezed obviously by the injecting 
mass (Fig. 7e). At the same time, the cracks in the overlying 
stratum are decreasing. This implies that the filling mass has 
a positive effect to support the overlying rocks. When the 
panel advances to 91 cm (455 m in prototype), the thicker 
main roof is broken, the vertical fissure breaks through the 
lower medium sandstone stratum and propagates upward. 
As the bed separation continues to develop to 16.8  cm 
(84 m in prototype), cracks and bed separation are formed 

Fig. 6  Layout of surface observation stations and injection boreholes. J1–J15 is the observation line in strike direction; J16–J34 and T1–T19 in 
dip direction
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in the upper part above the goaf (Fig. 7f). When the panel 
is advanced to 98 cm (490 m in prototype), the grouting is 
carried out on the bed separation below the upper medium 
sandstone stratum. The cracks in the upper rock decreases 
even disappear, while the bed separation space is gradually 
reduced due to grouting (Fig. 7g, h).

From the scale model test, the coal seam continues to be 
excavated, the subsidence area gradually increases. When 
the grouting starts, the underlying stratum below the filling 
mass is gradually compacted and the cracks under the over-
lying rock decrease slowly. The filling mass in the middle is 
thicker than that on the edges due to disc-shaped separation. 

The fractured rocks are more seriously compacted than that 
on the edges because the stress in rocks below the center 
of bed separation reaches the maximum. In the multi-bed 
separation grouting method, the injection–production ratio 
is larger than that in traditional overburden grouting.

Relationship between injection–production ratio 
and grouting quantity

The space of bed separation will be smaller than the volume 
of coal production because of the expansion of rocks, which 
will affect the grouting quantity and subsidence reduction 

Fig. 7  Overburden movement, occurrence of bed separation and grouting
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ratio. The excessive grouting quantity will cause surface 
uplift, while the opposite will lead to a low subsidence 
reduction. Therefore, a reasonable grouting quantity should 
be determined to control surface subsidence.

The injection–production ratio is defined as the ratio of 
injection quantity to excavated coal quantity. In the simu-
lation of the overburden grouting by UDEC, the volume of 
injected slurry is controlled by setting the grouting pres-
sure to produce a stable flow velocity of the slurry and a 
grouting time. The results show that the injection–produc-
tion ratio increases with the increasing grouting pressure 
(Table 4). Figure 8 shows that the injection–production 
ratio has a significant effect on the control of surface sub-
sidence. Figure 9 shows the maximum subsidence curve 
based on different injection–production ratios. There is 
a linear relationship between the maximum subsidence 
and the injection–production ratio. The higher the injec-
tion–production ratio means the less surface subsidence. 
A linear correlation with a correlation coefficient of 0.99 

between the injection–production ratio and the maximum 
surface subsidence is shown in the formula:

where x is the injection–production ratio and y is the maxi-
mum subsidence.

In view of this result, the injection–production ratio 
of 0.45 and above is adopted to ensure that the surface 
deformation is within level I, which means damage to con-
structions is negligible and no visible cracks appeared on 
the walls referred to the classification of critical deforma-
tion values of surface concrete structures (Table 5). (The 
designed injection–production ratio can be obtained by the 
curves based on the requirement of subsidence reduction.)

(8)y = 3786.4x − 2115.3,

Table 4  Injection pressure vs injection–production ratio

Injection pressure (MPa) Injection–pro-
duction ratio (in 
actual)

2.0 0.06
2.5 0.19
3.0 0.32
3.5 0.41
4.0 0.49

Fig. 8  Subsidence curve for 
different injection–production 
ratios

Fig. 9  The maximum subsidence of different injection–production 
ratios
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Effect of subsidence reduction

Result from scale model testing

Figure 10a shows subsidence along the observation line A 
in the scale model test, which lies under the lower medium 
sandstone stratum. When the seam is mined to 350 m, the 
middle and lower parts of the mudstone stratum are frac-
tured, bed separation is formed at the bottom of the lower 
medium sandstone stratum, and the maximum subsidence is 
489 mm. When the coal seam is mined to 490 m and exca-
vation is completed, the bed separation tends to be closed 
and develops at the bottom of the lower medium sandstone 
stratum. At this point, the maximum subsidence in the obser-
vation line A reaches 1237 mm.

