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Abstract Based on the mining conditions of shal-
low close coal seams in the Jurassic coalfield of
northern Shaanxi, in order to explore the evolution
and development height prediction of water-conduct-
ing fracture zone (WCFZ), combining with measured
statistical analysis, physical simulation, numerical
calculation, and theoretical analysis, the evolution of
mining-induced fractures and the development char-
acteristics of WCFZ are analyzed, and the develop-
ment height predicting method of WCFZ in shallow
close coal seams mining is proposed. The results
show that in shallow single coal seam mining, during
the stage of incritical mining, the height of the WCFZ
increases in a “jumping” pattern with the main roof
periodic caving. After critical mining, it is basically
stable. Its development height is positively correlated
with the mining height. The ratio of development
height to mining height is generally 20-30, and the
change is not significant with the mining height, over-
all, the distribution of the WCFZ is “saddle shaped”.
Based on close distance coal seams repeated mining,
the primary fractures act as activation development
when the interburden broken completely, the devel-
opment of WCFZ at the mining boundary is signifi-
cantly intensified, and ratio of the height to mining
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height in repeated mining is obviously lower than that
in single seam mining, which is generally 18-25. The
traditional empirical formula cannot be applied to the
development prediction in shallow close coal seams
mining, with an error of 10-50%. Considering the
mining height, interburden thickness, and roof cav-
ing characteristics, the development height predicting
method of WCFZ in shallow close coal seams min-
ing is proposed. Compared with measured results, the
calculation error is basically within 15%, which has
good prediction accuracy, The research results can
provide a theoretical basis for predicting the height
of WCFZ in shallow close coal seams mining in the
Jurassic coalfield of northern Shaanxi.

Article Highlights

e Combining with multiple research methods, the
development characteristics of water-conducting
fracture zone (WCFZ) are analyzed, and the devel-
opment height predicting method of WCFZ in
shallow close coal seams mining is proposed.

Keywords Shallow close coal seams - Repeated
mining - Fractures evolution - Water-conducting
fracture zone (WCFZ) - Ratio of the height to mining
height
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1 Introduction

The Jurassic coalfield of northern Shaanxi is one of
the seven largest coalfields in the world. The coal-
field is characterized by shallow buried coal seams
and closely interburden. Currently, the top coal seam
of most mining areas has been extracted, while the
lower coal seam is being mined. Mining practice has
shown that during shallow close coal seam mining,
after the interval rock strata lose stability, the origi-
nal overburden fractures are activated and developed,
and the concentrated fractures may cut through the
aquifer during repeated mining, resulting in mine
water damage and threatening safe and green mining
(Wang 2021). Therefore, studying the evolution law
of WCFZ in shallow close coal seams mining and
proposing a method for height prediction of WCFZ
suitable for repeated mining in this area has great the-
oretical significance and practical value.

Scholars have conducted extensive research on the
development laws of overburden fractures in shal-
low close coal seams mining (Yao et al. 2010; Wang
et al. 2013; Yu et al. 2018; Huang et al. 2019; Cao
and Huang 2021; Li et al. 2016). In terms of height
prediction of WCFZ in single coal seam mining,
China mainly relies on traditional empirical formu-
las from Regulations for the retention and mining
of coal pillars in buildings, water bodies, railways,
and main shafts and tunnels (Administration and
of Safety 2017), as well as Evaluation standards for
hydrogeology, engineering geology and environmen-
tal geology exploration of coal deposits (Standard for
Exploration and Evaluation of Hydrogeology 2009).
Besides, Xu et al. (2012) applied the theory of key
strata to estimate the development height of WCFZ.
Huang (2017) found that the development height of
the WCFZ in Shenfu Mine Area is generally 18-28
times the mining height in single seam mining. Du
et al. (2021) used optical fiber sensing technology to
monitor the development height of WCFZ. By using
the ground drilling flushing fluid leakage method,
Guo et al. (2019) determined the development height
of WCFZ in top coal caving face. In addition, physi-
cal simulation, numerical calculation and other meth-
ods are also widely used in the research of WCFZ
height. With regard to the prediction of WCFZ height
for repeated mining, Li et al. (2017) estimated the
height of WCFZ based on key strata locations and
proposed the concept of an equivalent cumulative
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mining height for lower coal seams. Based on the
comprehensive mining thickness, Pan et al. (2017)
used the traditional empirical formula of WCFZ to
predict the development height of fracture zone in
close coal seams mining. Wei et al. (2022) studied the
influence of multi-seams mining on the WCFZ. Luan
et al. (2022) studied the WCFZ in repeated mining by
using the methods of empirical formula, field meas-
urement and numerical simulation.

