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Abstract

Theoretical analysis, numerical simulation, and borehole drilling were used to study the mechanism of four large-scale water
inrush events that occurred during the mining of the 1121 working face in the Hongliu coal mine in the Ningdong mine area.
We concluded that the working face inrush was induced by water in the bed separations formed by overlying strata movement
caused by the mining process. To control such inrushes, the location, size, and hydrogeological properties of the 18 m thick
key aquiclude were investigated. We determined that the best time to drain the bed separation water was between when the
beds separated and the roof caved, before water inrush occurred. The best place to drain water from was directly above the
key aquiclude. These results should be useful for other sites with similar mine conditions.

Keywords Separation space - Key aquiclude - Water inrush prevention technology

Introduction

A sandstone aquifer in the lower member of the Zhiluo For-
mation covers the primary mineable seam within the Juras-
sic Ningdong coalfield in western China and threatens the
safe mining of the shallow coal seam, despite the fact it is a
relatively weak aquifer (Ma et al. 2020; Zhao 2011). Large-
scale and periodic water inrush events are relatively rare in
mines with overlying weak sandstone aquifers as the direct
water source (Jiang et al. 2015; Xu et al. 2011).

The mechanisms of roof water disasters have been previ-
ously researched. Ma et al. (2019) used numerical simulation
and similar material simulation methods to investigate the
coupled fault-separation, water-breaking mechanism under
complex conditions in the Laohutai coal mine. Qiao et al.
(2011) analyzed the basic conditions of the formation of
separated layer water bodies, and revealed how hydrostatic
water in separated layers above the stope roof could cause a
“hydrostatic water inrush”. Cui et al. (2020) studied the for-
mation mechanism of a similar water disaster in the Xinjing
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coal mine in Datong city, Shanxi Province. Fan et al. (2019)
studied how to predict a stratified water inrush in coal min-
ing in the Shle Wusu mining area, while Yin et al. (2019)
studied the inrush mechanism of the quaternary aquifer in
the roof of the Xinhe coal mine in Shandong. However, these
few research studies on separation water inrushes are insuf-
ficient, and research on the mechanism of roof separation
water disasters in the Jurassic coalfield is very rare.

There are many practical studies on overlying rock fail-
ures caused by coal mining (Banerjee et al. 2007; Cao 2017;
Heather et al. 2017; Singh et al. 2007; Unver and Yasitli
2005; Wang et al. 2009).The key strata method is widely
used to study overburden failures during mining, and pre-
dict water-conducted fissure height in coal seam roof strata
(Chen and Zhu 2020; Liu et al. 2006; Ma et al. 2008; Majdi
et al. 2012; Xu et al. 2012). However, no scholars have used
this method to judge separation space and the location of
separation water.

The rock failure process analysis software, RFPAZP is
widely used in many disciplines to characterize overburden
failure and simulate tunnel and rock failure processes (Kong
et al. 2020; Liu et al. 2020; Wang and Yu 2010; Yang et al.
2020; Zhang 2009). Kong et al. (2020) developed RFPA?P to
simulate the separate failure processes of tunnels for differ-
ent section types and different excavation methods. Liu et al.
(2020) used RFPA?P to investigate stress transfer under the
various factors that influence mesoscopic fracturing of the
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coal rock mass. Yang et al. (2020) used RFPAP to identify
the borehole deformation region and stress changes after
drilling in soft coal seams. In this study, we used theoretical
analysis of key strata, RFPA”P numerical simulation, and
borehole drilling to investigate a working face water disaster
induced by water in bed separations formed from overlying
strata movement after coal mining.

