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Abstract

The effect of mining-induced multi-physics coupling, characterized by stress—fracture—seepage field coupling (SFCC), is
critical to safe mining and environmental protection. We investigated the spatiotemporal characteristics of the SFCC at the
#31401 panel of the Bulianta Colliery. Changes in overburden movement, groundwater level, and groundwater inrush were
monitored by means of borehole and working face observations, water leakage, and real-time video imaging. The results
indicate that the distribution of mining-induced fractures was dominated by the key stratum, distributed as a “ladder shape”
30-75 m above the coal seam. The fracture penetrated into the lower key stratum and developed into the confined aquifer
with a height of 140.5-154.0 m, while being truncated by the higher key stratum. Horizontal and vertical fractures devel-
oped sequentially in the confined aquifer-disturbed zone. Initiation, propagation, and interconnection of the seepage chan-
nel occurred in the fracture field, mediated by the redistributed stress. An abnormal discharge of 120-300 m>/h along the
direction of mining commenced at the transition of the lower key stratum to the higher key stratum, and concentrated below
the Bulian Gully. A fracture height model was developed based on the vertical fracture propagation, and mining parameters
were modified, including reducing the mining height and increasing the advance rate and support resistance of the longwall
mining face to effectively reduce the SFCC effect.

Keywords SFCC - Key stratum - Confined aquifer - Seepage channel - Fracture height model - China

Introduction

Interest has been increasing in multi-field coupling behavior
in the areas of nuclear waste disposal, hydrocarbon resource
extraction, groundwater contamination, and municipal engi-
neering, along with greater demands for coordinating the
development of natural resources with sound engineering
safety requirements and environmental protection. This
is especially the case for underground mining, which can
have a significant impact on the surrounding environment.
Numerous research efforts on ground control, water inrush
prevention, and stress redistribution have been conducted to
explore the characteristics and interpret the mechanisms of
mining-induced behavior in the surrounding rock. Simul-
taneously, substantial creative concepts, including aquifer
College of Engineering, Peking University, Beijing 100871, protection mining (Zhang et al. 2011), precise mining .(Yuan
China 2017; Yuan et al. 2017a, b), and underground reservoir (Gu
2015) and mined space development (Xie et al. 2017) have
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been proposed. These concepts all attempt to achieve the
goal of precisely coordinated resource mining in multiple
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energy stacks (e.g. coal, gas, oil and other fossil and natural
resources) in areas such as the Ordos Basin, by considering
the effect of stress—fracture—seepage field coupling (SFCC).

The behavior of vertical mining-induced fractures in
underground mines has been widely studied, and four zones
have been identified above the panel goaf: successively, the
caved, fractured, continuous deformation, and soil zones
(Booth and Spande 1992; Chekan and Listak 1993; Palchik
1989; Singh and Kendorski 1981). Among these, the caved
and fractured zones have drawn more attention, as they are
directly related to mine safety and the protection of associ-
ated resources. Parallel to the panel goaf, the fracture field
is characterised by dome, horse saddle, or flat profiles. Field
monitoring and physical and numerical simulation (Xie et al.
2009; Zhao et al. 2015) is used to predict the maximum
height of the destressed zone (Majdi et al. 2012a, b; Rezaei
et al. 2015).

In addition, the maximum height of the fracture field is
significantly dependent on mining hydrogeology. Denkhaus
(1964) pointed out that for a dome with sufficient cohe-
sion, the maximum height of the fracture is up to 50% of
the depth of the cover, compared to 63% in insufficiently
cohesive material. Other similar investigations are shown
in Table 1 (Guo et al. 2012; Lu et al. 2011; Palchik 2003;
Kelly et al. 2002; Shabanimashcool and Li 2012; Xie et al.
2009; Zhang et al. 2011). Geometric dimension also plays an
important role; Fawcett et al. (1986) predicted a greater frac-
ture height at typical panel widths between 100 and 200 m.
Five theoretical models have been developed based on coal
seam thickness and expansion factors (Majdi et al. 2012a,
b), which conclude that for short and long term conditions,
the maximum height of the fracture field corresponds to
6.5-24 and 11.5-46.5 times the extracted coal seam thick-
ness, respectively.