The practice has shown that the traditional empiri-
cal formula of WCFZ height is not applicable to the
shallow coal seams mining in Jurassic coalfield of
northern Shaanxi, as it results in significant errors
when compared with measured values. Currently,
there is a dearth of anticipated research findings on
the WCFZ height in close coal seams mining. More-
over, the mining conditions in the study area are
unique, with many regions covered by thick loose
layer. Therefore, it is imperative to conduct specific
research in this regard. In this paper, statistical analy-
sis, physical simulation, numerical calculation and
theoretical analysis are used to analyze the measured
law of the WCFZ height of shallow close coal seams
mining in Jurassic coalfield of northern Shaanxi. The
study reveals the fracture characteristics and develop-
ment patterns of WCFZ height, and proposes a pre-
diction method for WCFZ height in this area.

2 Overview of the research area and measured
analysis of WCFZ height

2.1 Geological overview of the research area

The Jurassic Coalfield of northern Shaanxi is located
in the air and semi-arid areas of northwest China,
where the ecological environment is fragile. The coal
seams are characterized by a shallow burial depth
in the east and deeper depths towards the west, with
depths ranging from less than 40 m to as much as
580 m at its deepest point. There are typically 3-5
layers of medium-thick coal seams with the interbur-
den thickness generally within 40 m, which belongs
to shallow close coal seams mining.

The overburden thickness above the coal seam
shows a certain regularity, which gradually becomes
thicker from east to west. The main type of overbur-
den is medium-hard rock. In this area, the main aqui-
fer is sand layers, and the main impermeable layer
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Fig. 1 Thickness and water resources distribution characteris-
tics of coal seams

is Lishi loess and Sanzhima laterites. The thickness
of the soil layer is generally between 20 and 175 m.
The loess is primarily distributed in Xinmin Area and
exposed on the surface, while the laterites is mainly
distributed in Yu Shen Mining Area, between the
Salawusu Formation aquifer and the bedrock. The No.
1-2 coal seam, No. 2-2 coal seam, and No. 3—-1 coal
seam are the main minable coal seams in the coal-
field. The distribution characteristics of coal seams
thickness and water resources are shown in Fig. 1.

2.2 Measured law of the WCFZ height in shallow
close coal seams mining

The height development law of WCFZ is the funda-
mental research basis for coal green mining in this
area, and the measured analysis of WCFZ height can
provide a crucial foundation for theoretical predic-
tion method. Therefore, the authors have counted the
observation statistics of WCFZ height in shallow sin-
gle coal seam mining and repeated mining, as shown
in Table 1 (In Caojiatan, Yushuwan, and Ningtiaota
mines, there are different mining areas of the same
coal seam).

(1) Measured analysis of WCFZ height in single
coal seam mining

According to Table 1, Fig. 2 shows the rela-

tionship between the WCFZ height, ratio of

its height to mining height, and mining height

in single coal seam mining. The analysis indi-
cates that the height of WCFZ increases with
the increase in coal seam mining height, and
the range of ratio of the height to mining height
is generally between 20 and 30. In other words,
the height of WCFZ is typically 20-30 times
that of the mining height, however, the change
of the ratio mentioned above with mining
height is not significant.

(2) Measured analysis of WCFZ height in close
coal seams repeated mining.

According to Table 1, Fig. 3 shows the relationship
between the WCFZ height, ratio of the WCFZ height
to mining height and sum of the two coal seams min-
ing heights in repeated mining. The following conclu-
sions can be drawn:

® In close coal seams repeated mining, the acti-
vation and development of overburden fractures
becomes more obvious, and the WCFZ height
further increases.

®  The ratio of the WCFZ height to mining height
in repeated mining is obviously smaller than that
in single coal seam mining. The range of ratio is
generally 10-30, mostly between 18 and 25. That
is to say, the WCFZ height is generally 18-25
times of the sum of the two coal seam mining
heights, and its change with the sum of the min-
ing heights is not obvious. It can be seen that the
fractures development in repeated mining is less
than that of the same coal seam thickness dispos-
able mining.

3 Law of mining-induced fractures and WCFZ
height in single coal seam

3.1 Law of mining-induced fractures and WCFZ
height in Daliuta No. 1-2 upper coal seam

(1) Design of physical simulation experiment and
numerical calculation.