Overview

The Study Area

The Ningdong coalfield is one of 14 large-scale coal pro-
duction bases approved for construction in China and falls
under the jurisdiction of the Ningxia Autonomous Region.
The Hongliu coal mine is located in the southern Yuanyan-
ghu mining area of the Ningdong coalfield (Fig. 1). The
north—south strike length of the mine field is approximately
15 km, the east—west trend width is approximately 5.5 km,
and the area covers approximately 79.55 km?. The whole
coalfield is divided into three horizontal zones and eight
subzones, and the first level is divided into 12 mining zones
that mine the #2, #3, and #4 coal seams. The second level is
divided into 15 mining zones that mine coal seams #6, #10,
and #12. The third level is divided into eight mining zones
that mine the #15, #16, #17, and #18 coal seams.

Overview of the 1121 Working Face Water Disasters

The 1121 working face of the Hongliu coal mine was the
first working face of the coalfield, targeting the #2 coal seam
of the Jurassic Yan’an Formation. From November 2009 to
March 2010, a total length of 186 m was mined, but four
roof water disasters of different scales occurred. The maxi-
mum water inrush volume was 3000 m>/h, which flooded
the 1121 working face (Fig. 2). The direct water source was

Fig. 1 The location of the study area
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Fig.2 The water inrush and its position in 1121 working face

the coarse sandstone aquifer of the lower section of the Zhi-
luo Formation, with a unit water inflow ranging from 0.010
to 0.094 L/(s-m). This is a weak aquifer, but large-scale roof
water disasters still occur periodically. It was presumed that
these inrushes were caused by water that accumulated in the
void space created by roof strata separation.

Hydrogeological Conditions of the 1121 Working
Face

According to drilling data, the direct roof of the #2 coal
seam consists of 8—10 m of siltstone and fine sandstone (the
no. 1 rock in Table 1). The roof base comprises the strati-
fied coarse sandstone aquifer of the lower section of the
Zhiluo Formation, with a thickness ranging from 14.66 to
47.17 m and an average thickness of 22.2 m (the no. 2 rock
in Table 1). The upper part is a 7.0-25.5 m siltstone and
mudstone aquiclude with an average thickness of 20 m (the
no. 3 rock in Table 1) that expands and erodes when exposed
to water. The upper stratified coarse sandstone aquifer of the
lower section of the Zhiluo Formation ranges from 29.07 to
41.76 m in thickness, with an average thickness of 40.6 m;
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8 its lithology mainly consists of medium- and fine-grained
E sandstone and siltstone and a small amount of coarse-
g grained sandstone and mudstone. The cementation degree
go 8=32==8%35 = = is low, revealing a highly unconsolidated structure, which
=¥ | I o o oo oo oo | o . . .. .
easily breaks under hammer impact, disintegrates in water,
and is very fragile. The mechanical parameters of each rock
2 g 5l layer above the coal seam are listed in Table 1.
O =
z 3 F N @ n n
S o O 0 N O N T ot O S
DECT| I 1 o4 <=4 243 <=1 =
2 Locating the Water in the Separated Roof
Q
= Strata
£ 8
L g~
E2C| 1 1 &FFFIARII I Determining the Separation Space
5
= According to the key strata methodology, the lowest layer of
£ the hard and thick strata of the overburden greatly influences
g N~ 0 — > o~ 00 0 the generation of the maximum separation layer. Consider-
o) AN — n O O - — . .
O I 1 = i ed e = | ing that the other hard and thick strata of the overburden
form a combined key layer, a separation layer occurs when
;5 £ the deflection of the strata does not immediately follow that
B = of the main key layer. The fracturing of the rock layer above
S O & ANt O 0 A 0 O N . . K
E%2|,  22deaxaqa 9 the main key layer often lags behind and a separation space
is generated by the discontinuous movement between the
= . .
5 various rock layers. Using the key stratum approach, Eq. (1)
S is used for the calculation.
? § § Ny o0 A XN n n B
|OR7 2 23838382228 8 2 3
Eily, Z Pili > Py Z Eh; Y]
i=1 i=1
=
-%"{ﬁ where E,, is the elastic modulus of each layer, # is the num-
ZE OO0 O —~ O O W = O ber of rocks in this group (arranged from bottom to top),
gl ST o0 = = 00 . . . :
S| " dddaddaddddcdaa—=d h,, is the thickness of each layer, and p,, is the density of

each layer. The positions of layers 2 and 1 are calculated

Thickness (m) Saturated

E . 2y 2

5 aS‘E”+1hn+lnzi=l pih; = 1.43 X227 x2.31 X 10 = 15987.97,

3 and p,.; 20, Eihi3 =2.18 x 1.05 x 10> = 2289.

