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Abstract

This paper focuses on the first work face under a thick loose layer of sediment and thin bedrock in the No. 8 Mining District
of the Baodian Coal Mine in the Yanzhou mining area of China. Due to mining, the hydrogeological conditions in the aqui-
fers at the bottom of the thick, loose sediment layers have been greatly changed in the shallow areas in this area. The main
problem is a low-pressure, water-rich aquifer. However, this problem could be remedied by modifying the coal pillars to
prevent sand flow instead of water seepage. To do so, measurements of the first work face were obtained from drilling data,
and the stress distribution and plastic zone were determined by examining the mining of the upper part of the no. 3 coal seam
using FLAC?P numerical analysis software. The simulated results were also compared with the empirically calculated results.
Comprehensive analysis indicates that modifying the coal pillars from preventing water seepage or inrush to preventing
sand flow appears feasible, and provides an important reference for increasing mining areas and recovery of coal resources.

Keywords Numerical simulation - First work face

Introduction

Coal is formed in sedimentary strata, and after mining,
two zones form that are closely related to the water flow:
a caved zone and a water-flow fractured zone (hereinafter
referred to as the “Two Zones”). When the height of the
immediate roof strata is between that of the Two Zones, the
bedrock is generally called ‘thin bedrock’. If the height of
the bedrock exceeds that of the water flow fractured zone,
it is called ‘conventional bedrock’. Finally, if the height of
the bedrock is less than that of the caved zone, the bedrock
is known as ‘very thin bedrock’ (Fang et al. 2007; Palchik
2002; Yang and Xia 2013). Here, the focus is on the first
work face under a thick, loose layer of sediment and thin
bedrock in the Baodian Coal Mine of the Yanzhou mining
area in eastern China.
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The thick, loose soil layers in eastern China are usually
composed of Quaternary and Neogene sediments, with a
thickness exceeding 100 m. Generally, the loose sediments
comprise sand, clay, and gravel (Feng et al. 2011; Hang et al.
2009; Zhao et al. 2017). The loose sediment layer contains
an interactive sequence of aquifers and aquicludes. Typi-
cally, a 13 m thick aquifer is found at the bottom of the sedi-
ment layer. This aquifer is often referred to as a “bottom
aquifer” (Lu and Wang 2015; Zhang et al. 2010). A water-
flow-fractured zone that extends to the bottom aquifer could
cause an inrush (Jin et al. 2011; Li and Chen 2016; Wu et al.
2011, 2016), but, since the bottom aquifer is only under low
pressure, the coal pillar does not have to be as massive to
prevent water inrush. However, the pillar still needs to be
able to confine the bottom aquifer (Baumann et al. 2017;
Bertuzzi et al. 2016; Liu et al. 2009; Xu et al. 2016).

The Yanzhou mining area has thick, loose layers of
sediment (Wu et al. 2000; Sun et al. 2015). Due to the
duration of mining, the water level in the aquifer at the
bottom of the thick, loose layer of Cenozoic rock has
changed, and there is typically little or no hydrostatic
pressure. This means that the original 80 m coal pillars in
the Baodian Coal Mine are now overly conservative, leav-
ing a large volume of unmined, high-quality coal. Since
the bottom aquifer has little or no pressure, it appeared
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reasonable to redesign the coal pillars to prevent sand
flow (Bense et al. 2003; Poulsen et al. 2014; Waclawik
et al. 2016; Wei et al. 2017; Wen et al. 2013), thus allow-
ing more coal to be mined. A preliminary estimate of the
increase in recoverable coal reserves totaled 18,749,000
t, which would have significant economic and social ben-
efits (Liu and Guo 2000; Reed et al. 2017; Zhang et al.
2017; Zhu et al. 2014). Therefore, we determined the
feasibility of establishing a coal pillar to prevent sand
flow, while still protecting the first work face of the no.
3 coal seam of the No. 8 Mining District in the Baodian
Coal Mine.