The Huojitu Well coal seam in Daliuta Mine
is characterized by shallow buried and small
interburden thickness, which belongs to shal-
low close coal seams mining. The majority of
the surface area is covered with soil layer. The
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Table 1 Observation statistics of WCFZ height in shallow close coal seams mining

Number Mine /Coal Upper coal seam Lower coal seam
seam
Mining WCFZ Ratio of the Mining  Interburden WCFZ Ratio of the
height/m height/m WCFZ height  height/m thickness/m height/m WCFZ height
to mining to mining
height height

1 Ningtiaota/No.  4.80 130.6 27.21 - - - -
2-2 seam

2 Hanjiawan/No. 4.43 110.1 24.85 - - - =
2-2 seam

3 Jinjitan/No. 5.50 146.2 26.58 - - - -
2-2 seam

4 Caojiatan/No.  10.50 215.0 20.48 - - - -
2-2 seam

5 Caojiatan/No.  6.00 139.2 23.20 - - - -
2-2 seam

6 Caojiatan/No. 11.00 209.7 19.06 - - - -
2-2 seam

7 Caojiatan/No.  5.00 1234 24.68 - - - -
2-2 seam

8 Yushuwan/No.  5.50 138.3 25.15 - - - -
2-2 seam

9 Yushuwan/No.  6.00 148.9 24.82 - - - -
2-2 seam

10 Yushuwan/No.  5.00 138.9 27.78 - - - -
2-2 seam

11 Xiaobaodang/  5.80 152.0 26.21 - - - -
No. 2-2
seam

12 Zhangjiamao/  5.60 165.9 29.63 - - - -
No. 22
seam

13 Ningtiaota/No.  5.80 153.5 26.47 - - - -
2-2 seam

14 Ningtiaota/No.  5.46 149.3 27.34 - - = -
2-2 seam

15 Yuyang/No. 3.50 96.3 27.51 - - - -
2-2 seam

16 Hanglaiwan/ 4.50 116.2 25.82 - - - -
No. 4-2
seam

17 Longde/No. 1.80 35.0 19.44 4.0 50.00 99.95 17.23
1-2 and 2-2
seam

18 Hongliulin/ 2.87 90.0 31.36 6.2 66.00 190.00 20.95
No. 4-2 and
5-2 seam

19 Ningtiaota/No.  1.89 63.0 33.33 4.6 33.26 158.55 24.43
1-2 and 2-2
seam

20 Yubei/No. 2.00 56.0 28.00 6.0 39.89 196.00 24.50
1-2 and 2-2
seam
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Table 1 (continued)

Number Mine /Coal

Upper coal seam

Lower coal seam

120

100

seam Mining WCFZ Ratio of the Mining  Interburden WCFZ Ratio of the
height/m height/m WCFZ height  height/m thickness/m height/m WCFZ height
to mining to mining
height height
21 Hongliulin/ 3.44 94.7 27.53 3.1 28.53 126.00 19.27
No. 2-2 and
3-1 seam
22 Jinjie/No. 3-1  3.20 52.6 16.44 35 20.00 73.00 10.90
and 4-2
seam
23 Hanjiawan/No.  2.70 110.0 40.74 1.9 37.00 150.18 32.65
3-1 and 4-2
seam
24 Liangshuijing/  3.00 116.6 38.86 1.0 19.82 139.54 34.89
No. 4-2 and
4-3 seam
25 Halagou/No. 1.63 49.7 30.49 1.7 9.04 60.35 18.12
1-2 upper
and 1-2
seam
26 Xiaobaodang/  5.86 175.7 29.98 2.0 3321 233.50 29.71
No. 2-2 and
3-1 seam
27 Shigetai/No. 2.30 40.8 17.74 35 40.73 83.79 14.45
1-2 and 2-2
seam
240 g
L 220 B g 5
% 210 —o— WCFZ height/m ) gb d:n é g Eﬁ
5 180 —+—Ratio of the WCFZ height to mining height g w g% 5w
N 160 s 2 8 2s > 8§
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Mining height/m
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Fig.2 WCFZ height, ratio of the WCFZ height to mining
height versus mining height in single coal seam mining

average thickness of the No. 1-2 upper coal
seam is 4 m, with a buried depth of 72.96 m.
Among them, the thickness of bedrock is
51.17 m, the thickness of the loose soil layer is
21.79 m, the thickness of No. 1-2 coal seam is
5 m, and the interburden thickness between the
two coal seams is 21.31 m.