3 TV OATANOD N N D The result of the first equation exceeds the result of sec-

& T =N =~~~ F QO —~ Q K o R

P o o ond, which indicates that a separation space may develop

‘éo Y Y g g over time between the two layers during the mining process.

= = S g = g Since the first layer collapses with the mining of the working

5|z 8 e , 3 F 28§ , 8 o . . LT

28 g S 558§ 98 a8 < £ face, this separation space has no practical significance. The

s |2 "g FZE e EZesE s ¢E g z results indicate that separation space should evolve between

2 - 20ZEAEOZ05HAH layers 1 and 2, 3 and 4, 6 and 7, and 7 and 8.

-]

2 2 Determining the Location of the Separation Water

% g Q O O O QO Q Q O O

E | % - 33333 .38 . 33E . . .

s |2 o Gl Eo MG I B B B B B! The caving zone height of the 1121 working face of the

S E §3585555558555 Hongliu coal mine was 42.7 m, and the caving to mining

5 < i< <2< <2< << < ] . : .

Z | ratio was eight based on borehole flushing fluid loss obser-

S| vations and borehole cameras. The height of the water-con-
Q . .

8 & ducting fracture zone was 62.5 m and the ratio between the

= S v fracture and mining zones was 11.8. Mining of the 1121

2 © o= - working face has affected the bottom section of the Zhi-

e |2 S wrmowBtoa—~= 2 luo Formation coarse sandstone aquifer, i.e. layer no. 4.

@ Springer



360

Mine Water and the Environment (2021) 40:357-365

Therefore, the separation spaces between layers 3 and 4, 6
and 7, and 7 and 8 could possibly be filled with water.

The main parameters controlling separation formation
include the length /, the height 4’ of the separation layer
along the mining direction of the working face, the distance
H between the separation layer and coal seam, the distance
S from the cut of the working face and the mining distance
S, from the working face. The migration characteristics of
the overlying strata become increasingly trapezoidal with
increasing stratum thickness, and the length of the estab-
lished separation fissure also decreases, as shown in Fig. 3.

The calculation equation is given below:

20,
l=hﬁz @)

where £ is the caving rock mass thickness, o, is the tensile
strength of the rock mass, and ¢ is the sum of the loads of
the rock mass itself and the overlying rock strata.

’_ 59 4

=M= s )
where M is the mining thickness of the coal seam, # is the
subsidence coefficient, g is the sum of the loads of the rock
mass itself and the overlying rock strata, E is the elastic
modulus of the rock mass, 7 is the moment of inertia of the
rock mass, and L is the limit span of the rock mass, which is
determined by Eq. (1).

_ M-K
K, -1 4

H

where £’ is the separation height and K|, is the breaking
expansion coefficient.

S=Hcotf,+1/2 3)

S=Hcotf, + Hcot, +1 ©6)

where H is the distance from the separation space to the
coal seam, L is the length of the separation layer along the
working face mining direction, 6, is the fracture angle of the

Fig.3 Schematic of the main
control parameters (modified
from Cao HD (2017))
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rigid rock beam

rock layer on the cut side of the goaf, and 6, is the fracture
angle of the rock layer on the side of the final mining line
in the goaf.

As shown in Fig. 3, layer 3 is an elastic rock beam, and
layer 4 is a rigid rock beam. The length of the separation
layer along the mining direction of the working face is cal-
culated according to Eq. (2).