Geological Background
Basic Conditions of First Work Face

Geological background information for the Baodian Coal
Mine, which is located in Zoucheng City, Shandong Prov-
ince, is provided in Fig. 1a. The first working face, which is
called 83-01, is found in the south end of the mine and was
the initial workface in this area (Fig. 1b). The wall of the
open cut (otherwise known as the pit slope) is designed to
the south of 83-01. The thickness of the coal seam ranges
from 4.96 to 6.60 m, with an average of 5.78 m. The east-
ern and western regions are the 83-02 and 83-03 workfaces,
which have not yet been mined.
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Fig.1 The No. 8 Mining District in Baodian coal mine: a geographic location of the Baodian coal mine; b layout of first work face
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The 83-01 workface is = 1980 m long, with an inclined
width close to 280 m; the elevation of the floor at the work-
face is — 145 m to~ —260 m. Since the coal seam on the
workface is affected by the fold structure, the orientation of
the coal seam is obviously changed. The coal seam strike is
0°-179°, and the dip direction is 90°-359° (azimuth). The
dip of the coal seam is 5°—19°, with an average of 11°. Near
the drilling of O,-13, which is south of the workface, the
maximum dip of the deposit is approximately 19°. A gen-
tle anticline exists in the south, where a tectonic basin has
developed south of the workface; and the Xingxing anti-
cline, which points axially northeast at 65°, lies in the mid-
dle of the workface. North of the workface, the Yanzhou
syncline points axially northeast at 50° and pivots towards
the northeast.

Characteristics of Overlying Rock and Soil

Two primary aquifers occur in the overlying rock and soil.
The upper aquifer is found gravel rock of the Upper Jurassic
(“the red layer”), while the bottom aquifer is situated thick
loose Quaternary sediment (Fig. 2).

According to the results of a hydrogeological supple-
mentary survey of the No. 8§ Mining District in 2016, the
inflow rate from pumping tests conducted near the red layer
at two test locations was 0.00192 and 0.01785 L/s, while
the corresponding permeability coefficients (k) was 0.0068
and 0.00258 m/day, respectively. These results indicate a
water-poor aquifer. This is because the red layer is affected
by long-term excavation and drainage of the No. 4 Mining
District on the eastern side of the mine, which affected the
water supply so that the water level was drastically reduced.
At present, the water head is 44.77-58.19 m high, much
lower than in 2013, and generally exhibits little or no pres-
sure. The changes in the water level are obvious (Fig. 3).

The authors have also performed pumping tests for the
bottom aquifer and found that the aquifer contains little
water. The inflow rate was 0.021584 and 0.030224 L/s for
the two tested locations.

The first exploration roadway is in the thinnest part of the
bedrock according to an analysis of the drilling data. Fig-
ure 4a provides a cross-section of the surface stratigraphy,
in which the overlying height of the bedrock is found along
the first exploration roadway. The geological layer appears
to fluctuate and the roof of the coal seam slopes downwards
at the centre of the Xingxing anticline, with the lowest thick-
ness measuring 31.26 m and occurring~ 750 m from the
wall of the open cut. The maximum thickness of the bed-
rock is ~ 90 m, which occurs at the end of the underground
mine. This value is considered the normal thickness of the
bedrock.

The contrasts among the heights of the bottom clay layer,
bedrock, and coal seam roof in the first exploration roadway
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Fig.2 Stratigraphic lithology profile

are shown in Fig. 4b. A comparison shows that the bed-
rock overlying the coal seam is clearly thinnest at 31.26 m
in the core of the anticline and occurs in this area because
of the influence of the Xingxing anticline. However, cor-
respondingly, the thickness of the bottom clay layer is the
greatest, which can prevent the water-flow-fractured zone
from increasing in size. Moreover, the area that has a thin-
ner layer of bottom clay has relatively thick bedrock. The
lowered water levels and water exhaustion of the bottom
aquifer are basic issues that can be used to modify the coal
pillars from those that prevent water seepage to those that
prevent sand flow.
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Fig.3 Changes in water eleva-
tion

Fig.4 Characteristic diagram
of structure of overlying rock
and soil in no. 1 exploration
roadway: a Surface stratigraphy
of bottom clay layer, bedrock
elevation and coal seam roof

in No.1 exploration roadway b
Surface stratigraphy of bedrock
in No.1 exploration roadway
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Feasibility Analysis of Modifying Coal Pillars
to Prevent Sand Flow