An increasing amount of research has been motivated by
the desire to control or predict the mining-induced behavior

Table 1 Maximum height of fracture for different hydrogeology conditions

of the surrounding rock, accompanied by the effects on aqui-
fers. Booth and Spande (1992) suggested that different forms
of deformation at various levels within the overburden will
induce hydraulic changes as a response to mining. Accord-
ing to Karacan et al. (2007), permeability can vary widely in
different locations and for different roof rocks in the caved
zone because permeability depends on the type of rock units,
the extent of their fragmentation and packing in the mined
void, and the caving height. Singh and Kendorski (1981)
and Karacan and Goodman (2009) evaluated the disturbance
of rock strata resulting from mining beneath surface water
and waste impoundments; their work identified an aquiclude
zone with unmodified permeability located at a height about
30 times the seam thickness above the seam. Xu et al. (2010)
developed the model of the fractured zone for different min-
ing conditions, applying it to 40% of the mining area beneath
the Xiaolangdi reservoir.

For the dynamic interaction between the fracture and
stress fields, the key strata theory (Qian 2003) provides an
excellent interpretation of the governing rules of overbur-
den crack propagation and distribution caused by redistrib-
uted stress. Subsequently, the stress shell hypothesis (Xie
et al. 2009), which is similar to the pressure arch hypothesis
(Kratzsch 1983), gives an insight into the distribution and
formation of the stress—fracture—seepage field with the asso-
ciated macro-stress shell. According to this theory, the shell
bears and transfers the loads of the overlying strata, and acts
as the primary supporting system of forces for the underly-
ing fractured zone. However, basic experiments (Tan et al.
2014; Yuan et al. 2016, 2017a, b; Zheng et al. 2015) and
engineering practices (Yang et al. 2007; Zhang et al. 2011)
demonstrate that seepage flow significantly contributes to
the development of the fracture-stress field; meanwhile,
the growth and propagation of stress-dependent fractures
dynamically mediates seepage behavior. Consequently,
investigating the evolution of mining-induced SFCC and

Mining site Maximum height Mining Hydrogeology Method Reference
of fracture (m) height (m)
American 72.7-85.3 2.44 Limestone, sandstone, clay In-situ Guo et al. (2012)
shale
Longdong coal mine, 36-37 4 Unconsolidated alluvium, aqui- Numerical/physical Lu et al. (2011)
China fer, mudstone, sandstone
Torezko-snezhnyanskaya 88.57-140.07 0.9-1.6 Limestone, sandstone, calcare- In-situ Palchik (2003)
area, Ukaine ous shale
Appin Colliery, Sydney 50-70 2.3 Sandstone In-situ Kelly et al. (2002)
Basin
Svea nord, Arctic area 110 4 Sandstone, siltstone, glacier In-situ/numerical Shabanimashcool and Li
surface (2012)
Xieqiao, China 130 54 Mudstone, siltstone, packsand ~ Physical/numerical ~ Xie et al. (2009)
Shangwan colliery, China ~ 58-63.8 5.8 mudstone, sandstone, Alluvial — In-situ Zhang et al. (2011)

sand, Xiasha gully
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discovering their associated characteristics will contribute
to coordinated mining, accommodating aquifer protection,
protection of weakened surface ecology, prevention of water
inrush catastrophes, and the reuse of abandoned mining
space.

This research focused on multi-field coupling evolution
and associated characteristics in a mining excavation in a
complex hydrogeological environment in the #31401 panel
of the Bulianta Colliery. Field monitoring data of over-
burden movement, aquifer level changes, and face-inrush
variations were analyzed. Finally, the SFCC mechanism was
analyzed, a model of fracture height based on the vertical
fracture propagation criteria was proposed, and the mining
parameters were modified to effectively reduce the effect of
the SFCC.

