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Abstract Collapse columns are geological features formed
by chimney caving of karst voids. Collapse columns can
cut through the rock mass and introduce vast geological
complexity in coalfields. When a collapse column becomes
accessible to a confined aquifer, water inrush disasters can
be triggered. In northern China, inrushes related to collapse
columns occur in regions where extensive Ordovician lime-
stone underlies the coal measures. This limestone is strongly
karstified and holds large quantities of water. The piezomet-
ric surface can be considerably higher than the coal extrac-
tion level. Numerical simulation was used to explore how
the water inrush pathway forms, based on a demonstration
model. First, the evolution of the stress field, damage field,
and flow volume within the coal floor was analysed. Then
factors such as the column height, mechanical strength of
the coal floor, and hydraulic pressure in the aquifer were
considered. In the demonstration models, if the height of
the collapse column exceeded 35 m and the initial thickness
of the aquiclude was less than 15 m, an inrush definitely
occurred, even when the strength of the floor strata was rela-
tively high. Finally, a practical case of water inrush in the
Fangezhuang coal mine related to a collapse column was
numerically investigated. Modelling of the fracturing pro-
cess provided insight into evolution of the fracture zone and
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inrush processes that cannot be observed in the field and are
difficult to evaluate using static stress analysis.

Keywords Damage field - Coupled fluid—solid -
Pathway - Fracturing process - Numerical simulation

Introduction

Collapse columns are geological features formed by chimney
caving of karst voids and are widely distributed in northern
China. A karst cave develops due to the long-term dissolu-
tion of limestone until, eventually, collapsed rock and debris
fall into the void, where they are often gradually cemented
together. Figure la is a sketch of a coal seam with a col-
lapse column developing beneath it in a confined aquifer.
Geological data from coal mines in northern China show
that the height of the columns, which can reach from a few
meters to hundreds of meters (Wu and Wang 2006), depends
on the size of the early karst caves. A collapse column is
generally filled with different sizes of collapsed rock and
calcite/muddy fillings (Fig. 1b). Although the heterogeneous
mixtures are breccias, in most cases they maintain enough
mechanical strength to retain the confined water. Generally,
therefore, a collapse column only threatens an underground
mine if the coal and the limestone are close together.
However, when a coal seam is mined, the in-situ stress
field is redistributed and an abutment pressure will be gen-
erated near the working face. When this pressure reaches
or exceeds the critical strength of the floor strata, a certain
area of the working face floor may be damaged, resulting in
a brittle fracture. The re-distribution of the stress field and
the damaged floor can further enhance the permeability of
the floor (Gross 1993; Li and Peng 2006; Wang and Park
2003; Zuo et al. 2009). When the working face approaches a
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Fig. 1 Footwall karst collapse columns as developed in coal mines of Northern China. a Sketch of rock strata in coal mining with an underlying
karstic collapse column; b View of exposed breccia fill of a collapse column in the Fangezhuang mine (Photo by Prof. Haibo Bai)

weakly cemented and/or water-conducting collapse column,
the column may become a conduit for the confined water in
the aquifer. The resultant water inrush can seriously threaten
life and property near the working face.

Most collapse columns are water-resistant because of
their cementation and long periods of compaction. Materials
like calcite or mudstone fill the voids, and if not destroyed,
contribute to their impermeability. For example, 450 col-
umns exposed in the Yangquan coal mine, in Shanxi prov-
ince, were dry, and not one inrush resulted despite the exist-
ence of 400 columns in the Xishan coal mine (Yin et al.
2005). However, some collapse columns, usually those with
poor cementation or many caves, have greater permeability,
and are generally filled with water. Moreover, some col-
umns are partially permeable. When the mining working
face advances close enough to these water-permissible col-
lapse columns, especially those that have a hydraulic con-
nection with a confined aquifer, the collapse column can act
as an aqueduct between the aquifer and the goaf, and trigger
a water inrush disaster. In 1984, one of the most serious
inrush disasters, with an average inflow of 2053 m>/min at
peak inflow stage, was caused by a collapse column in the
Fangezhuang mine of the Kailuan colliery. The mine and
three adjacent mines were completely flooded (Zhong 2001).