In order to study the evolution law of over-
burden fractures and WCFZ height in the single

4.6 58 6.54 7.86
Sum of two seams mining height/m

—e— WCFZ height in single coal seam

—o— WCFZ height in repeated min-ing

—a— Ratio of the WCFZ height to mining height in single coal seam

—=— Ratio of theWCFZ height to mining height in repeated mining

Fig.3 WCFZ height, ratio of the WCFZ height to mining
height vs. Sum of mining height in close coal seams repeated
mining

coal seam mining, also the repeated mining of
the lower coal seam mining. A physical simula-
tion experiment was established, and the geo-
metric similarity ratio is 1:100, the model len
gth X width X height=1.5 mx0.16 mx 1.09 m.
For rock layer, sand was used as the aggregates,
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(b) Numerical calculation

(a) Physical simulation

Fig. 4 Physical simulation and numerical calculation model of
close coal seams mining in Daliuta coal mine: a Physical simu-
lation; b Numerical calculation model

gypsum and calcium carbonate were adopted as
cementitious materials, mica powder was used
to simulate tectonic fissure. For soil layer, sand
and bentonite were used as the aggregates, and
silicone oil was adopted as cementitious mate-
rial. Firstly, the No. 1-2 upper coal seam was
mined, after the rock strata collapse and stabi-
lize, the lower No. 1-2 coal seam was mined.
The physical simulation model is shown in
Fig. 4a.

The 3DEC numerical calculation model was estab-
lished with dimensions of length X width X height=1
50 mx16 mx 109 m (Fig. 4b). The Mohr—Coulomb
constitutive model was utilized, while the joint consti-
tutive model selected was Coulomb slip. The excava-
tion scheme was the same as the physical simulation.

(2) Development law of mining-induced fractures
and WCFZ height.

When the longwall face advances to 46 m,
the main roof caves for the first time, the over-
burden caving angle is 55° on the side of open-
off cut, while it is 58° on the side of longwall

S A A A AP S A S AP

' (a) Physical s1mu1to (b) Numerical calculation

Fig. 5 Roof first caving of No. 1-2 upper coal seam in Daliuta
coal mine: a Physical simulation; b Numerical calculation
model

@ Springer
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(a) Physical simulation  (b) Numerical calculation

Fig. 6 The development of overburden fractures cuts through
the surface: a Physical simulation; b Numerical calculation
model
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Fig. 7 WCFZ height of No. 1-2 upper seam vs. longwall face
advances in Daliuta coal mine

face wall. At this time, the height of WCFZ
reaches 17 m of the longwall face roof (Fig. 5).

As the longwall face continues to advance to 54 m,
64 m and 76 m, the main roof of the longwall face
caves periodically, and the WCFZ develops upward
accordingly. When the longwall face advances to
120 m, the mining-induced fractures develop through
the ground surface. Under the tensile force caused by
overburden caving, there are downward fractures gen-
erated (cracks developed from top to bottom) on the
mining boundary, as shown in Fig. 6.

The relationship between the WCFZ height and the
advance of No. 1-2 upper coal seam longwall face is
shown in Fig. 7.

During the subcritical mining stage(As the long-
wall face advances, the ground surface subsidence
gradually increases, and it do not reach its maxi-
mum value), the increase of WCFZ height shows as
’jumping’ with the main roof periodic caving of the
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longwall face. After the longwall face reaches critical
mining (The ground surface subsidence has reached
the maximum value, as the longwall face contin-
ues to advance, it remains basically unchanged), the
overburden fractures have developed to the surface,
the height of WCFZ is stable, and ratio of the WCFZ
height to mining height is 18.3. With the continuous
mining, the overburden fractures show a periodic
change process of “fracture generation (in front of the
coal wall)-fracture development (continuous mining)-
fracture closure (after mining)”.

3.2 Law of mining-induced fractures and WCFZ
height in Halagou 1-2 upper coal seam

(1) Design of physical simulation experiment and
numerical calculation.

The No. 1-2 upper coal seam and No. 1-2 coal seam
in Halagou coal mine belong to shallow close
coal seams mining. The thickness of No. 1-2
upper coal seam is 2 m, and the buried depth is
49.74 m, the thickness of bedrock is 38.4 m, the
thickness of soil layer is 1.6 m, the thickness of
aeolian sand is 9.74 m. The thickness of No. 1-2
coal seam is 2 m, and the interburden thickness
between the two coal seams is 9.04 m.