(@)

Hydrogeology

The #31401 panel of the no. 1-2 coal seam was 4.63 km
long and 265.25 m wide. The seam dip angle ranged from
1 to 3° and the thickness was 3.0 to 6.08 m, with an aver-
age design excavation height of 5.2 m. The thickness of
the overlying bedrock decreased gradually from 190 to
120 m as mining progressed. The 30-80 m thick confined
aquifer is mainly constituted of conglomerate and coarse
sandstone from the sedimentary layer of the Lower Creta-
ceous and Upper Jurassic. The unconsolidated aquifer was
5-30 m thick and consisted mostly of sandstone. Nota-
bly, there was a powerful hydraulic connection between
the unconsolidated and confined aquifers that formed a
composite aquifer that was 38—110 m thick. However,

OLasa

(b)

Shanghai

aipei

!
Vi aco Hong Kong

U W O N O O O VW —\—‘ SN O O | DDD R

W Haulage roadway

131.26 m Yy 11928 m .109.39 m .

223.94 m depth 218.07m 4 | 8892 m ! Bulian-Gully

- s17 lsm / /S <mmmmm o 0

® 17596m ‘ N
128 m depth 116 m depth 31401 Mining face /243.66 m depth 238.55 m depth
133.99 m Va4 Water inrush regiof
ad 145.57m 15546 1

W W W N W MR JbCIE: R

Fig. 1 a Colliery location, b layout of the #31401 panel

@ Springer



Mine Water and the Environment (2019) 38:632-642

635

the confined aquifer was characterised by abundant water
and lower permeability before mining. The discharge was
0.00147 L s~! m™', as observed by boreholes. A surface
gully named Bulian Gully is located above the middle of
the #31401 panel, with a discharge of 60—80 m>/h. The
colliery site and specific layout of the mining panel are
shown in Fig. 1a, b, respectively. The stratigraphic col-
umns of the panel, represented by B269, Bk27, and B261,
are shown in Fig. 2.

The Setup of the Field Measurement

A series of boreholes were drilled vertically from the surface
to the bottom of the stratum overlying the coal seam as min-
ing advanced in order to observe the movement of the over-
burden strata, propagation of mining-induced cracks, and
water inrush behavior. Integrated monitoring technology,
including borehole observation and real-time video imag-
ing, was employed. The complicated hydrogeological region
around the Bulian Gully was identified as a key research
zone (Fig. 1b). The following elements were monitored:

(a) To monitor the movement of overburden strata along
the center of the dip direction, monitoring borehole S18
was drilled at a distance of 133.99 m from the tailgate
and 131.26 m from the headgate, while a multi-point
roof extensometer was installed. The extensometer has
three anchors located at the surface, confined aquifer,
and bedrock, corresponding to depths of 0, 130, and
180 m, respectively, relative to the ground surface.
Boreholes S17 and S16 ahead of longwall mining face
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Fig.2 Stratigraphic columns for the #31401 panel

(LMF) were positioned at the centerline of the mining
panel at distances of 175.96 and 394.03 m from S18;
the corresponding depths were 128 and 116 m, respec-
tively.

(b) To monitor crack development around the maximum
discharge area (2.16 km in front of the open-off cut),
boreholes S19 and S21 were drilled post-mining around
the panel center at depths of 119.28 and 238.55 m and
at distances of 16.95 and 105.87 m from the maximum
discharge position. Integrated monitoring technology
was applied in S19 and S21 to record the dynamic frac-
turing behavior and the response of the seepage fluids.

(c) The behavior of fluid flow and surrounding rock was
synchronously recorded as the LMF advanced.

Double column shield hydraulic support, including
4.3/5.5 m supports produced by Joy and 5.5 m supports
made in China, was used for working face support. The
coal cutter had a mining height of 2.7-5.4 m. The mining
speed was controlled within 10 m/d.

Results and Analysis
Key Stratum Distribution

Based on the stratigraphic lithology of boreholes B274,
B269, Bk27, Bks4, B261, and B257, and using the soft-
ware of KSPB (Xu and Qian 2000), the key stratum in
the bedrock were recognized (Fig. 3). Figure 3 shows that
the distribution of the key stratum in #31401 panel has
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Fig.3 Measured key strata distribution for the #31401 panel

a “ladder shape,” with an associated depth difference of
30-75 m. In detail, the distance between the coal seam and
key stratum ranged from 30 to 60 m for the middle zone;
however, at the two end edges, it ranges from 70 to 105 m.