According to the above analysis, modification of coal pillars
from those that prevent water seepage to those that prevent
sand flow is deemed feasible in the No. 8 Mining District
of the Baodian Coal Mine because of the low pressure and
low water levels of the aquifers. Therefore, according to the
mining regulations for the no. 3 coal seam, a coal pillar that
prevents sand flow can be used to protect mines when the
aquifers are weak, with low porosity, but only if the caved
zone cannot affect those aquifers. Thus, the heights of the
Two Zones in the first working face had to be analysed.
Two methods were used to determine the heights of the
Two Zones: numerical simulation with FLAC3P software
and comparative analysis based on field experience and
observations.

Numerical Simulation Analysis

A numerical calculation of the deformation due to coal min-
ing was performed, and the parameters of the Two Zones

were obtained from the workface based on the combined
conditions of the top and bottom rock strata, which are con-
trolled by the first workface and nearby drilling in the no. 3
coal seam. The coal seam, roof, and floor were divided into
seven types in accordance with the lithology and structure:
limestone, fine sandstone interbedded with siltstone, fine
sandstone, siltstone, sandy mudstone, mudstone, and coal
(Table 1). The numerical model parameters were selected
by using the measured data, which were obtained through
the drilled holes. The combined structure consisted of 18
layers, which were the basis for establishing the engineering
geological model.

The length and width for the spatial range of the engineer-
ing geological model are 400 and 300 m, respectively, with
a height of 174 m. Considering safety, the thickness of the
mined coal seam is 7 m. The thickness of the upper strata is
104 m, and that of the lower strata is 63 m; the stress from
the gravity of the overlying rock is 5.2 MPa (Fig. 5). Based
on the calculations of the actual conditions, the boundary
conditions are as follows:

1. The upper top boundary conditions are determined by
the stress from the weight of the overburden. For con-

Table 1 Numerical model

Rock formation Elastic Poisson’s ratio Cohe-  Internal Tensile Density (kg/m®)
parameters modulus sion friction strength
(MPa) (MPa)  angle (°) (MPa)

Fine sandstone 1200 0.24 4.4 30 2.7 2500

interbedded with

siltstone
Mudstone 660 0.28 2.0 27 1.6 2100
Sandy mudstone 780 0.28 23 27 1.7 2200
Siltstone 860 0.26 3.0 29 24 2300
Coal seam 400 0.30 0.8 22 0.6 1400
Fine sandstone 1100 0.25 34 31 2.5 2400
Limestone 1600 0.18 6.3 34 4.6 2700

Fig. 5 Numerical model of ini-
tial and boundary conditions
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venience, the distribution of the load was simplified to
a uniform load. The upper boundary conditions are the
stress boundary conditions. The stress from 218 m of
overburden is approximately 5.2 MPa.

2. The lower bottom boundary conditions of this model are
the bottom plates, simplified as displacement boundary
conditions. The model can move in the Y direction but
not in the X direction.

3. The surrounding boundary conditions on both sides of
this model are rock, simplified as displacement bound-
ary conditions in that the model, which can move in the
Y direction, but not in the X direction.

A three-dimensional model of the full-thickness work
face was established with FLAC?P software in accord-
ance with the design plan for the workface. Arbitrary
quadrilateral units were used to improve the accuracy of
the calculations. The surrounding units in the mine were
discretized and divided into 69,600 elements and 74,989
nodes (Fig. 6a). The initial pre-mining stress in the vertical
direction was established (Fig. 6b) based on the geometric
model and the physical-mechanical parameters of the rock
strata.

Fig.6 Numerical model and

vertical stress distribution ()
before mining: a Numerical

model b Contour diagram of

pre-mining vertical stress (MPa)
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Stress Distribution After Mining

Figure 5 shows the contour diagrams of the vertical stress
in the roof and floor after the first workface in the no. 3 coal
seam was mined. The simulation of the stress distribution in
the mine roof shows that as the workface advanced, vertical
stress increased, leading to deterioration of the coal seam
roof and formation of the Two Zones. The concentration of
stress in the roof and bottom of the nearby workface sub-
stantially increased, causing a great amount of roof damage.