The observation line B lies between the two medium 
sandstone strata (Fig. 10b). When the coal seam is advanced 
to 350 m, the bed separation occurs under the lower medium 
sandstone stratum and the first grouting begins. With an 
increase of the filling quantity, the maximum subsidence 
reduces gradually, indicating that the grouts plays an impor-
tant role to support the overlying rock strata. In compari-
son with Fig. 10a, the subsidence is effectively mitigated. 
When the seam is mined to 490 m, the bed separation breaks 
through the lower medium sandstone stratum and develops 
to the upper medium sandstone stratum beneath (98 m dis-
tance from the roof). Then, the maximum subsidence of the 
observation line B reaches 94 mm.

The observation line C is located above the upper medium 
sandstone stratum (Fig. 10c). When the coal seam is mined 
to 490 m, the upper medium sandstone stratum shows no 
obvious bending deformation. At this point, the maximum of 
the observation line C reaches only 80 mm, which indicates 
an effective control of subsidence.

Result from numerical simulation

Figure 11 shows the numerical simulation results. The maxi-
mum surface subsidence reaches 2082 mm without grouting. 
As the pressure of grouting reaches the 4.0 MPa, the injec-
tion–production ratio is 0.49 for overburden bed separation 
grouting (Table 4). The maximum subsidence is 298.8 mm. 

High grouting pressure and filling masses overlaid increase 
the space of bed separation and grouting quantity, all of 
which indicates that multi-bed separation grouting method 
has a better effect on reducing surface subsidence.

Result from field measurements

Figure 12 shows the grouting pump outlet pressure of the 
different grouting boreholes. The grouting pressure is low 
initially and then gradually increases as the grouting quantity 
increased. The grouting pressure underwent a change from 
non-pressure or low-pressure to high-pressure. The results 
of numerical simulation show that a pressure of 4.0 MPa is 
the maximum grouting pressure close to the result of field 
grouting test.

Table 6 shows that the maximum subsidence, slope, cur-
vature, horizontal displacement and horizontal deformation 
of the surface reaches 2082 mm, 10 mm/m, 0.14 mm/m2, 
1000 mm and 11 mm/m due to mining without grouting, 
respectively. Ground constructions would be damaged in 
level IV according to Table 5 and a heavy repair or recon-
struction needed. While the maximum subsidence, slope, 
curvature, horizontal displacement, and horizontal deforma-
tion of the ground village are 92 mm, 0.7 mm/m, − 0.01 mm/
m2, 79 mm, and 0.64 mm/m due to mining with grouting, 
respectively (station J32 is the maximum subsidence in sur-
face village area). The construction damage above the panel 
is within level I. Therefore, the surface subsidence caused by 
coal mining is effectively controlled (Table 6).

The experimental results are verified and evaluated for the 
control effect of surface subsidence in the process of grout-
ing by surface measurements. Twenty-two times subsidence 
observations were conducted. The last observation shows 
that the villages over the panel have been in a stable state. 
The maximum surface subsidence with overburden grouting 
is 418 mm, indicating the grouting has a significant effect on 
subsidence control. Furthermore, the measured maximum 
horizontal deformation measurement in the village zone is 
0.64 mm/m (as surface subsidence was strictly controlled 
within the level I 2 mm/m to meet the requirement).

The application of multi-bed separation grouting with a 
high grouting pressure and filling mass overlaid increases 

Table 5  Classification of 
critical deformation values 
of surface concrete structures 
(State Administration of Work 
Safety 2017)

Damage level Surface movement and deformation Classification Structural processing

Horizontal 
strain (mm/m)

Slope (mm/m) Curvature 
(mm/m2)

I ≤ 2.0 ≤ 3.0 ≤ 0.2 Negligible No repairing
II ≤ 4.0 ≤ 6.0 ≤ 0.4 Slightly damaged Light repairing
III ≤ 6.0 ≤ 10.0 ≤ 0.6 Medium damaged Medium repairing
IV > 6.0 > 10.0 > 0.6 Severely damaged Heavy repairing or 

reconstruction
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the amount of compression of fractured rocks above seam 
roof. With the total injection–production ratio increased, 
subsidence reduction increases correspondingly to elimi-
nate the limitation of geological conditions without obvi-
ous strong overburden strata. Field measurements veri-
fied multi-bed separation grouting can effectively mitigate 

overburden deformation and control surface subsidence 
without the thick and strong strata in the overburden.

