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Abstract

To investigate the stress characteristics of the strata of coal 2-2 and its impact on the coal 3-1 exploitation under room-
and-pillar shallow coal mining in Huoluowan coal mine of China, the theoretical, numerical and physical-modelling
approaches were employed. The strata of coal 2-2 were categorized into four types, namely, stable, unstable, 20 m and
50 m coal pillars, respectively. The stress fields corresponding to various types of underlaying strata were revealed and
the influence on the coal 3-1 mining was analyzed and verified by the physical model experiment. Results show that the
stress of coal 3-1 is in the pressure-relief state under the stable and unstable pillars, 8% to 14.3% decreases of the initial
vertical pressure. The vertical stress in coal 3-1 increases 5% to 32% under the 20 m and 50 m coal pillars, respectively.
The periodic caving length of roof of coal 3-1 is 12 m to 14 m under the stable and unstable pillars, but it is [0 m to 11 m
under the 20 m and 50 m coal pillars. The physical modelling demonstrates that the coal 3-1 is ejected when that is mined

below the 20 m and 50 m coal pillars. The obtained conclusions have applicability in reference to the similar practice.
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1. Introduction

Room-and-pillar coal mining is a professional coal mining
method, and it is a kind of pillar system coal mining. During
coal mining, the coal pillars of different shapes are reserved
in the coal room, and the coal pillars temporarily support the
roof in the coal mining. After the coal room is mined, the
reserved coal pillars will be recovered in a planned manner.
The pillar system mining is widely used in the United States,
Australia, Canada, India, South Africa, and other countries.

The bearing capacity of the roof of shallow-buried coal
seam is often small. Consequently, the overlaying strata cave
synchronously with surface subsidence [1]. Overlaying strata
caving and ground stress change may lead remarkable
dynamic pressure [2]. For the mining of multiple coal seams,
many scholars have conducted researches on the influence of
the stress field formed by the upper coal in strip mining on
the lower coal. However, there are few studies on how the
stress field formed after room-and-pillar mining of the upper
coal is transferred to the lower coal through the coal pillar,
and how the transfer stress of the coal pillar changed during
the lower coal mining [3-4].

Therefore, it is very important to investigate the stress
characteristics of the strata of the upper coal mining and its
impact on the lower coal exploitation [5-7]. This study
intends to combine the actual engineering to reveal the
evolution process of the complex stress field formed by
room-and-pillar multi-layer coal mining, and the mechanism
that leads to the failure of the lower coal pillar, which can
provide the theoretical and technical basis for guiding the
engineering practice.
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2. State of the art

Numerous studies have been conducted to investigate the
ground stress transfer of the coal pillar and overlaying strata
movement of lower seam in multiple coal seams mining by
using different methods [8-11].

For examples, Li et al. explored the stress transfer of the
coal pillar through theoretical and numerical approaches [12].
Andre & Anderson simulated the pillar retreat and ground
movement in a three-dimensional numerical model [13].
Kim et al. analyzed the design parameters of the room-and-
pillar mining using numerical methods [14]. Kalenchuk et al.
evaluated the geomechanical, operational, safety and
economical risks before developing a comprehensive plan to
extract the Santo Nifio crown pillar by underground stoping
[15]. Zhang et al. investigated the stress transfer between the
coal pillar group to floor strata using improved matrix force
method and numerical simulation [16]. Michail et al.
presented the design of the mining scheme in detail along
with the building of the 3D numerical model which
simulated the overall development of the pilot mine [17].

Gamal et al. monitored the deformation and the stress
change in an instrumented pillar during the progress of pillar
retreat mining at two sites of different geological conditions
and depths of cover. They want to better understand the
stress transfer and load shedding on coal pillars and to
quantify the rib deformation due to pillar retreat mining [18].
Westman, et al. conducted several monitoring methods
including a seismic monitoring system, borehole pressure
cells in the pillars, and time-lapse photogrammetry of the
pillar ribs to study pillar and overburden response to retreat
mining [19]. Yang calculated the mining heights with or
without reinforcement based on breakage and movement of
the key stratum of the roof in shallow-buried coal seam
mining [20]. Yang et al. revealed the progressive breakage
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of the overlying strata when mining close-distanced coal
seams using room-and-pillar method through analyzing the
roof deformation gradient and enhanced image algorithm
methods [21].

However, there are few reports on how the stress field
caused by room-and-pillar mining is transmitted through
coal pillars. So this study investigates the overlaying strata
structure of coal 3-1 which is under the coal 2-2 in the
Huoluowan coal mine. Four types of the overburden
structures of coal 3-1 are classified, namely, stable, unstable,
20 m and 50 m coal pillars, respectively. The stress field
corresponding to each overburden structure and its influence
on the abutment pressure of the coal 3-1 are investigated
using theoretical, numerical and physical-modeling methods.