Mining of the coal seam changed the stress state of the
rock near the workface; the stress was redistributed and con-
centrated in the coal seam and rock mass at both ends of the
workface. Areas of reduced stress were produced in the rock
mass above the workface. Finally, the entire vertical stress
profile showed a “saddle-shaped” curve distribution.

The distribution of the vertical stress after mining in the
strike and mining direction shows that areas with increasing
stress occurred in the wall of the open cut and the end of the
underground mine; the maximum stress was 17.6 MPa. At
both ends of the two graphs in Fig. 7, the stress gradually
recovers, which is shown by an increase in the length of
the curve. Analysis of the figure shows that the mechanics
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Fig.7 Vertical stress distribu- (a)
tion diagram of coal mine roof

and bottom (MPa): a Trend of

the vertical stress contour of a

vertical longitudinal section b

Typical vertical stress contour

of a vertical longitudinal section

behind the stress increases are different: the stress increases
in the wall are due to low rates of release of the strain energy
during the mining process, which leads to accumulated strain
energy (Fig. 7a). However, at the end of the workface, the
strain energy cannot be released by workface advancement,
which causes accumulation of strain energy during mining
(Fig. 7b).

Roof Deterioration

According to the principles that govern mining stress (Lu
2018), the damaged zones that develop from top to bottom in
the roof of the coal seam after mining include: an area with-
out destruction and zones of shear failure, tensile fractures,
and tensile damage. Shear yielding primarily takes place in
the plastic zone, which occurs at the supporting wall in the
goaf, and local tensile yielding emerges at the roof of the
coal seam in the middle of the goaf. As both shear and ten-
sile yielding occur on both sides of the workface, each side
was subject to its effects (Fig. 8a). In contrast, tensile yield-
ing is primarily found in the goaf at the middle of the work
face. Shear yielding is primarily found in the plastic zone
(Fig. 8b). Therefore, both sides of the workface are affected
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by shear and tensile yielding. Tensile yielding is primarily
found in the middle section of the workface.

According to the simulated results of roof deformation,
the middle section of the first workface mainly suffers tensile
yield failure and shear failure at both sides of the workface
(Ma et al. 2010; Qian et al. 1994). The roof of the workface
is saddle-shaped, and the height of the damage takes place
near the wall of the open cut and the end of the underground
mine. The distribution of the plastic zone and the location
of the maximum plastic zone development in the roof are
consistent with the distribution of stress in the roof during
mining. The shear yielding zone of the roof appears to be
slanted above and below the wall of the open cut and the end
of the underground mine due to stress concentration in these
areas. Although the largest stress zone is not close to the coal
seam, a shear yield zone still emerges in the front and back
of the workface due to the poor physical and mechanical
properties of the coal seam.

Numerical Simulation Results
The plastic zone can be used to determine the height of the

roof damage in accordance with the saddle shaped dam-
age to the roof after mining. The heights of the Two Zones
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Development of plastic zone

can be preliminarily determined by examining the amount
of deformation in the simulation. The height of the caved
zone is=~21 m and the maximum height of the water-flow-
fractured zone is ~ 69 m.

Numerical simulation is an efficient method to provide
insights into various problems. Numerical modelling can
handle realistic problems with complex conditions. Condi-
tions that cannot be experimentally examined in the field
can also be applied. Numerical simulation can also perform
stress and displacement analyses for each area and measure-
ment point. However, the boundary conditions and material
properties in numerical simulations are often simplified for
analysis, which affects the results. Therefore, we compared
the results of the numerical simulations with predictions
based on empirical formulas.

Comparative Analysis of Empirical Formulas
for the Two Zones

Height of the Caved Zone
According to research on modifying coal pillars to prevent
sand flow rather than water seepage in the Xinglongzhuang

Coal Mine, which is adjacent to the Baodian Coal Mine, the
height of the caved zone is generally 3—4 times thicker than

@ Springer

the thickness required for conducting fully mechanized cave
mining. In the present study, a mined thickness that was four
times that required was used. Therefore, the formula for the
height of the caved zone is:

Hy=4xY) M )

where Hy is the height of the caved zone and ), M is the
accumulated mined thickness.