20,
[=4/— =78 m
q

The separation height is calculated according to Eq. (3),
with &/ = 2.296 m; the relationship between the subsidence
coefficient and the mining depth and thickness was obtained
based on multiple observation stations. In combination with
the lithologic conditions of the overlying strata of the Hong-
liu coal mine, the subsidence coefficient is 0.55. The dis-
tance between the separation layer and working face was
calculated according to Eq. (4), at H=52.0 m.

According to the research data, the average value of the
fracture angle @, on the cut side was 60°, and the average
value of the fracture angle 8, on the side of the final min-
ing line was 55°. The distance between the center of the
separation layer and the working face was calculated with
Eq. (5), at S;,=144 m. Thus, given a key aquiclude that is
20 m thick, when 144 m of the working face is mined, a
separation water storage space with a width of 78 m and a
height of 2.3 m should have formed.

After the first occurrence of a separation space, the maxi-
mum separation space cyclically changes over time, but the
distance between the separation space and the coal seam
remains the same. Because the rock breaking angle on both
sides of the goaf generates the first separation space when
the working face mining length is calculated by Eq. (6), after
the second separation space, the roof cyclically breaks, and
the space delamination phenomenon periodically occurs
during working face mining.

Because layer no. 4 is the main aquifer, it forms a separa-
tion water body, so only the section between layers 3 and
4 poses a threat to mining. Within the scope of the water-
conducting fracture zone, the 20 m thick mudstone aquitard
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expands and disintegrates after being exposed to water,
creating an initial water-filled space until the water-guiding
fracture gradually fills with mudstone particles; when this
occurs, the water-resistance of the layer redevelops and
a separation water body is formed. The mudstone and its
thickness are the key factors controlling the formation of
reservoir separation between layers 3 and 4.

Numerical Simulation Analysis

Determination of the Simulation Experiment
Scheme

Through a computer numerical simulation experiment with
RFPA?P software, assuming a constant mining thickness and
overburden structure, the following was determined:

a. In the direction of the working face trend and tendency,
the key aquiclude was increased from 7 to 22 m. For
each increase of 1 m, a model was established to simu-
late the form, scope, and extent of the overlying stratum
movement failure caused by mining.

b. The movement failure forms of the key control layer in
the overburden rock were studied and the critical size of
the key control layer was determined.

a)The workin face is mining to 6

()The workig face is mining to 240m

The whole model is composed of 12 layers including the
coal strata, among which the fourth layer above the no. 2
coal seam is the main aquifer, and the third mudstone layer
is the aquiclude. The model has a strike length of 600 m
and a height of 300 m and is divided into 250 X263 and
65,750 units, with horizontal constraints at both ends and a
fixed bottom. For better caving, transverse joints were added
between each layer. Excavation starts at 100 m to the left
along the strike at a mining distance of 400 m. The stop-min-
ing line was set at 100 m from the right boundary with 40
steps. The numerical calculation model is shown in Fig. 4.

Analysis of the Separation Formation Process

When the working face was mined to 30 m, the overlying
strata were suspended, causing the bending rock beam to
crack under the action of gravity, and the siltstone layer in
the direct roof of the coal seam to separate, accompanied
by the collapse of the first sandstone layer. When the work-
ing face mining depth reaches 60 m, a second large-scale
collapse occurs, and the separation phenomenon develops
rapidly upward. When the mining depth reaches 150 m, the
separation space between the third and fourth layers reaches
its maximum value, at which time the separation length is
~76.8 m and the height is 2.5 m. Moreover, the height of
the caving zone has reached the bottom of the third layer,
namely, the aquiclude. When the working face mining depth

(b)The working face is mining to 150m

()The working face is mining to 30 |

Fig.4 Development process of the separation space (modified from Cao HD (2017))
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reaches 240 m, the second separation space is £33.3 m in
length and 1.3 m in height. A separation space ~140 m in
length and 0.3 m in height develops along the contact sur-
face between the fifth and fourth layers. The height of the
water-conducting fracture zone reaches the middle of the
fourth layer, but the water-conducting fracture zone is filled
with mudstone particles, and the groundwater in the aquifer
does not flow into the working face.