Since the Ordovician limestone is extensively distributed
in the coal fields of northern China, research on the forma-
tion mechanism, distribution characteristics, and material
composition of these collapse columns began in the 1970s
(Jia and Hu 1989). Particularly due to the Fangezhuang coal

mine disaster, numerous studies associated with hydraulic
conductivity, detection methodology, and remediation of
water-bearing collapse columns have been conducted (Guo
et al. 1994; Xu et al. 2006; Du 2012; Yin et al. 2004; Liu
and Xiong 2007; Zhu and Wei 2011). The strongly confined
aquifer of the Ordovician limestone beneath the collapse
columns was believed to be critical in how the columns
become permeable (Li and Zhou 1989). Once their perme-
ability increases, the collapse columns greatly decrease the
thickness of the water-restraining floor, while the mechani-
cal strength of the floor’s rock mass has been partially
weakened by the existence of the collapse columns. Con-
sequently, the configuration of existing collapse columns
is a key factor in determining the safety of mining above
confined aquifers. Although previous theoretical studies and
numerical investigations have contributed significantly to
scientific understanding of groundwater outbursts, they did
not address failure analysis of the key water-resisting rock
layer associated with collapse columns. The crucial ques-
tions of when, where, and how these events develop during
mining remain unanswered. Fracture initiation, propagation,
and coalescence in floor strata, together with the formation
of groundwater outburst pathways adjacent to collapse col-
umns, are not completely understood.

In recent years, more and more new techniques and meth-
ods have been applied to water inrush evaluations. For exam-
ple, Dong et al. (2012) described inrushes from a footwall
limestone aquifer into a coal mine and demonstrated the
predictive use of GIS-based Bayesian network modelling.
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In this study, a numerical code called Rock Failure Pro-
cess Analysis (RFPA) was used to simulate the process of
mining-induced water inrush from an underlying collapse
column. Combined with a fully coupled flow—stress—dam-
age (FSD) model (Tang et al. 2002; Li et al. 2012), it is
expected to provide insights into where, when, and how the
critical water inrush pathway initiates and propagates. By
introducing heterogeneity of rock parameters into the model,
the RFPA code can simulate nonlinear behaviour related to
damage in rock. Using the above, several models were estab-
lished to explore the effect of the column height, mechanical
strength of the coal floor, and hydraulic pressure in the aqui-
fer on inrush events. Together, they provided supplemental
information on the stress distribution and failure-induced
stress re-distribution that could not be observed directly.
Then, fracture initiation, propagation, and coalescence of
the stressed strata, and the transformation of the floor rock
mass from aquitard strata to outburst pathway were illus-
trated. Finally, the case study of the inrush related to the
collapse column in the Fangezhuang mine was simulated
and analysed.
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Fig. 2 Configuration of a numerical model (200 m x 120 m) repre-
senting the characteristic geological structure and containing a col-
lapse column. (Tj is the initial thickness of water-restraining layer,
and h, is the height of the water-conducting collapse column)

Table 1 Parameters of numerical simulation model

Numerical Investigation on the Influence Factors
of Water Inrush Related to Collapse Column