Height of the Water-Flow-Fractured Zone

According to a geological report from the Yanzhou Coal
Mine Co. (Huang 2007), the relationship between the maxi-
mum height of the water-flow-fractured zone and the mined
thickness for performing fully mechanized cave mining is:

100 Y M
= e+ @)
0.94Y M + 431

where H, is the height of the water flow fractured zone.

Results of Comparisons Based on Field Experience
and Observations

The mined thickness is considered to average 5.8 m, and the
heights of the Two Zones were determined using Eqgs. (1)
and (2), which yield values of 23.2 and 67.1 m, respectively.

Analysis of Coal Pillar Height to Prevent Sand Flow
Determining the Thickness of the Protective Layer

According to the characteristics of the overburden rock and
soil body in the first workface, the thickness of the protec-
tive layer was set at 1.5 times the average mined thickness,
which is ~ 5.8 m. Therefore, the maximum thickness of the
protective layer is ~ 8.7 m. The height of the caved zone was
set at 23.2 m, so the height of the coal pillar to safely prevent
sand flow would be 31.9 m.

Safety Analysis

Drilling data for the thinnest part of the bedrock and the
thickest part of the coal seam were used for analysis (see
Table 2) based on distribution of the bedrock thickness in
the first workface. Table 2 shows that the height of the coal
pillar that would prevent sand flow in the thinnest part of
the bedrock and thickest part of the coal seam was 28.5 and
36.3 m, respectively; both heights are less than the actual
height of the coal pillar.

According to the numerical simulation results for the first
workface, the maximum height of the caved zone is found
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Table 2 Comparison of thinnest part of bedrock with thickest part of coal seam for coal pillar that prevent sand flow
Thickness of coal ~ Height of caved ~ Height of protective Height of coal pillar that would  Thick-
seam/m zone/m layer/m prevent sand flow/m ness of
bedrock/m
Thinnest part of bedrock 5.17 20.7 7.8 28.5 31.26
Thickest part of coal seam 6.60 26.4 9.9 36.3 110.0

at the wall of the open cut and the end of the underground
mine, and the thickness of the bedrock exceeds 80 m. As
the height of the caved zone is considered using its maxi-
mum value, the thinnest part of the bedrock is at a greater
distance from the wall of the open cut mine, so the actual
height is less than the expected value. However, the bottom
clay layer and weathered bedrock zones in the thinner part
of the bedrock in the first workface are extremely favour-
able for preventing water and sand inrush. The stratigraphic
composite of the structure cannot only reduce damage to
the roof due to mining, but also inhibit the development
of hydraulic fractures and compensate for issues caused by
the thin bedrock. Therefore, our results justify the proposed
modification of the coal pillar to one that prevents sand flow
to increase the amount that can be safely mined.

Conclusions

The regularity of the bedrock was analysed by considering
the effects of the geological structure and the relationship
between the bedrock and the bottom clay layer, based on
drilling data from the No. 8 Mining District, the stratigra-
phy of the bedrock, and a comparison of the heights of the
bottom clay layer, bedrock, and coal seam roof in the first
exploration roadway. Changes in the hydrogeological condi-
tions were also analysed. The results led to the conclusion
that it was feasible to modify the coal pillars from those that
prevent water seepage to those that prevent sand flow.

An engineering geological model of the first workface
was established. FLAC?P software was used to determine the
vertical stress distribution in the plastic zone and the heights
of the Two Zones were obtained by examining the amount
of deformation. The height of the caved zone wasx~21 m,
and the maximum height of the water-flow- fractured zone
was ~ 69 m.

The heights of the Two Zones were also empirically cal-
culated for a mined thickness of 5.8 m; they were 23.2 and
67.1 m, respectively. These results are in good agreement
with those of the numerical simulation (21 and 69 m). For
safety reasons, the higher values of 23.2 and 69 m were used
as the heights of the Two Zones, respectively.

A comparison of the drilling data and the heights of the
Two Zones shows that the height of the coal pillars that

would prevent sand flow at the thinnest part of the bedrock
and the thickest part of the coal seam in the first workface
was 28.5 and 36.3 m, respectively. Thus, the results validate
the use of coal pillars to prevent sand flow to increase the
area that can be safely mined.
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