Discussion

The field measurements showed that the technique can be 
applied in cases of small scale of bed separations developed. 
The multi-level filling mass can transmit the load down to 
the roof of the coal seam, increase the compaction of the 
fractured rock and expand the space of bed separation with-
out thick and strong strata for generating large-scale bed 
separation.

Several coal mines in China have used traditional over-
burden grouting technology in this study and shown overbur-
den grouting technique interfering little with normal excava-
tion and improving the coal recovery rate (Teng et al. 2016; 
Chen et al. 2016). However, the application of overburden 
grouting is largely limited by geological conditions with the 
thick and strong strata in overburden (Sun et al. 2008). The 
larger space of bed separation developed under the thick and 
strong strata to get more grouting quantity injected and meet 
requirement of subsidence reduction. Moreover, the surface 
subsidence can be mitigated to some extent by increasing 
the size of pillars properly to support overlying strata (Xuan 
and Xu 2014; Chen et al. 2016). With overburden grouting, 
adjusting the width and length of panel, surface deformation 
and subsidence reduction can be effectively mitigated. The 
filling mass and coal pillars together support the overlying 
strata, resulting a surface subsidence coefficient of less than 
0.15 (Xuan and Xu 2017).

The multi-bed separation grouting used in the Qi’nan 
Coal Mine improves the subsidence reduction ratio and 
solves the problem of low injection–production ratio without 

Fig. 10  Subsidence along of the observation line. a Line A; b line B; 
c line C

Fig. 11  Comparison surface subsidence of grouting and without 
grouting
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thick and strong rocks in overburden, compared to the previ-
ous overburden grouting method. The multi-bed separation 
grouting increases the total grouting quantity and injec-
tion–production ratio. The multi-filling masses overlaid 
increases the load on fractured rocks above seam roof and 
space of bed separation developed.

The results of this study provide a helpful reference for 
overburden grouting in the future. However, the mechanism 
and effect of overburden grouting are constrained by vari-
ous factors, such as grouting material, grouting technology, 
regional tectonics. Moreover, the grouting quantity depends 
largely upon the excavation speed and bed separation space. 
The prediction of bed separation space developed and long-
term surface deformation extent of overburden grouting 
should also be considered in further studies.

Conclusions

In this paper, the multi-bed separation overburden grouting 
method has been verified as an effective method to mitigate 
the overburden failure and control surface subsidence. This 
case study involves the Qi’nan Coal Mine in Anhui Province 
of China.

The results of the numerical simulation and scale model 
testing are in good agreement with each other and the sur-
face subsidence can be effectively mitigated. Scale modeling 
indicates that the overlying strata collapse periodically during 
excavation and bed separation goes through a cycle of “gen-
eration–development–expansion (persistence)–disappearance 
(compaction)” with the mining process. The injected filling 
material by high-pressure formed a certain size of pack sup-
ports the overlying strata. It effectively controls and mitigates 
the surface subsidence caused by coal mining. Numerical 
simulation results indicate that maximum subsidence depends 
linearly on the injection–production ratio.

A significant mitigation in the maximum subsidence indi-
cates that overburden grouting is an effective way to reduce 
surface subsidence with a relatively small-scale bed separation 
developed

Acknowledgements The authors are grateful to Mr. Xianglin Dong 
from the Huaibei Mining Group Co., Ltd. for their support and assis-
tance in field tests.

Fig. 12  Measured grouting 
pressure curve. G1, G3 and G6 
are the main injection hole; G2, 
G4 and G5 the auxiliary injec-
tion hole

Table 6  Surface deformations with grouting and without grouting

Mining method Subsidence (mm) Slope (mm/m) Horizontal 
strain (mm/m)

Curvature 
(mm/m2)

Horizontal dis-
placement (mm)

Damage level

Predicted (without grouting) − 2082 10.0 −11 to 5 − 0.14 1000 IV
Observed (with grouting)
Surface − 418 2.0 − 2 to 2 − 0.01 100 I
Station J32 − 92 0.7 0.6 − 0.01 79 I
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