In order to study the evolution law of overburden
fractures and WCFZ height in the single coal
seam mining, also the repeated mining of the
lower coal seam mining. A physical simulation
model was established, and the geometric simi-
larity ratio is 1:100, the model length X width x
height=2.0 mx0.2 mx0.66 m. The No. 1-2
upper coal seam was first mined, followed by the
lower No. 1-2 coal seam was mined. The model
is shown in Fig. 8a. The 3DEC numerical calcu-
lation model was established, with the size was

(a) Physical simulation (b) Numerical calculation

Fig. 8 Physical simulation and numerical calculation model
of close coal seams mining in Halagou coal mine: a Physical
simulation; b Numerical calculation model

28 AT AN AT A AN AV AN VAT AN W S ZATAY S AVATA N
AV ZAVAVAN AV AN VAVAVA TAVAYA TAVAVANTAY S\ VAVAV 74
ZUEAANI AT AR CRA AR AR

Fig. 9 Roof first caving of No. 1-2 upper coal seam in Hala-
gou coal mine: a Physical simulation; b Numerical calculation
model

7 Fractures develop
through the surface

) T —

Fig. 10 The development of overburden fractures cuts through
the surface in Halagou coal mine: a Physical simulation; b
Numerical calculation model
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Fig. 11 WCFZ height of No. 1-2 upper seam vs. longwall
face advances in Halagou coal mine

length X width X height =200 m X20 m X 66 m, as
shown in Fig. 8b.

(2) Development law of mining-induced fractures
and WCFZ height.

When the longwall face advances to 44 m, the main
roof caves for the first time, and the WCFZ height
is 11.5 m, as shown in Fig. 9. When the long-
wall face advances to 74 m, the critical mining is
achieved, and the WCFZ has developed to the top
of the aeolian sand layer (the surface), which is
mainly concentrated on both sides of the longwall
face. The middle of the goaf is compacted by the
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overburden, and the separation layer fractures
tend to be closed. Overall, its distribution is ’sad-
dle shaped’, as shown in Fig. 10. The relationship
between the WCFZ height and the mining of the
No. 1-2 upper coal seam is shown in Fig. 11, and
the ratio of the WCFZ height to mining height is
24.9.

4 Law of mining-induced fractures and WCFZ
height in repeated mining

4.1 Law of mining-induced fractures and WCFZ
height in Daliuta 1-2 coal seam repeated mining

When the longwall face advances to 54 m, the inter-
burden between the two seams is broken for the first
time, the goaf of the upper and lower coal seams
are collapsed, the original fractures after the No.
1-2 upper coal mining are activated and developed,
and the development of the boundary fractures is
increased. The overburden fractures caving angle of
the lower coal seam mining is about 70°, as shown in
Fig. 12.

After the longwall face reaches critical mining, the
overburden fractures develop to the surface, and the
height of the WCFZ is 98.27 m, which is 11 times the

Depth of surface fracture
development increases

=

Fig. 13 WCFZ develops obviously of No 1-2 coal seam
repeated mining

@ Springer

sum of the mining height of the two coal seams. The
original fractures in the single coal seam mining are
activated and developed, especially the concentrated
development of the WCFZ at the mining boundary
of the longwall face is significantly intensified, the
overburden in the middle of the goaf is re-compacted,
and the separation layer fractures tend to be closed.
Under the influence of repeated mining, the depth and
width of the surface downward fractures are further
increased, as shown in Fig. 13.

4.2 Law of mining-induced fractures and WCFZ
height in Halagou 1-2 coal seam repeated
mining

When the longwall face advances to 30 m, the inter-
buden is completely broken, the goaf of the upper and
lower coal seam longwall face is connected, and the
original overburden fractures are activated and devel-
oped (Fig. 14). It can be known that it is difficult to
form the key strata structure in the interburden when
the ratio of the interburden thickness to the mining
height of the lower coal seam (9.04 m/2 m) is small,
so the completely broken step distance of the inter-
burden becomes smaller.