The rest of this study is organized as follows. Section 3
gives the relevant background and describes the theoretical,
numerical and physical-modeling methods. Section 4
presents the experimental results and related discussion.
Finally, the conclusions are summarized in Section 5.

3. Methodology

3.1 Engineering background

The bury depth of coal 2-2 in the Huoluowan coal mine was
148 m and the room-and-pillar mining method was
employed. The room width was 6 m and the pillar width was
8 m, i.e., 6 m width coal was mined with 8 m coal pillar left.
The mining height was 4 m. To prevent massive roof
collapse, the area of each mining zone was restricted to less
than 10000 m?. Normally, the width of one mining zone was
90 m and two adjective mining zones were separated by coal
pillar of 20 m or 50 m width, as shown in Fig. 1.

The coal 3-1 was 30 m below the coal 2-2. The dip angle
of the coal 3-1 was 0° to 3° with a thickness from 0.88 m to
4.67 m. The average thickness was 3.86 m. The roof and
floor of two seams were mainly comprised of sandy
mudstone and mudstone. Table 1 illustrates the physical and
mechanical properties of the strata.
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Fig. 1. Coal pillars in coal 2-2.
Table 1. Mechanical parameters of coal 2-2 and 3-1.
Name Thickness Volume force Tensile strength Cohesion Bulk modulus Shear modulus
(m) (KN/m?) (MPa) (MPa) (GPa) (GPa)
Sandy mudstone 1.51 23.3 2.18 3.82 6.12 4.21
Coal 2-2 5.36 14.7 0.82 2.64 1.60 0.67
Mudstone 4.21 23.8 1.58 3.55 435 2.73
Sandy mudstone 2.09 23.3 2.18 3.82 6.12 4.21
Fine-grained 2.54 2353 1.95 2.96 6.02 3.97
sandstone
Sandy mudstone 4.7 23.3 2.18 3.82 6.12 4.21
Fine-grained 11.71 23.53 1.95 2.96 6.02 3.97
sandstone
Siltstone 7.86 22.09 4.24 2.94 5.26 3.46
Sandy mudstone 1.88 23.3 2.18 3.82 6.12 4.21
Coal 3-1 4.16 14.7 0.82 2.64 1.60 0.67
Mudstone 1.94 23.8 2.18 3.55 435 2.73

The inclose distance multiple coal seams were mined by
using room-and-pillar method. The overburden structure of
the lower seam was mainly determined by the conditions of
the upper seam pillar. The overburden pressure was
transferred to the overlaying strata of the lower seam via the
left pillars in the upper seam. Consequently, the ground
pressure of overlaying strata of the coal 3-1 and abutment
pressure of the working face relyed on the interaction of the
pillar with its surrounding strata. As the stress field was
complicated due to different pillar structures, the risk of
coal 3-1 mining was high.

The rib of the pillars was subjected to the concentrated
load leading plastic deformation initially. Along with the

development of the plastic region, small coal pillar failed
completely. Field investigation suggested that the 20 m and
50 m coal pillars were stable as there was no noticeable
surface subsidence. The pillars of mining zone 4 were most
likely stable since the ground above this area did not exhibit
noticeable subsidence. However, the ground surface above
the fifth zone experienced severe subsidence, indicating that
the pillars in this zone were failed completely. Therefore, the
overlaying strata structure of the coal 3-1 were classified
into four types based on coal 2-2 pillar conditions, namely,
stable, unstable, 20 m and 50 m coal pillars, respectively

(Fig. 2).
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Fig. 2. Overburden structure classification in the Huoluowan coal mine.
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3.2 Theoretical method of floor stress calculation. The
vertical stress distribution under coal pillar can be
calculated as:

1==-L[2(60.-0)+(sin20, ~sin20)] M
T

where, o is the vertical stress of point A, 6, and 0, are the
angles between A and two boundaries of the pillar. The
geometrical relationship of the stress analysis is shown in
Fig. 3. Accordingly, the following formulation can be used
to determined the relationship between the coordinates of
point A (x4, y4) and 6; and 6, respectively:

—-a
6’1=arctanyA ,

Xy

Ya—
X4

6, =arctan

2

where, a and b represent the distance of the coordinate origin
to right and left boundaries of the pillar, respectively.
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Fig. 3. Stress transfer model of the coal pillar.

