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Abstract: Understanding how mining-induced strata movement, fractures, bed separation, and
ground subsidence evolve is an area of great importance for the underground coal mining industry,
particularly for disaster control and sustainable mining. Based on the rules of mining-induced
strata movement and stress evolution, accumulative dilatation of mining-induced unloading rock
mass is first proposed in this paper. Triaxial unloading tests and theoretical calculation were used
to investigate the influence of elastic dilatation of mining-induced unloading rock mass on the
development of bed separation in the context of district No. 102 where a layer of super-thick igneous
sill exists in the Haizi colliery. It is shown that the elastic dilatation coefficient of mining-induced
unloading hard rocks and coal were 0.9~1.0‰ and 2.63‰ respectively under the axial load of 16 MPa,
which increased to 1.30~1.59‰ and 4.88‰ when the axial load was 32 MPa. After successively
excavating working faces No. 1022 and No. 1024, the elastic dilatation of unloading rock mass
was 157.9 mm, which represented approximately 6.3% of the mining height, indicating the elastic
dilatation of mining-induced unloading rock mass has a moderate influence on the development
of bed separation. Drill hole detection results after grouting, showed that only 0.33 m of the total
grouting filling thickness (1.67 m) was located in the fracture zone and bending zone, which verified
the result from previous drill hole detection that only small bed separation developed beneath the
igneous sill. Therefore, it was concluded that the influences of elastic dilatation of mining-induced
unloading rock mass and bulking of caved rock mass jointly contributed to the small bed separation
space beneath the igneous sill. Since the accurate calculation of the unloading dilatation of rock mass
is the fundamental basis for quantitative calculation of bed separation and surface subsidence, this
paper is expected to be a meaningful beginning point and could provide a useful reference for future,
related research.

Keywords: unloading dilatation; key stratum; bed separation; super-thick igneous rock; mining-induced
rock mass

1. Introduction

Coal seam excavation induces the movement of overlying strata, which can be divided into three
zones; the caving zone, fracture zone and bending zone from the immediate roof upwards according
to the degree of failure of the overburden [1–4]. The development of the three zones is closely related
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to mining ground pressure [5,6], mining-induced fractures [7], bed separation [8] as well as surface
subsidence [9,10]. Coal mining is an unloading process of the rock mass from an original stress state,
which inevitably results in bed separation due to the out-of-step movement of the unloading strata [11].
Many scholars have conducted in-depth study on the generation mechanism, position as well as size
of bed separation, and they have proposed various bed separation identification methods [12–16].
Xuan et al. [17] applied the technology, isolated grout injection into dynamic bed separation in the
overburden under mining conditions, to control the surface subsidence and ensure the safety of the
buildings in the village at the surface. Xing et al. [18] proposed the mechanism of water-inrush and its
preventative measures based on the water-inrush accidents resulting from water accumulation at the
bed separation zone in the mining overburden. Under the circumstance of dewatering and danger of
flooding resulting from mining and mining-induced subsidence, a prediction for the optimization of
drive-in filters was applied to ensure mining safety [19].