Overburden Strata Movement

A multi-point roof extensometer was installed in borehole
S18 to verify that the movement of the overburden strata is

governed by the key stratum. The position of each anchor
and its corresponding monitoring results are shown in Fig. 4,
which illustrates the slight movement of the key stratum was
presented as the LMF advanced 19.65 m beyond S18. This
indicates that the growth of the fracture was triggered and
the propagation scope of the fracture became larger and
larger as mining advanced.

Subsequently, the displacement velocity showed a sharp
increase when the LMF advanced 36.6 m beyond S18 at a
constant acceleration rate of the displacement until it reached
100 m. During this period, a larger increment in displacement
occurred in the key stratum. Then, from 100 to 200 m, the
displacement velocity decreased progressively, and stabilized
after 200 m. By contrast, the displacement in the bedrock
and confined aquifer occurred at 50 m, later than that of the
key stratum; thereafter, it maintained a similar development
pattern compared with the movement of the key stratum.
This demonstrates that the key stratum was located in the
bedrock and played a vital control role in fracture propaga-
tion and overburden strata movement during mining. With
the protection of an intact key stratum, the overburden strata
remained stable without the disturbance of fractures; how-
ever, as cracks penetrated the key stratum and propagated into
the overlying strata, the key stratum presented less strength
and started to synchronously sink with the overlaying strata.
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Mining-Induced Fracture Evolution

Water level variations were obtained by borehole observa-
tions at S17, S16, S19, and S21. Figure 5 shows that a vio-
lent variation occurred in the confined aquifer as mining
approached within 30 m of S17. Subsequently, as the LMF
advanced from 20 to 55 m away from S17, the water level
dropped dramatically. At 55 m, the water was gone, indicat-
ing that the fracture had propagated into the base area of
the confined aquifer. After that, the water level tended to
recover, increasing sharply approaching 112 m behind the
LMF, indicating that the redistributed stress promoted water
recovery by preventing fracture initiation, propagation, and
coalescence and thereby reducing the hydraulic conductivity
in the fractured rock mass. Fracturing was limited below the
confined aquifer near S16, as demonstrated by the negligible
fluctuation of the water level. In contrast, the confined aqui-
fer was influenced by stress-dependent fractures at S19 and
S21, as characterized by the dramatic disappearance of water
at a depth of 90 m; the corresponding maximum fracture
heights reached 154.0 and 140.5 m above the mining panel,
respectively. As the boreholes were continuously drilled to
depths of 223.52 and 217.88 m, the caving zone was dis-
covered, as characterized by drilling resistance at maximum
heights of 17.08 and 19.72 m for S19 and S21, respectively.

The response to the fracture-seepage field coupling
was identified by real-time video imaging of borehole S21
(Fig. 6). Specifically, at depths of 38—73 m, the discharge
velocity increased gradually; horizontal fracturing was
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observed at a depth of 73 m. At a depth of 79 m, fractur-
ing was observed as high porosity, due to movement of the
conglomerate aquifer. At a depth of 94 m, many horizontal
fractures appeared. At depths of 102 and 130 m, the dis-
charge velocity drastically increased with depth, which can
be attributed to the increased fluid pressure and growth of
the horizontal fractures. Vertical fracturing intensively initi-
ated, propagated, and coalesced with the horizontal fracture
during the following months, and was observed as fractur-
ing at the ground surface (Fig. 7). It is evident that geo-
logical conditions significantly affect the development of
overburden strata movement and fracture propagation, as
represented by the negative correlation between the height
of the mining-induced fracture and the key stratum location,
such that S17 and S16, located in the higher key stratum,
had a lower fracture height, and S19 and S21, located in the
lower key stratum, had a greater fracture height.