When the working face mining depth reaches 300 m, a
third separation space develops, but the second separation
space does not increase. The first separation space gradu-
ally decreases due to compaction, with a notable decrease
in length and height. The length of the separation space
between the sixth and fifth layers is #152 m. When work-
ing face mining depth reaches 400 m (the final line), four
stratifications occur between the third and fourth layers in
the direction of working face mining. In addition, the length
of the fourth separation space is 9.3 m, and the maximum
height is ~0.8 m. The separation spaces formed in the third,
second, and first stages are gradually compacted, and the
length and height are both greatly reduced. Moreover, a sep-
aration space develops along the contact surface and interior
of the overburden from the second layer to the eighth layer,
which is gradually compacted thereafter. In summary, frac-
tures occur periodically in the third and fourth layers. The
maximum height of the separation space is approximately
2.5 m, the maximum length of the separation space along the
direction of the working face reaches approximately 76.8 m,
and the distance between the separation spaces gradually
decreases through compaction with the continued mining of
the working face. The results are basically consistent with
the theoretical analysis results.

Determining the Thickness of the Key Aquiclude
As stated above, the key mudstone aquiclude above the fully

mechanized 1121 working face of the Hongliu coal mine is
a significant factor determining whether a separation water

(a)The working face is mining to 100m
Fig.5 The elastic modulus figure (the thickness of aquifuge is 18 m)

@ Springer

body is formed and whether the groundwater of the Zhiluo
Formation aquifer enters the goaf.

Comparative Analysis of the Overburden Fracture

Due to space limitations, only the overburden fracture analy-
sis for 18 and 21 m thick mudstone aquicludes is given here.
When the mudstone aquiclude is 18 m thick, a separation
space develops between the third and fourth layers when
the working face mining length reaches 35 m. When the
mining length is extended to 160 m, the maximum width
of the separation space increases to ~120 m, the maximum
height reaches ~1.1 m, and then it begins to close (Fig. 5a).
Moreover, the fractures in the overburden penetrate the sepa-
ration space and the separation water body extends into the
goaf. Thus, the simulation indicates that water storage space
does not periodically develop in the overburden. Therefore,
when the thickness of the aquiclude is <18 m, the water-
conducting fracture zone extends across the aquiclude and
enters the bottom of the aquifer, and no obvious water body
is formed (Fig. 5b).

When the mudstone aquiclude thickness is 21 m and
the working face mining length reaches 40 m, a separation
space developed between the third and fourth layers. With
continuous mining of the working face, the water storage
space gradually expands. When the working face is mined
to 190 m, the maximum width of the water storage space
increases to ~81 m, the maximum height reaches ~2.5 m,
and closure then occurs (Fig. 6a). In addition, the fractures
in the overburden still do not reach the separation space.
Therefore, a water storage space occurs periodically, and
the water-conducting fracture zone develops continuously
upward until it increases to 58 m. After the mining simula-
tion is completed, a periodic separation space occurs, with
a period of %62 m. By the end of mining, the formation
regularity of the separation water body is obvious (Fig. 6b).

When the aquiclude thickness is 19 m, the simulation
results show that an 18 m thick water storage space is

b)Th riae is mnig to 250m



Mine Water and the Environment (2021) 40:357-365

363

(ae working ae inin o 10m ‘

Fig. 6 Elastic modulus diagram (the thickness of the aquifuge is 21 m)

developed, and its regularity is greatly improved. Thus, the
key aquiclude thickness is 18 m.

Comparative analysis of the seepage process

Vertical seepage velocity data at the bottom of the third
key aquiclude and at the top of the mining coal seam were
extracted from the RFPA numerical model. The seepage
situation when the working face was mined to 300 m under
the different aquiclude thicknesses is shown in Fig. 7.