The key stratum theory [20], which indicates that the key strata can be used to control the
movement of part or of an entire strata, has been used frequently in the study of strata movement
and control, as well as a method to determine the location of key stratum in overlying strata [2,9].
Bed separation mainly occurs below each key stratum, and its size depends on the mining height, the
total bulking increment of rock mass under the key stratum and the deflection of the corresponding
key stratum [21]. It is generally believed that the bulking increment generated by the caved gangue
in the caving zone dominates the total bulking increment of rock mass beneath the key stratum, and
therefore it has been extensively studied by many researchers [22–26]. By the use of self-designed
loosing and compacting equipment, Miao et al. [22] investigated the bulking factor, bulking curve,
compaction curve and pressure-measuring curve of rock and coal samples with a grain size smaller
than 11.3 mm as a function of compression stress. Guo et al. [23] studied bulking and compacting
properties of broken rock mass in the goaf, and pointed out the distribution of bulking factors for
broken rock mass in the longwall goaf. Jiang et al. [24], based on their study on the mechanism of
the gangue’s breakage and compaction, concluded that the progressive compacting procedure of the
gangue could be divided into two stages, with the former known as breakage compaction, while the
latter is known as concretion compaction. Salamon [25] obtained the stress-strain relationship of caved
rock mass in research on the deformation properties of broken rock mass. Su et al. [26] analyzed
the effect of the rock strength, block size and compression stress on the compaction properties of
broken roof rock by conducting compaction test using self-designed equipment. All of these studies
aimed to investigate the laws of bulking and compacting of broken rock mass in the caving zone and
have provided crucial references for strata movement analysis, bed separation and surface subsidence
prediction. Although the broken strata in the fracture zone and the bending zone do not have bulking
properties similar to the caved rock blocks in the caving zone, they are also subject to different stress
changes as a result of mining-induced unloading. The bulking volume generated in a single stratum
caused by unloading could be negligible, however, the accumulated bulking volume of entire strata
beneath the key stratum cannot be neglected. Particularly in the case where the mining depth is deep
and the distance from the primary key stratum (the key stratum that controls the entire strata from
itself up to the ground surface) to the coal seam is far, both the thickness of the unloading strata and
the unloading value are large, so that the bulking volume in the fracture zone and bending zone may
have an important impact on the development of bed separation. However, there has not been relevant
research on this issue to the best knowledge of the authors.

Thus, this paper aims to investigate the above-mentioned issue based on the typical geological
conditions in the Haizi coal mine, which contains super-thick igneous sill. The accumulative dilatation
effect of mining-induced unloading rock mass is first proposed. This is followed by a description of the
geological site of this research. The accumulated dilatation of the rock mass beneath the key stratum
can be calculated after the determination of the unloading dilatation coefficient obtained from the
triaxial test. Furthermore, the effect of the elastic dilatation of mining-induced unloading rock mass
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on the development of bed separation in the Haizi coal mine was evaluated combined with a grout
injection project. Finally, the limitations of this research are discussed and further work is suggested.

2. Accumulative Dilatation of Mining-Induced Unloading Rock Mass

Coal seam excavation induces the movement of overlying strata, and according to the degree
of failure [1–4], the overlying strata can be divided into three zones from the immediate roof to the
surface, namely, the caving zone, fracture zone and bending zone as shown in Figure 1. In general,
the large bulking dilatation of broken rock mass in the caving zone has gained widespread attention
by previous researchers [22–26]. However, the rock mass in the fracture zone and bending zone also
undergo unloading although without being fully crushed. The bulking volume generated in a single
stratum caused by unloading may be negligible, but the accumulated bulking volume of entire strata
beneath the key stratum cannot be neglected, as it may have an important impact on the development
of bed separation.

As shown in Figure 1, the area from the upper boundary of the caving zone to the lower boundary
of the unbroken key stratum is defined as the unloading dilatation zone. The strata within this area are
subject to a mining-induced unloading effect so that (elastic) dilatation occurs. The accurate calculation
of the unloading dilatation of rock mass is the fundamental basis for the quantitative calculation of
bed separation beneath the unbroken key stratum.

It is clear that if the mining depth is deep and the distance from the primary key stratum to the
coal seam is far, both the thickness of the unloading strata and the unloading value are large, and
this would result in a considerable amount of unloading dilatation. The Haizi coal mine possesses
special geological conditions featuring super-thick igneous sill and it is deeply buried, which provides
a favorable context for this research. Thus, the research for this paper is mainly based on the Haizi
coal mine.

Figure 1. Diagram of three zones division.

3. Site Description

Haizi coal mine, located at Huaibei in Anhui Province in China, belongs to the Huaibei Mining
Co. Ltd. (Huaibei, China), and has exploited since 1978 The location of the mine can be seen in Figure 2.
The No. 102 district in the Haizi coal mine, which develops coal seam No. 10, has two wings with
the average thickness and average inclination of the coal seam being approximately 2.5 m and 18◦