3.3 Physical model

According to the similarity criterion of the physical
modelling, the geometry similarity was established as 100:1,
and the density similarity was 1.5:1, that is, the unit weight

of the real strata was 2.4 g/m’ and the unit weight of the

physical model is 1.8 g/m’ [22-23]. The size of the physical
model is 5000 mm % 300 mm x 2000 mm (length x width x
height). The monitoring points were arranged below the
overburden, indicated by the blue dots in Fig. 4. As the coal
2-2 and 3-1 were shallow-buried, the whole strata was
included. Therefore, no loading was applied on the top of the

model.
5000 m

2000 m

Pressure gaug\e

Fig. 4. Dimension and stress monitoring of the physical model.

In the physical model, the paraffin was melt to simulate
the stable-room-pillar overburden structure. The unstable-
room-pillar overburden structure was induced through
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mining the room area and then manually broke the pillars.
As illustrated in Fig. 5, the 20 m and 50 m coal pillars were
set according to the scale.
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Fig. 5. The diagram of the physical model.

3.4 The computational model

The numerical model was constructed according to the field
geological conditions of the Huoluowan coal mine. The
ground stress while mining the coal 3-1 was also
numerically studied by using FLAC3D [24]. Considering the
real layout of the seams as well as the boundary effect, the
dimension of the numerical model was established as 500 m
x 400 m x 200 m (length x width x height), in which the
width of the boundary coal pillars was 50 m.

In the model, the displacements along X- and Y-direction
were fixed at two boundaries. The bottom of the model was
fixed, the top of the model was free, and the gravitational
load was applied along Z-direction. Based on the in-situ
stress measurement, the initial stress 4.6 MPa, 2.2 MPa and
3.6 MPa were applied along X-, Y- and Z-direction,
respectively. The numerical model was initialized to the pre-
mining condition, then, the coal 2-2 and 3-1 were excavated.

4. Results and discussion

4.1 Analysis of floor stress field

Based on Egs. (1) and (2), the stress fields of four types of
overburden structures can be calculated through MATLAB,
as shown in Fig. 6. The influential depth of the vertical stress
of the stable-room-pillar, 20 m-coal-pillar, unstable-room-
pillar and the 50 m-coal-pillar are 12-15 m, 36 m, 3-5 m and
44 m, respectively. The stable pillar has less influence on the
stress field of the lower seam comparing with that of the
20 m and 50 m coal pillars, which pose pronounced impact
while coal 3-1 being mined.
15
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(a) Stable pillar
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Fig. 6. Floor stress distribution of the coal pillar of different overburden
structures.

4.2 Stress analysis of different overburden structures

After the coal 2-2 was mined out, the ground stress was
different for different types of the overburden structures.
Table 2 lists the monitoring results of the pressure gauges.
The initial vertical stress at the location of 15 m below the
coal pillar was 3.9 MPa. Their stresses were -12%, +28%, -
10% and +20% under the stable-room-pillar, 20 m-coal-
pillar, unstable-room-pillar and 50 m-coal-pillar structures,
respectively. The initial stress of the model at the point 30 m
below the coal pillar, i.e., the roof of the coal 3-1, is
4.48 MPa. The stresses were -8%, +15%, -6% and +8%
under the stable-room-pillar, 20 m-coal-pillar, unstable-
room-pillar, and 50 m-coal-pillar structures, respectively.
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Table 2. Vertical stress changes at different positions in
the model.

Stress at different positions (MPa)
Name 15 m below The roof of the
Stable-room-pillar 343 4.12
20 m-coal-pillar 4.99 5.15
Unstable-room-pillar 3.51 421
50 m-coal-pillar 4.68 4.84

4.3 Effect of overburden structure on the lower seam
mining

The physical modeling showed that under the stable-room-
pillar overburden structure, the main roof underwent the first
breakage (denoted by (1)) when the working face was
advanced to 32 m. When the advancing distances were 46 m,
62 m and 74 m, the periodic caving length was 12-14 m. The
caving height was 30 m (Fig. 7).

Below the 20m coal pillar, the periodic stress
concentration occurred while the working face advanced to
90 m, 100 m and 111 m, i.e., the periodic caving length was
10-11 m. The blocks of broken overburden strata were
relatively large. When the working face was advanced to
111 m, the fractures over the goaf propagated to the surface.
The coal was ejected out when the working face passed the
coal pillar (Fig. 8).

Under the unstable-room-pillar overburden structure, the
periodic pressure occurred when the working face was
advanced to 144 m, 156 m, 169 m and 182 m. The periodic
caving length was 12-13 m. The height of caved roof
increased with the high ground stress (Fig. 9).

22 seam

Bjected seaill

33 seam

Fig. 8. Overburden movement of coal 3-1 under 20 m-coal-pillar.
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Fig. 9. Overburden movement of coal 3-1 under unstable-room-pillar.