As the longwall face continues to advance, the
interburden are caved immediately with mining, and
the development of the WCFZ on the side of the
open-off cut increases gradually with the advance,
and it is stable when the longwall face becomes
achieves critical mining. While the WCFZ on the
side of the longwall face wall is in a dynamic change
process. With the interburden broken, the overbur-
den fractures formed by No. 1-2 upper coal mining
are activated and developed. With the longwall face
advances, the fractures grow from small to large,

(a) Physical simulation (b) Numerical calculation

Fig. 14 Fractures develop activated as interburden broken of
No 1-2 coal seam mining: a Physical simulation; b Numerical
calculation model
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(a) Physical simulation
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(b) Numerical calculation

Fig. 15 Distribution law of WCFZ of No 1-2 coal seam min-
ing: a Physical simulation; b Numerical calculation model

and gradually changes from large to close after the
advance. After the longwall face mining, the WCFZ
still presents a ’saddle shape’ distribution. The devel-
opment of the WCFZ on both sides of the ’saddle’
(including longitudinal fractures and separation frac-
tures) is significantly increased, which is the main
channel to cut through the aquifer with the longwall
face. The longitudinal fractures in the middle are not
developed, and the separation fractures are closed, as
shown in Fig. 15.

5 Prediction method of WCFZ height in shallow
close coal seams mining

5.1 Traditional prediction method of WCFZ height
in coal seam mining

At present, the widely used prediction formula of
WCFZ height in single coal seam mining is listed
as follows: ® Empirical formula of Buildings, Water
Bodies, Railways and Main Roadway Coal Pillar Set-
ting and Coal Mining Regulations (Administration
and of Safety 2017). @ Empirical formula of Stand-
ard for Exploration and Evaluation of Hydrogeol-
ogy, Engineering Geology and Environment Geology
in Coal Beds (Standard for Exploration and Evalua-
tion of Hydrogeology 2009). @ Empirical formula
of Coal Pillar Setting and Coal Mining in Buildings,
Water Bodies, Railways and Main Roadways (Hu

et al. 2017). @ Empirical formula of Tangshan Coal
Research Institute (Beijing Mining Research Insti-
tute 1981). ® Empirical formula of China University
of Mining and Technology (Xu et al. 2011). The last
three empirical formulas are mainly applied to fully
mechanized caving mining conditions of thick coal
seam. Now, the first two prediction methods are the
most widely used.

The overburden is mainly medium-hard rocks
in the research area. Therefore, the empirical for-
mula under the condition of medium-hard rocks in
the Three Regulations and Evaluation Standard for
Hydrogeological Exploration is used to calculate
WCFZ height, as shown in Table 2 ("—" means less
than the measured value). The analysis shows that:

® The error between the calculated results of Three
Regulations empirical formula 1 and the meas-
ured values is basically more than 30%, and ratio
of the WCFZ height to mining height calculated
by this formula (generally 10-20) is significantly
smaller than that measured value. The error
between the calculated results of empirical for-
mula 2 and the measured values is basically more
than 10%, and the calculated results of WCFZ
heigh and ratio of the WCFZ height to mining
height are generally smaller, but the error of for-
mula 2 is slightly smaller than that of formula 1.

®  The error between the calculated results of the
empirical formula of Evaluation Criteria for
Hydrogeological Exploration and the meas-
ured values is basically 30-45%, and ratio of the
WCFZ height to mining height is about 15, which
is significantly lower than the measured values.

In summary, based on the mining conditions of
shallow close coal seams in Jurassic coalfield of
northern Shaanxi, the WCFZ height calculated by tra-
ditional empirical formula is very different from the
measured value, and the calculated results are obvi-
ously smaller. This is because the overburden con-
ditions in the research area are special, the bedrock
is relatively thin, and many areas are covered with
thick soil layers and loose sand layers. Therefore, the
WCFZ develops strongly in the actual mining engi-
neering, and the WCFZ height is relatively large,
even to the surface.

It can be known that the traditional formula can-
not be well applied to the prediction of WCFZ height

@ Springer
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in shallow close coal seams mining. Therefore, it is
necessary to study the prediction formula of WCFZ
height suitable for shallow close coal seams mining.

5.2 Fitting formula of WCFZ height in shallow close
coal seams mining

(1) Prediction formula of WCFZ height in single
coal seam mining.

The overburden conditions in the research area are
mainly medium-hard. According to Table 1, based on

0.011 1

0.010 [ y=0.00163+0.03006x

R*=0.91
0.009 [

0.008 [

1/H

0.007 [

0.006 [

0.005 [

0.004
0.05 0.10 0.15 . 0.20 0.25 0.30

Fig. 16 Fitting function of (1/H) and (1/M)

the measured data, the regression analysis is carried
out. By referring to the basic form of empirical for-
mula 1 (Formula 1) in Three Regulations, a unitary
linear regression model is established to predict the
WCEFZ height.