respectively, and a mining depth in the range from 587 m to 737 m. The west wing of this district
includes three working faces, No. 1022, No. 1024 and No. 1026, as shown in Figure 3. With No. 1022 and
No. 1024 being exploited in succession, the slope distance of these two working faces has accumulated
over 390 m and the advancement distance is around 560 m. The average thickness of the loose bed is
240 m, and the igneous sill was found beneath the loose bed with around 170 m distance to the coal
seam. The igneous rock is distributed evenly with an average thickness of about 140 m, and therefore
it was regarded as super-thick igneous sill, as shown in Figure 4. Considering that the average mining
depth is 627 m and the thickness of the loose bed is 240 m, it was concluded that the full-mining
stage had been achieved. However, the maximal surface subsidence was measured at only around
500 mm [8], which indicates that the super-thick igneous sill acts as the primary key stratum and is
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unbroken. Although district No. 102 is buried deeply, the super-thick igneous sill bears the load of the
400 m-thick overlying strata, which helps the underlying coal and rock strata, which has a thickness of
up to 180 m, to fully unload.

Figure 2. Location of Haizi coal mine.

Figure 3. Plan view of the west wing of district No.102.

Figure 4. Cross-sectional view of the west wing of the district No.102.

4. Determining the Unloading Dilatation Coefficient in the Laboratory

In order to quantitatively analyze the unloading dilatation of rock mass, representative rocks [27]
in the overlying strata of district No. 102 were selected to carry out the loading-unloading test. Once the
unloading dilatations of various types of rocks were determined, the accumulated unloading dilation
of the strata under the igneous sill can then be calculated.

4.1. Experimental Equipment and Rock Specimens Preparation

All the samples came from drill hole 06-1 in district No. 102, as shown in Figure 4. This drill hole
is approximately located in the center of district No. 102 so that it can provide a good representation
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of the actual geological condition. Five types of standard test specimens, namely, coarse sandstone,
igneous rock, sand-shale, bauxite and coal, were prepared, as shown in Figure 5. Based on the geologic
column in Figure 6, only the above-mentioned five types were preserved -due to limitations in the
number of drill holes and the difficultly of coring. Therefore, they became the fundamental basis for
this experiment.

Figure 5. Five types of specimens.

Figure 6. Columnar section of drill hole 06-1. T is the thickness of each stratum. H is the distance from
each stratum to ground.
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The electro-hydraulic servo rock testing system MTS815 at the Skate Key Laboratory for
Geomechanics and Deep Underground Engineering, CUMT was used to conduct the test. It was a
multifunctional electro-hydraulic servo controlled rigidity machine specialized in testing rock and
concrete. The experimental system consists of a loading system, controller and measuring system, etc.
Stress control was selected to apply both the lateral and axial load during the tests.

4.2. Experiment Schemes

Identifying and calculating both vertical and horizontal stresses are very complicated due to
the coal mining being underground, especially if the conditions are influenced by tectonic stress.
The authors attempted to numerically simulate the stress change of the rock mass due to longwall
mining. The results showed that the stresses, especially for the horizontal stress of the rock mass, were
very complicated and the variation in the stresses within the rock mass in different positions were
entirely different, although tectonic stress was ignored (i.e., only considering Hooke’s law). It was
concluded that reproducing the realistic stress path of the rock mass in the laboratory experiment was
unpractical. Therefore, the stress path was simplified in this paper.

The average mining depth of district No. 102 in Haizi coal mine is around 627 m. Since, without
considering the influence of tectonic stress, the vertical stress was theoretically calculated to be
15.67 MPa with the average unit weight evaluated as 25 KN/m3, as such, the axial load in the
experiment was chosen as 16 MPa. Meanwhile, in order to make a comparison, an axial load of 32 MPa
was applied in another test to simulate the deeper mining. According to Hooke’s law, the coefficient of
lateral load can be calculated as µ/(1 − µ), considering that the Poisson’s ratio of rock ranged from 0.2
to 0.3, the coefficient of lateral load was calculated to be 0.25–0.43. Without considering the influence
of tectonic stress, the horizontal stress was calculated to be 4–6.4 MPa when the axial load was 16 MPa,
thus the lateral load in the experiment was selected to be 5 MPa. The lateral load was 10 MPa when
the axial load was 32 MPa. The final coefficient of lateral load was 0.31.