The strata caving can be as a whole under the 50 m-coal-
pillar. The high periodic pressure was measured when the
working face advanced to 206 m, 217 m, 234 m and 244 m,
indicating the periodic caving length of 10-11 m. When the
working face was advanced to 244 m, the fractures over the
unmined coal propagated to the surface. The coal in the
working face was ejected out. Therefore, the effective
measures should be undertaken to mitigate the dynamic-
pressure associated disasters when mining the coal 3-1 area
below the 50 m coal pillar (Fig. 10).

‘Bijected seam

3-3 seam

Fig. 10. Overburden movement of coal 3-1 under 50 m-coal-pillar.

4.4 Stress field analysis after mining coal 2-2

Fig. 11 shows the stress distribution of the surrounding rock
after mining coal 2-2. The initial vertical stress of the coal 3-
1 was 4.2 MPa. Before the coal pillar collapsed, the vertical
stress of the coal 3-1 was 3.6 MPa, which declined by 14.3%
under the stable overburden structure. After the coal pillar
collapsed, the vertical stress of the coal 3-1 decreased to
3.7 MPa. The vertical stress increased at the areas below the
20m and 50 m coal pillars. The stresses of the coal 3-1
increased by 5%-32% and 14%-28%, respectively. It was
consistent with the physical modeling results. Thus, the
ground pressure monitoring and roof management should be
implemented when mining the coal 3-1 at this area.

4.5 Abutment pressure of coal 3-1 working face

Fig. 12 demonstrates the abutment pressure obtained by
monitoring the stress of the roof and coal in front of the
working face. The abutment pressure slightly fluctuated due
to room or pillar of coal 2-2. In the initial mining stage, the
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abutment pressure gradually increased, it reached to the
maximum value while the working face passed through the
20 m coal pillar. Then, the abutment pressure decreased and
became stable. The abutment pressure gradually increased as
the working face passed through the 50 m coal pillar. Then it
decreased. In the mining process, the vertical stress was
lower than the initial value in the distance of 1-2 m ahead of
the working face. But the stress was concentrated in the
distance of 2-35m ahead of the working face. The
influenced region of the abutment pressure was 45-65m
with the peak value of 6.2 MPa to 17.2 MPa at the distance
of 8-10 m ahead of the working face.
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Fig. 11. Stress distribution of the surrounding rock after mining coal 2-2.

Due to the influence of the pillar, the ground stress
below the 20 m coal pillar was higher than that of the 50 m
coal pillar. The stress concentration factors of the abutment
pressure of the working face were 2.76 and 3.62 respectively
under the stable and unstable room-pillar overburden
structures. The abutment pressure was maximum when the
working face passed the 20 m and 50 m coal pillars, with
stress concentration factors of 4.10 and 3.85, respectively.
This explained the strong ground pressure when the working
face passed the coal pillars in the physical modeling.

5. Conclusions

To investigate the stress characteristics of the strata of coal
2-2 and its impact on the coal 3-1 exploitation under room-
and-pillar shallow coal mining in Huoluowan coal mine, the
theoretical, numerical and physical-modelling approaches
were employed. The following conclusions are drawn:

(1) The overburden structures of the shallow-buried coal
2-2 can be classified as four types, namely, stable-room-
pillar, unstable-room-pillar, 20 m-coal-pillar, and 50 m-coal-
pillar, respectively. The vertical stress of the coal 3-1
decreases by 6% to 14.3% under the stable- and unstable-
room-pillar structures whereas the vertical stress increases
by 5% to 32% under the 20 m and 50 m coal pillars.
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Fig. 12. Distribution of the advanced abutment pressure at different advancements of the working face of coal 3-1.

(2) The weighting distance of the coal 3-1 is 12-14 m
under the stable and unstable room pillar structures, 10-11 m
under the 20m and 50m coal pillars. The stress
concentration factors of the abutment pressure under the four
types of overburden structures are 4.10, 3.85, 2.76 and 3.62,
respectively.

(3) The physical modeling shows that the coal is ejected
when the coal 3-1 is mined below the 20 m and 50 m coal
pillars, suggesting that dynamic-pressure associated disasters
may occur. Therefore, the ground pressure monitoring and
roof management measures should be implemented.

The room-and-pillar mining method has such advantages:

less equipment investment, short construction period, quick
coal production, and higher efficiency. It is especially used
in small and medium-sized mines. This study has carried out

the research of two-layer coal mining and obtained many
research results by using room-and-pillar mining method.
The next step is to study the complex stress field of more
than two-layers coal for room-and-pillar mining.
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