100M
b " W

where H is the WCFZ height, m. M is mining height,

m. a and b are the coefficients. +m is the error, it can

\/@ (n is the

number of measurements; V is the residual error).
Transform the empirical formula into:

be determined by Bessel formula

1 _aM+b _ a b )
H ~ 100M ~— 100 = 100M )
Let é =y, %vz = x, then formula (2) becomes:
a b
Y=700 " 100" 3)

Based on the measured data (the first 16 groups)
and formula (3) in single coal seam mining in
Table 1, the linear fitting function of y and x is
obtained, as shown in Fig. 16 (that is, the function
expression of reciprocal of WCFZ height and recip-
rocal of mining height).

Table 3 The prediction value of WCFZ height of shallow single coal seam versus mining height

Mine/Coal seam Mining height/m Measured value of Calculated value of Difference/m Error/%
WCFZ height/m WCFZ height/m

Ningtiaota/No. 2-2 seam 4.80 130.6 126.9 -3.7 -2.38
Hanjiawan/No. 2-2 seam 4.43 110.1 119.0 8.9 8.1
Jinjitan/No. 2-2 seam 5.50 146.2 141.2 -5.0 =35
Caojiatan/No. 2-2 seam 10.5 215.0 222.9 7.9 3.7
Caojiatan/No. 2-2 seam 6.00 139.2 150.8 11.6 8.4
Caojiatan/No. 2-2 seam 11.00 209.7 229.5 19.8 9.4
Caojiatan/No. 2-2 seam 5.00 123.4 131.1 7.7 6.2
Yushuwan/No. 2-2 seam 5.50 138.3 141.2 2.9 2.1
Yushuwan/No. 2-2 seam 6.00 148.9 150.8 1.9 1.3
Yushuwan/No. 2-2 seam 5.00 138.9 131.1 -17.8 -5.6
Xiaobaodang/No. 2-2 seam 5.80 152.0 147.0 -5.0 -33
Zhangjiamao/No. 2-2 seam 5.60 165.9 143.1 -22.8 —-13.7
Ningtiaota/No. 2-2 seam 5.80 153.5 147.0 —-6.5 —-4.2
Ningtiaota/No. 2-2 seam 5.46 149.3 140.4 -89 —-6.0
Yuyang/No. 2-2 seam 3.50 96.3 98.0 1.7 1.8
Hanglaiwan/No. 4-2 seam 4.50 116.2 120.5 43 3.7
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According to Fig. 16, y=0.03006x+0.00163.
Combined with formula (3), it can be obtained that
a=0.163, b=3.006. Therefore, there are:

B 100M 4
" 0.163M + 3.006 @)

By substituting the mining height value of the
upper coal seam in Table 1 into formula (4), the
prediction value of WCFZ height can be obtained,

consider the influence factors of mining height, inter-
burden thickness and roof caving characteristics
of upper and lower coal seams. Besides, the factors
above should be converted into a comprehensive min-
ing height that can reflect the superimposed effect of
repeated mining. Pan et al. (2017) provides the cal-
culation formula of comprehensive mining height of
close distance double coal seam mining:

XM =M, + kM
as shown in Table 3. 1+ )
Compared with the measured value of WCFZ
height, the standard deviation is obtained by Bessel n\" ,
k=1-(— (1-k) (8)
formula (Formula 5): H,

&)

According to formula (5), m=10.1.
Therefore, the prediction formula of WCFZ height
in shallow buried single coal seam mining is:

100M
=————— +10.1
0.163M + 3.006 +10 ©)

(2) Prediction formula of WCFZ height in repeated
mining.

After mining of shallow single coal seam, over-
burden generally presents the characteristics of "two
zones", that is, overburden caving zone and fracture
zone, and there is no bending subsidence zone. Dur-
ing the lower coal seam repeated mining, the "origi-
nal fracture" of overburden is activated and developed
again, the development width of the overburden frac-
ture increases, and the WCFZ height increases. Under
this condition, the prediction of WCFZ height should

where M, is the mining height of the upper coal seam,
m. M, is the mining height of the lower coal seam,
m. Y M is the comprehensive mining height, m. k is
the subsidence coefficient at the top of the interbur-
den in the lower coal seam mining. /4 is interburden
thickness, m. H is the buried depth of the lower
coal seam, m. k' is the surface subsidence coefficient
related to the degree of mining, which can be deter-
mined by the calculation formula in reference (Wang
et al. 1998):

K=1- 0.239235< C))

0.054573
H, - s>
2

where, S is the thickness of the soil layer in the
ground surface, m.