With the excavation of coal resources, unloading occurred in the overlying strata layer by layer.
The stress in the vertical direction is relieved initially and is then followed by the relief of the horizontal
stress due to the bending of the strata. According to the general unloading rules of the stress in
each direction for unloading rock mass in dilatation areas, experimental schemes were formulated as
follows: (1) Since the rock mass has experienced replicated loading and unloading in the diagenesis
process, the rock specimens underwent loading and unloading twice to achieve the original stress state
in situ, as far as possible. The axial load and lateral load were increased from zero to the maximum at
the same rate, after which the lateral load was kept stable, while the axial load decreased to the same
value as the lateral load before it increased to the maximum again; (2) In the process of unloading,
the axial load was decreased to the same value as the initial lateral load, then both the lateral and
axial loads were reduced to zero swiftly and at the same time. The stress paths in the triaxial test with
two different types of the maximal axial load are illustrated in Figure 7. The rate of both loading and
unloading for the axial and lateral loads in this experiment was 0.1 MPa/s.

All the specimens were sealed prior to loading. The stress-strain curves for axial direction, lateral
direction and volume of rock specimens were recorded during the test, as shown in Figure 8.

Figure 7. Stress paths used for the experiment.
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Figure 8. All the procedures used for the experiment.

4.3. Test Results and Analysis

Since the rock unloading dilatation coefficient in the axial direction had the closest relationship
with the development of bed separation, only the axial test results are shown in this paper. Additionally,
as the deformation behaviors and dilatation coefficients of hard rocks (coarse sandstone, igneous rock,
sand shale and bauxite) were almost identical, only the deviatoric stress-axial strain curves of the
coarse sandstone are discussed in this study due to space limitations. The results were then compared
to that of the coal specimen. The test results with an axial load of 16 MPa and 32 MPa are shown in
Figures 9 and 10, respectively.

Figure 9. Deviatoric stress-axial strain curves of different specimens under low stress: (a) Coarse
sandstone; (b) Coal.

Figure 10. Deviatoric stress-axial strain curves of different specimens under high stress: (a) Coarse
sandstone; (b) Coal.
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The deviatoric stress-axial strain curves of specimens can be drawn as shown in Figure 11
according to experimental results. By analyzing the deviatoric stress-axial strain curves of different
specimens in Figures 9 and 10, it can be concluded that:

(1). In section A–B of Figure 11 where the deviatoric stress was increased to the peak for the first
time, both curves for coal and hard rock showed an uptrend tendency with the deviatoric stress
increasing, and the slope of the curves keeps increasing, which indicates that the fractures in
the specimens gradually closed as the stress grew. At lower stress, the hard rock was at the
fracture compacting stage while the coal experienced the fracture compacting stage at first and
then underwent elastic deformation. The hard rock experienced elastic deformation at higher
stress. This is due to the hardness difference between coal and hard rock. The coal was relatively
soft compared with hard rock, and its micro fractures were closed under a low stress state while
high stress was need to close the micro fractures in hard rock.

(2). Sections B–C, C–D and D–E in Figure 11 refer to the stage during which the sample experienced
repeated axial loading and unloading while the lateral load remained stable. It can be seen that
the loading and unloading curves for coal and hard rock were not smooth at low stress, which is
similar to the early loading stage characterized as faint fracture compaction. When the deviatoric
stress decreased to zero and then increased again, the deviatoric stress-axial strain curve did
not overlap with the last unloading curve. There is a slight deviation existing in the two curves,
which is due to the fracture compacting and then opening under a low stress state. Under a high
stress state, the loading and unloading curves of coal and hard rock are smooth, and there is a
high level of overlap between the second loading curve and the first unloading curve, indicating
that almost all the fractures were closed and the specimen was in a nearly perfect elastic state
when the stresses in all the three directions were 10 MPa.

(3). In the later section E–F, both the lateral and axial loads were quickly reduced to zero to ensure the
deviatoric stress was equal to zero, helping the specimens to achieve full unloading. Note that
neither the coal nor the hard rock recovers their full strain value, this was because the energy,
stored in the micro-fracture after loading, was not completely relieved. The dilatation coefficients
of the four types of hard rocks were generally identical, and that of coal was two to three times
larger, which indicates that the mining-induced unloading had more significant influence on the
dilatation coefficient of coal.

Figure 11. Schematic diagram showing the deviatoric stress-axial strain curves of different specimens.