LMF Discharge

Figure 8 shows that compared to the average discharge value
of 50-80 m>/h, several incidences of abnormal water inrush
occurred along the strike direction. The maximum discharge
occurred 2164 m ahead of the open-off cut; at 2420, 2485,
and 2552 m in the lower stratum zone, relatively less abnor-
mal discharges, ranging from 120 to 200 m*/h, occurred,
compared to others that varied from 200 to 300 m*/h in the
higher stratum zone. In addition, an abnormal discharge of
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Fig.5 Measured fracture distribution in the #31401 panel
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Fluid flow

Fig.6 Real-time video imaging of the S21 in different deep

Fig.7 Vertical fracture around
borehole S19 and S21

120-300 m*/h along the mining direction commenced in the
transition zone between the higher and lower zones. Notably,
the three points (i.e. at 2420, 2485, and 2552 m) were all
close to the dividing boundary between the water inrush and
safe regions, while the relatively larger abnormal discharge
positions were concentrated below the Bulian Gully. It can
be seen that the geology and hydrology represented by the
key stratum and Bulian Gully both contributed to the abnor-
mal water inrush behavior of the LMF. The key stratum
controls the growth, propagation, and closure of fractures

@ Springer
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caused by the concentrated stress due to mining; the seepage
source contributes to the opening of these fractures and the
growth of new cracks by reducing the effective stress and by
increasing the fluid pressure.

The LMF Responds to Redistributed Stress

Based on field measurements, given its complicated roof
structure, the LMF usually had high supporting pressure
accompanied by significant rib spalling, roof leakage, step
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Fig.8 Measured discharge condition of the LMF

subsidence, and support inclination in response to redistrib-
uted stress. For the high probability areas of water inrush,
such as S19 and S20, the LMF supporting pressure increased
irregularly, and was accompanied by multi-point leakage and
3—4 m of roof caving. Simultaneously, the discharge of the
stope was significantly correlated with periodic weighting;
i.e. larger increments of discharge corresponded to high peri-
odic weighting.

The Accommodation Strategy
The SFCC Mechanism

The results of field monitoring indicate that the behavior
of multi-field coupling was significantly influenced by the
mining geology and hydrology, which is represented by the
abnormal discharge near the overlying gully and the dif-
ference in the maximum fracture height between the lower
and higher key strata. The corresponding mechanisms are
presented as follows:

1. Due to the separation between the lower separated layer
(considering a totally compressed situation) and the key
stratum, the separation space for the lower key stratum
was greater than or equal to the maximum deflection of

Adance distance (m)

the key stratum. The fracture penetrated the key stratum
and propagated into the overlying strata, resulting in the
rupture of the key stratum and the occurrence of seep-
age. Simultaneously, the discharge of the LMF displayed
periodic variations that were associated with the peri-
odic rupturing of the main roof. For the higher key stra-
tum, the separation space was less than the maximum
deflection of the key stratum, the key stratum remained
intact, the maximum height of the fracture field was
under the key stratum, and seepage was prevented in
the fractured zone.

2. Under the integrated influence of the lower key stratum
and activated confined aquifer, a transition zone cor-
responding to the diving boundary of the water inrush
region was characterized by high conductivity chan-
nels. These channels were induced by a coupled hydro-
mechanical effect (i.e. the interaction between the high
fluid pressure and the lower redistributed stress). This
eventually contributed to an abnormal water inrush at
the working face.

3. As the LMF advances, the main roof will periodically
rupture, which will contribute to more fracturing and
promote water inrush events. As more violent overbur-
den loads are released at the unstable area of the overly-
ing strata, more concentrated fractures will be created
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near the LMF, and the maximum LMF discharge will
occur.

The Fracture Height Model
According to Qian (2003), the separation space and the

maximum deflection of the overlying stratum can be derived
according to Egs. 5-8:

m m
AH:Zhi+M—KiZhi 3)
i=1 i=1
qiv1 qiy1 9it1
EidinWin _{_;me + ﬁ)ﬂ 212 L, X+ Cix+ G,
(6)
b s
livr = 15 (7
2R iy1)
Ly =hip\| —— ®)

9it1

Considering the initial condition of x=0, w=0; x=L,
w=0; b=1, corresponding to the maximum deflection loca-
tion of x=L/5, and substituting Eqs. 7 and 8 into Eq. 6, the
maximum deflection of the key stratum is expressed as:

32 hl+1Rt(1+l)

®
625 Ein19in

WmaX(i+1) =

Combining Eq. 5 and 9, the criteria for the propagation
of the vertical fracture was obtained:

R m m
32 Rty [(l+1)
(10)

Finally, the final height of the fracture field can be con-
firmed as the vertical fractures are truncated by the overlying
stratum with high strength:

R m m
32 hiv AR Ga))
(11)
625 l+]ql+1 ; ;
H=Y h+M (12)

i=1

where m is equal to 1, 2, 3....n, H is the height of the fracture
field, AH is the space height between adjacent strata I/ and
i+ 1, M is the mining height, K is the expansion coefficient
of each overburden stratum, which is a function of time,

@ Springer

h; is the thickness of each overburden stratum i, g, is the
unit loading for overlying stratum i+1, L;y, Eiyy, Ryy1)
Woaxi+1) 18 the limit span, elastic modulus, tensile strength,
and maximum deflection of the overlying stratum i+ 1.
Through Egs. (10), (11), and (12), it can be observed that
the fracture height is a function of the location thickness,
strength, and unit loading of the overlaying strata. The dif-
ference in the mechanical properties of dry and saturated
sandstone was determined by Chen et al. (2014) and Xiong
et al. (2011), who determined that rock strength is weak-
ened by the effect of the fluid. As a result, fracture height
is increased by the influence of the confined aquifer. The
higher the key stratum location, the less the key stratum unit
loading, and vice versa, with a constant value of thickness
and strength of the key stratum. So it is clear that in this
study, the probability that a fracture would penetrate the key
stratum was greater for the lower key stratum than for the
higher key stratum, and the height of the fracture was greater
beneath Bulian Gully (Fig. 9). The transition zone between
the higher and lower key strata was the trigger of the water
inrush, which occurred when the fracture height peaked.

Implementation

Preventing the development of fractures that penetrate the
key stratum in different hydrogeological conditions and
blocking the high conductivity channels that are formed is
the key way to reduce the effect of multi-field coupling effi-
ciently. However, the rupture of the key stratum is governed
by the separation space and dynamic strength of the key
stratum. Therefore, reducing the excavation height, grouting
localized backfill, and increasing the advance rate (which
corresponds with large fracture heights) are better choices
for engineering practice, especially in sensitive areas such as
the under the surface water gully and in the transition zone.
In this study, the effect of multi-field coupling was reduced
successfully by decreasing the mining height to 2.78-3 m,
accelerating the advance rate to 13~16 m/d, and enhancing
the LMF support resistance to 10,800—11,900 kN in loca-
tions of complex hydrogeology in panel #31401.

Conclusions

Based on the field monitoring results, we concluded that
the location of the key stratum and seepage source sig-
nificantly affect the degree of SFCC. For the lower key
stratum, fracturing penetrated the key stratum and propa-
gated into the confined aquifer, triggering the seepage field
of the stope. The presence of the replenishment source
resulted in frequent abnormal water inrush events below
the overlying gully. Key conclusions were:
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Fig. 9 a The mechanism of SFC in lower key stratum situation, b the mechanism of SFC in higher key stratum situation

1. The key stratum was distributed as a “ladder shape,”
associated with heights of 30—75 m in panel #31401.
For the lower key stratum, the fracture pattern connected
the confined aquifer and triggered the seepage behav-
ior of the stope at heights of 140.5-154.0 m. For the
higher key stratum, the fracture field was basically con-
trolled below the key stratum. The time-dependence of
the fracturing was identified; the horizontal and vertical
fractures occurred sequentially in the confined aquifer,
as mining advanced.

2. For the seepage field, the discharge of the LMF
increased progressively in the lower key stratum zone,
while the rate was negligible for the higher key stratum.
The trigger of the water inrush was the increased maxi-
mum fracture height in the transition zone between the
higher and lower key strata. The abnormal discharge at
120-300 m*/h along the mining direction commenced in
the transition zone, and with the overlying gully serving
to replenish the seepage.

3. A fracture height model based on the criteria for the
fracture propagation was proposed, interpreting the
mechanism between fracture evolution, hydrogeology,
and mining technology. A considerable number of highly
conductive channels were located near the working face,
which were induced by the lower redistributed stress and
contributed to the water inrush. Simultaneously, for the
areas with a high potential for water inrush, the effect of
the SFCC was reduced efficiently by the implementa-
tion of a lower mining height, higher mining rate, and
enhanced support resistance.
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