According to the measured data (17-27) and for-
mula (7)-formula (9) of repeated mining in shal-
low close coal seams in Table 1, the comprehensive
mining height of repeated mining can be calculated
(Table 4).

Table 4 The prediction value of WCFZ height of shallow close coal seams repeated mining

Mine / Coal seam Comprehensive Measured value of ~ Calculated value of  Difference/m  Error/%
mining height/m  WCFZ height/m WCFZ height /m

Longde/No. 1-2 and 2-2 seam 5.15 99.95 111.33 11.38 11.38
Hongliulin/No. 4-2 and 5-2 seam 7.93 190.00 212.65 22.65 11.92
Ningtiaota/No. 1-2 and 2-2 seam 5.85 158.55 132.97 —25.58 —16.13
Yubei/No. 1-2 and 2-2 seam 7.32 196.00 186.46 —-9.54 —4.87
Hongliulin/No. 2-2 and 3-1 seam 6.10 126.00 141.24 15.24 12.09
Halagou/No. 1-2 upper and 1-2 seam  3.14 60.35 59.65 -0.70 -1.16
Xiaobaodang/No. 2-2 and 3-1 seam 7.67 233.50 201.05 —32.45 —13.90
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Fig. 17 Fitting function of (1/H’) and (1/3.M)

Similarly, it is assumed that the basic form of the
WCFZ formula for repeated mining of shallow close
coal seams is:

100ZM
H= ey " (10)

where H' is the WCFZ height after repeated mining,
m. ¢’ and &' is the coefficient. +m’ is the error.
Transform the empirical formula into:

1 _dIM+b _ d b (11
H' ~ 100=M 100  100ZM
Let L=y’, L =¥, and then formula (11)
H ™
becomes:
’ a v,
= — 4+ —
Y =700 T 100" a2

According to the measured data (17-27) and for-
mula (12) of repeated mining in Table 1, the linear
fitting function of y’ and x’ is obtained as shown in
Fig. 17.

Therefore, y' = 0.0627x" — 0.0032, combined with
formula (12), a’ = —0.32, b’ = 6.27. Therefore, there
are:

b~ 100zM

= 203:5M + 627 (13)

By substituting the obtained comprehensive min-
ing height value into formula (13), the prediction
value of WCFZ height under repeated mining can
be obtained, and compared with the measured value
of WCFZ height (Table 4). The standard deviation
m’ = 21.1 can be obtained by using Bessel formula.

@ Springer

Therefore, the prediction formula of WCFZ height
in repeated mining in shallow close coal seams is:

100ZM
H=———""— +21.1
-032XM +6.27 s

6 Conclusion

(1) shallow single coal seam mining in Jurassic coal-
field of northern Shaanxi, the WCFZ height is
positively correlated with the mining height, and
ratio of the WCFZ height to mining height is gen-
erally 20-30, which does not change significantly
with the mining height. With repeated mining
in shallow close coal seams, the activation and
development of overburden fractures are intensi-
fied, and the WCFZ height continues to increase.
The ratio of the WCFZ height to mining height in
repeated mining is obviously lower than that in
single seam mining, which is generally 18-25.

(2) In the incritical mining stage of shallow sin-
gle coal seam mining, the height of the WCFZ
increases in a "jumping" pattern with the main
roof periodic caving. After critical mining, it is
basically stable. The WCFZ is concentrated in
the mining boundary. The middle of the goaf is
compacted by the overburden, and the separation
fractures tend to close. The whole distribution
shows as “saddle shape”, and there are downward
cracks on the ground surface.

(3) Based on close coal seams repeated mining, the
primary fractures act as activation development
when the interburden broken completely, the
development of WCFZ at the mining boundary
is significantly intensified. The depth and width
of the downward fractures on the surface increase
further.

(4) The traditional empirical formula cannot be well
applied to the development prediction in shal-
low close coal seams mining, with an error of
10-50%. The predicting method of WCFZ height
is proposed, which is suitable for shallow close
coal seams mining in Jurassic coalfield of north-
ern Shaanxi. The calculation error is basically
within 15%, which has good prediction accuracy.
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