4.4. Calculation of the Unloading Elastic Dilatation Coefficient

Elastic dilatation occurs when the strata at original stress state is influenced by mining-induced
unloading. Provided that the initial thickness of a stratum is h1 and the thickness after unloading is h2,
the unloading elastic dilatation coefficient, f can be determined using Equation (1):

f =
h2 − h1

h1
(1)
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If the data in this experiment were used to make the calculation, then f would be determined
using Equation (2):

f = h2−h1
h1

= h0(1−εF)−h0(1−εD)
h0(1−εD)

= εD−εF
1−εD

(2)

where h0 is the initial height of the specimens, εD and εF are the lateral strains at position D and
position F, respectively as shown in Figure 11.

Substituting the experimental data into Equation (2) produces the elastic dilatation coefficients of
four unloading hard rocks and coal at low and high stresses, as shown in Table 1.

Table 1. Different specimens unloading dilatation coefficients in the experiment.

Stress Coarse Sandstone Bauxite Igneous Rock Sandshale Coal

16 MPa 0.90‰ 0.97‰ 0.92‰ 0.91‰ 2.63‰
32 MPa 1.42‰ 1.30‰ 1.59‰ 1.43‰ 4.88‰

The elastic dilatation coefficients of mining-induced unloading rock mass at low and high stresses
are shown in Table 1. It is clear that, when the axial load is 16 MPa and the lateral load is 5 MPa, apart
from the coal which has a slightly larger elastic dilatation coefficient of 2.63‰, the elastic dilatation
coefficients of the hard rocks are in the range from 0.9‰ to 1.0‰, which indicates that different rocks
have approximately the same dilatation coefficient at identical cover depth. When the axial and lateral
loads were increased to 32 MPa and 10 MPa respectively, the elastic dilatation coefficients of the hard
rocks also increased, being 1.3‰ to 1.59‰, respectively, which demonstrates that the elastic dilatation
coefficients of mining-induced unloading rock mass increases with the cover depth, but still at a
small level. It is apparent that there is a great difference between the elastic dilatation coefficient of
mining-induced unloading rock mass and the bulking factor of caved rock mass in the caving zone,
and the latter generally reaches over 20% in the earlier caving stage even though the residual bulking
factor was still over 3%, which illustrates that the elastic dilatation coefficient of unloading rock mass
is much smaller than the bulking factor of the fractured rock in the caving zone and they are not at the
same order of magnitude.

5. Calculation of the Accumulated Elastic Dilatation of Unloading Rock Mass

The unloading elastic dilatation coefficient measured in the triaxial test was used to calculate the
accumulated dilatation of unloading rock mass beneath the igneous sill in the west wing of district
No. 102 in the Haizi coal mine. Due to the limited number of drill hole coring, not all of the rocks were
tested in this study, for example, medium coarse sandstone and pack-sand. However, as indicated
by the results of laboratory tests on rock samples, the medium coarse sandstone and pack-sand have
nearly similar unloading elastic dilatation coefficients to coarse sandstone, and there was only a
slight difference of 0.01‰ in the unloading elastic dilatation coefficient between coarse sandstone and
sand-shale no matter if under a state of high or low stress, the difference was also slight when it came
to igneous rock with higher hardness. Thus, in this study, the unloading elastic dilatation coefficient
of all the sandstones was selected as 0.90‰ and 1.42‰ at low and high stresses, respectively. It is
necessary to note, that all specimens were placed in a state of 16 MPa or 32 MPa in the triaxial test,
which is probably not equal to the actual in situ stress of the rock mass. The associated effect on the
calculation results is discussed later.

According to the geologic column of drill 06-1, the accumulated unloading dilatation of various
lithological strata was calculated using the unloading elastic dilatation coefficients measured in the
tests, as shown in Table 2.
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Table 2. Total amount of unloading dilatation with different lithology.