For an aquiclude thickness of 10 m (Fig. 7a), the seepage
velocity of the mudstone floor is much greater than that of
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other areas within the range from the middle of the goaf to
the cut side, and the maximum seepage velocity is ~2.1 m/d.
The distribution characteristics of the seepage velocity of the
roof of the coal seam are the same as those of the mudstone
floor. The goaf near the cut side attains the maximum seep-
age velocity, ~2.4 m/d. Upper and lower conductive frac-
tures have formed in the aquiclude, and the confined water
in the main overlying aquifer enters the goaf through these
conductive fractures, which ensures that the seepage veloci-
ties of the aquiclude and the coal seam roof are basically
consistent. Under an aquiclude thickness of 14 m (Fig. 7b),
the seepage velocity distribution areas of the mudstone floor,
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(d)The thickness of the aquiclude is 20m

Fig.7 Comparison of the seepage velocities under the different aquiclude thicknesses
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Fig. 8 Duration curve of water drainage in each stage (modified from Cao HD (2017))

coal seam, and coal seam roof are still basically the same,
among which the maximum seepage velocity of the mud-
stone roof is &~1.1 m/d, and the maximum seepage velocity
of the coal seam roof reaches ~1.9 m/d.

For an aquiclude thickness of 18 m (Fig. 7c), the seepage
velocity from the middle of the goaf to the cut side greatly
decreases, and the maximum seepage velocity of the mud-
stone floor and coal seam roof is <0.8 m/d. For an aquiclude
thickness of 20 m (Fig. 7d), the maximum seepage velocity
of the mudstone floor and coal seam roof is <0.4 m/d.

In summary, when the aquiclude is more than 18 m thick,
seepage through the mudstone floor and coal seam roof is
greatly reduced. When the thickness of the aquiclude reaches
20 m, the seepage velocities are very low, indicating that
the conductive fractures are nearly closed and that the water
will not flow from the aquifer through the key aquiclude
into the goaf.

Discussion

Analysis of Separation Water Disasters

With the continued mining of the working face, the direct
roof of the coal seam collapses, and the aquiclude of the

mudstone layer is deformed via subsidence, resulting in
support loss. Due to the difference in tensile strength and

@ Springer

bending deflection between the mudstone aquicludes and
sandstone aquifers, a separation space is formed between
the sandstone and mudstone layers. When the thickness is
larger than 18 m, the mudstone aquiclude expands under the
action of the hydraulic effect, the mining-induced fractures
gradually decrease, and a closed water storage space is then
formed, after which water accumulates in the roof space.
With increasing celling range, the aquiclude of the mudstone
roof continues to creep and sink under the action of its own
gravity and the mining and water pressures until it fails due
to the resultant structural changes, and a separation water
body prominently occurs. Multiple cycles lead to periodic
water inrush. The regeneration process of the water isolation
capacity plays a controlling role in the periodic water inrush
phenomenon. This kind of permeable medium exhibits the
characteristics of secondary hysteresis and periodicity.

Prevention and Control of Separation Water
Disasters of the 1121 Working Face

Across the 240 m mining distance of the working face, the
observed separation water drainage can be divided into six
stages (at mining distances of 18, 45, 90, 120, 187, and
240 m). Figure 8 shows the water volumes during each
drainage stage.

Through this sequential water drainage process, 240 m of
the working face was safely mined from the stop-line of the
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last water inrush accident. Twenty-five water drainage bore-
holes were designed and drilled in the machine and water
drainage lanes, with a total drainage volume of ~212,000 m’,
During the mining of the working face, no obvious abnormal
water inflow occurred, and the water inflow from the goaf
basically remained stable at 130—150 m>/h.

Conclusion

A key aquiclude in the overburden is a necessary condition
for substantial amounts of water to accumulate in the voids
that form between separated overburden strata. The overbur-
den failure process was analyzed, and a key aquiclude thick-
ness of 18 m was proposed for this mine site. The processes
of mudstone bending, sinking, creep, fracture, and closure
were verified. The controlling effect of the key aquiclude on
the periodic water inrush phenomenon was revealed. The
optimal water drainage time and spatial position of the sepa-
ration water bodies were determined.
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