Lithology Accumulated
Thickness/m

16 MPa 32 MPa

Dilatation Coefficient Dilatation/mm Dilatation Coefficient Dilatation/mm

Coarse sandstone 7.85 0.90‰ 7.1 1.42‰ 11.1
Sandshale 56.37 0.91‰ 51.3 1.43‰ 80.6

Bauxite 3.44 0.97‰ 3.3 1.30‰ 4.5
Medium sandstone 13.3 0.90‰ 12.0 1.42‰ 18.9

Packsand 34.67 0.90‰ 31.2 1.42‰ 49.2
Siltstone 65.58 0.90‰ 59.0 1.42‰ 93.1

Coal 4.23 2.63‰ 11.1 4.88‰ 20.6
Total 185.44 / 175.0 / 278.0

According to Table 2, the 185.44 m thick coal and rock strata beneath the super-thick igneous sill
in district No. 102 has an accumulated dilatation of 175 mm after fully unloading. The elastic dilatation
increased to 278 mm when the mining depth doubled. Thus, the accumulated unloading dilatation of
the same thick strata magnifies with an increase in the mining depth and it can be concluded that the
accumulated unloading dilatation is proportional to the mining depth.

However, although the super-thick igneous sill did not break, the underlain 185.44 m thick coal
and rock strata would be pressed by the gravity of the overburden. As it was not practical to test the
unloading dilatation coefficients with various cover depths, theoretical calculation was employed to
estimate the reduction in dilatation of unloading rock mass due to pressure induced by overburden,
and theoretical calculation was further used to determine the actual dilatation of the unloading rock
mass beneath the igneous sill after the excavation of working faces No. 1022 and No. 1024 in district
No. 102.

When the rock mass is loaded with the stress, σ1 in a vertical direction by the overburden,
assuming the lateral deformation is restricted, a lateral load µσ1 would be produced according to the
hydrostatic pressure theory, where µ is the Poisson’s ratio. A cell cube was extracted from the rock
mass as a typical example with its stress state shown in Figure 12.

Figure 12. Schematic diagram of the stress in the unit.

Assuming the number of all the strata layers between the igneous sill and the caving zone is m,
and the load transfer coefficient is deemed as 1, then the compressibility, ∆hi of the stratum No. i
resulting from the compression induced by the upper ‘m − i’ layers of strata could be determined with
Equation (3):

∆hi =

hi
m
∑

j=i+1
γjhj

Ei
(1 −

2µ2
i

1 − µi
) (3)

where hi is the depth of the stratum i after fully unloading, γi & µi are the average unit weight and the
Poisson’s ratio of the stratum i, respectively.
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The internal compressibility, S of unloading rock mass can be determined with Equation (4):

S =
m

∑
i=1

∆hi =
m

∑
i=1

hi
m
∑

j=i+1
γjhj

Ei
(1 −

2µ2
i

1 − µi
) (4)

Parameters gained from tests on rock core in the columnar section of drill hole 06-1 were
substituted in Equation (4), the total compressibility of unloading rock mass due to the existence
of internal load was calculated to be 17.1 mm. Then, the accumulated dilatation of mining-induced
unloading rock mass beneath the igneous sill after the excavation of working faces No. 1022 and
No. 1024 in district No. 102 was calculated to be 157.9 mm. This suggested that the elastic dilatation
of mining-induced unloading rock mass beneath the super-thick igneous sill was small and as such
would have only a slight influence on the development of bed separation.

6. Engineering Verification

After the successive excavation of working faces No. 1022 and No. 1024, full mining was achieved.
According to the subsidence data of the nearby Linhuan coal mine and Tonglin coal mine, the coefficient
of surface subsidence is about 1 at the full-mining stage. However, the maximum actual measurement
of surface subsidence in the Haizi coal mine was only 500 mm [8], as shown in Figure 13, which
indicates that the igneous sill, acting as the primary key stratum, did not break. Since the mining
height was about 2.3 m, considering the geological condition of this district, it was inferred that there
was at least a bed separation and fracture space of 1.5 m height developing beneath the igneous sill.

Figure 13. Investigation result of surface subsidence [8].

Dynamic disasters such as coal and gas outbursts occurred in the main gate of working face
No. 1026 during the roadway advancement process. In order to weaken the threat of dynamic disaster
caused by the igneous rock and to ensure the safe excavation of working face No. 1026, grouting
backfilling into the overlying strata and the old goaf of working faces No. 1022 and No. 1024 was
applied [28]. It was observed from the drill-hole drilling that there were some small dispersive bed
separation cracks under the igneous sill, these bed separation cracks were located at 400–500 m
underground and had a total height of only 500–600 mm, as shown in Figure 14. According to the
above-mentioned calculations, the accumulated elastic dilatation of mining-induced unloading rock
mass beneath the igneous sill is 157.9 mm. The drilling detection results together with the calculated
results indicated that although the super-thick igneous sill did not break, there was no major bed
separation space beneath it. Why did the major bed separation space not develop in this typical
geological condition?
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Figure 14. Detection result of bed separation [8].

According to the movement and deformation regulation of the mining-induced strata, the mining
height of 2.3 m was mainly occupied by the bulking of broken rocks in the caving zone, the elastic
dilatation of unloading rock mass and the bed separation between mining-induced strata in the three
zones and the curving subsidence of the primary key stratum. Although the coefficient of the surface
subsidence was around 1 in the nearby Linhuan coal mine and Tonglin coal mine at the full-mining
stage, the super-thick igneous sill bore the load of the 400 m thick overburden, which helped the strata
beneath the igneous sill to achieve full unloading and prevented the broken rocks in the caving zone
from being fully compacted. Therefore, it can be concluded that uncompacted broken rocks in the
caving zone was one of the significant reasons for the small bed separation space.

The estimations above were verified by the results from the drill hole after grouting for about
2 years. A drill hole D1 was drilled from the surface to working face No. 1022 to evaluate the
grouting effects [29]. According to the geologic column from drill D1, the accumulated unloading
dilatation of various lithological strata was calculated using the unloading elastic dilatation coefficients
measured in the tests, as shown in Table 3. Parameters gained from tests on rock core in the drill
column D1 were used in Equation (4), and the total compressibility of unloading rock mass due to the
existence of internal load was calculated to be 18.4 mm. Then, the accumulated elastic dilatation of
mining-induced unloading rock mass beneath the igneous sill in drill hole D1 was calculated to be
142.6 mm. This suggests that the elastic dilatation of mining-induced unloading rock mass beneath the
super-thick igneous sill was small and as such it would have only a slight influence on the development
of bed separation.

Table 3. Total amount of unloading dilatation with different lithology.

Lithology Accumulated
Thickness/m

16 MPa 32 MPa

Dilatation Coefficient Dilatation/mm Dilatation Coefficient Dilatation/mm

Sandstone 75.62 0.90‰ 68.1 1.42‰ 107.4
Sand-shale 85.33 0.91‰ 77.7 1.43‰ 122.0

Coal 5.77 2.63‰ 15.2 4.88‰ 28.2
Total 166.72 / 161.0 / 257.6

This drill hole revealed the filling status of coal ash in the overlying strata as shown in Figures 15
and 16. It is obvious from Figure 16, that only 0.33 m of the total 1.67 m grouting filling thickness was
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located in the fracture zone and bending zone, and the remaining 1.34 m was in the caving zone, which
further indicates that the caved rock mass in the caving zone took up the most of the excavated space.

Figure 15. Picture of core-drilling.

Figure 16. Columnar section and filling horizon of fly ash of drill hole D1. T is the thickness of each
stratum. H is the distance from each stratum to ground.
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7. Discussion of Limitations

The accumulative dilatation effect of mining-induced unloading rock mass was initially proposed
in this paper, and it was preliminarily investigated based on the typical geological conditions of the
Haizi coal mine. However, there are some limitations in this research and therefore some improvements
are needed in future studies. These are listed as follows:

(1) Since there was only one drill hole adopted in the test for specimens and the number of specimens
was limited, the value of untested specimens was estimated according to the test results of
specimens with similar properties. This results in some uncertainties in the precise calculation
of dilatation.

(2) The simplified stress paths in the triaxial test neglected the influence of tectonic stress in the
consideration of horizontal stress. However, tectonic stress was mostly included in the in
situ stress, as has been extensively indicated in numerous studies [30–32]. Furthermore, the
stress variations in the rock mass induced by underground coal mining are very complex.
The simplification of stress paths in this paper might bring some inaccuracies to the calculation.

(3) Due to the limitation in the number of specimens, the unloading values of all the specimens were
16/32 MPa, which slightly overestimated the dilatation coefficient of some specimens. According
to the columnar section of drill hole 06-1, the depth of the bottom of igneous rock is 458.29 m.
If the average unit weight is evaluated as 25 KN/m3, the vertical in situ stress can be calculated as
11.46 MPa. For the stratum right beneath the igneous sill, the unloading stress was overestimated
by (16−11.46)/11.46 ≈ 39%. Apparently, the result of the final calculation of the accumulated
dilatation should be less than 157 mm as described above.

(4) As described in the introduction, the dynamic caving process of overlying strata has a compaction
effect on the cracked rock mass in the caving zone. Hence, comprehensive consideration
of cracked rock mass in the caving zone and unloading rock mass in the fracture zone and
bending zone are needed in order to accurately calculate mining-induced bed separation size and
surface subsidence.

Due to the limitations described above, extensive future studies are needed. The future studies
should focus on how the stress in the rock mass changes due to the underground coal mining, and take
tectonic stress into account, so that the sophisticated stress unloading path can be utilized. Moreover,
the elastic dilatation of the rock mass in the fracture and bending zone, and the plastic dilatation of the
cracked rock mass in the caving zone should be considered together to gain an accurate prediction of
bed separation and surface subsidence in underground coal mining engineering. Despite its limitations,
the research in this paper could still provide a good reference for future research related to dilatation
of mining-induced rock mass, since this paper was the first attempt in this research area.

8. Conclusions

Underground coal mining causes stress relief and strata movement, resulting in the development
of fractures and bed separation das well as ground subsidence. Understanding how strata break,
fractures and bed separation develop, is of great importance for underground disaster control and
sustainable mining. Based on the rules of mining-induced strata movement and stress evolution,
accumulative dilatation of mining-induced unloading rock mass was proposed in this paper for
the first time. The effect of the elastic dilatation of mining-induced unloading rock mass on the
development of the bed separation was evaluated based on the typically geological conditions in the
Haizi coal mine, China. Laboratory experiment involves a triaxial unloading test was utilized as the
main tool to quantify the elastic dilatation coefficients of the rock specimens obtained from the selected
drill hole in the Haizi coal mine.

The results obtained in the triaxial unloading test showed that the elastic dilatation coefficients of
four unloading hard rocks and coal were 0.9~1.0‰ and 2.63‰, respectively, under the axial load of 16
MPa, and the corresponding values increased to 1.30~1.59‰ and 4.88‰ when the axial load grew to
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32 MPa. It was calculated that the accumulated elastic dilatation of the 180 m thick rock mass beneath
the super-thick igneous sill in the No. 102 district of the Haizi coal mine, after fully unloading to be
175.0 mm and it increased to 278.0 mm when cover depth doubled. After the successive excavation of
working faces No. 1022 and No. 1024, the elastic dilatation of unloading rock mass was 157.9 mm due
to the impact of the upper body load, indicating that there is a modest influence of the elastic dilatation
of mining-induced unloading rock mass on the development of bed separation. Drill hole detection
results after grouting showed that only 0.33 m of the total 1.67 m grouting filling thickness was located
in the fracture zone and bending zone, which verified the previous drill hole detection results that
indicated that only a small bed separation had developed beneath the igneous sill. Therefore, it was
concluded that the influences of elastic dilatation of mining-induced unloading rock mass and bulking
of caved rock mass jointly contributed to the small bed separation space beneath the igneous sill.

However, due to the limitation of the rock specimens and the simplification of the loading-
unloading path, corresponding deficiencies inevitably exist in this research. Future research should
use more sophisticated stress paths that consider the tectonic stress and the stress changes induced by
underground mining, thereby obtaining a more accurate calculation of the dilatation of mining-induced
unloading rock mass. Despite the limitations discussed above, it is reasonable to conclude that the
research in this paper still could provide a good reference for future research related to the dilatation
of mining-induced rock mass since this paper was the first attempt in this research area.
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31. Vižintin, G.; Mayer, J.; Lajlar, B.; Vukelič, Ž. Rock burst dependency on the type of steel arch support in the
Velenje mine. Mater. Tehnol. 2017, 51, 11–18. [CrossRef]
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