Numerical Models and Related Parameters

Factors such as the collapse column height, mechanical
strength of coal floor, and the magnitude of the hydraulic
pressure in the aquifer play an important role in assess-
ing the risk of an inrush related to a collapse column. To
investigate the influence of these factors, a numerical model
(Fig. 2) was established. The collapse column was composed
of rock blocks and unconsolidated fine-grained sediment.
The collapse column was water-conductive and the bot-
tom of the collapse column was considered connected with
the Ordovician limestone strata, with a hydraulic pressure
(confined aquifer) of 3.0 MPa. The model was discretized
into a 200 m X 120 m mesh containing 400 X 240 = 96,000
elements. A compressive vertical stress (o,) of 6.0 MPa
was uniformly imposed on the top boundary to represent
the ground stress induced by overburden strata. Normal
displacements constrained on right and left side, and the
bottom boundaries. Plain strain was assumed for all calcula-
tions. The physio-mechanical parameters, based on Liu et al.
(2009), are listed in Table 1. To clearly show how mining
affected the coal floor and the evolutionary process of the
stress field around the mining stope, the model simulated
step-by-step (=5 m) excavation. The thickness of the coal
stratum in this model was 3 m. At each step, the model was
solved in a quasi-static fashion to reach an equilibrium state.

The Evolution of a Water Inrush Pathway and Limited
Equilibrium Analysis on the Aquitard

Figure 3 illustrates the development and formation of the
water inrush pathway in detail, with the relative magnitude
of the shear stress of the mesoscopic elements indicated by
a grey scale. The dark elements represent the failed elements
induced by the mining. Fractures form by the connection
of failed elements. The grey scale indicates the relative

Thickness, h/m  Young’s Cohesion of the ~ Pos- Friction Massden-  Uniaxial tensile  Hydraulic

modulus, £/  rock layer, C/ sion’s angle, ¢ sity, y/(kN/  strength, f,/MPa conductivity, K/
GPa MPa ratio, v m’) (m/day)

Overlying rock 1 10 55 20 0.22 30 29 7 0.1

Overlying rock 2 42 48 13 0.23 30 24 4.5 0.1

Coal 3 3 1.4 0.35 30 11 0.3 0.1

Rock in floor 50 56 6.5 0.23 35 24 2.5 0.1

Aquifer 15 44 12 0.28 40 22 5.5 10

Rock blocks 46 52 0.23 35 24 2.0 0.1

Weak fillings 1 0.7 0.4 25 21 0.1 10
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Fig. 3 The fracturing process
of coal floor rocks related to a

collapse column. Dark elements
represent elements that failed
by unloading because of coal
excavation. Fractures form by
connection of failed elements.
The grey scale indicates the
relative magnitude of the stress
within elements. The elements
with a lighter shade of grey
have relatively higher stresses

magnitude of the stress within the elements. The elements
with a lighter shade of grey have relatively higher stresses.
Near the working face, the strata are subjected to compres-
sion due to the so-called abutment stress. In the floor strata
under the stope, the strata are in a state of transition from
shear compression to extension. During the transition, the
floor strata will inevitably develop shear and tensile fractures
due to bending. The unloading effect induces expansion of
the floor strata. Fractures then open and develop downward
in an asymmetric configuration due to the existence of the
collapse column. As the working face advances, damaged
zones develop and gradually connect.

Strata permeability obtained through in-situ drilling tests
to quantify the fracture zone depth in floor strata show that
the mining-induced fracture zone in the coal floor can lose
its water-restraining capability. Previous studies show that
damage mechanics can be used to describe the remaining
water-restraining capability (Li and Gao 2003; Wang and
Park 2003; Wang et al. 2014; Pan et al. 2012). In this study,
the damage evolution of the coal floor was calculated by
the model to provide detailed observations of the fracture

pattern and the evolution of the inrush pathway. Correspond-
ing to Fig. 3, the damage evolution is shown in Fig. 4. In
Fig. 4, each circle represents one modelled acoustic emis-
sion (AE) event and the diameters of the circles represent
the relative magnitude of the AE released energy (Tang and
Kaiser 1998). AE events were modelled in steps, and the
intensity of the AE events is proportional to the degree of
damage (red circles indicate tension failures, circles indicate
shear failures, and the black circle represents accumulated
failure).

Initially, compressive stress was concentrated on the two
abutments around the free faces; the brightest elements have
a maximum shear stress of 13.6 MPa, and the floor is stable,
with a rather intact rock mass. Only some dispersed dam-
age elements can be seen in the coal floor (Fig. 4a). When
the mining face advances by 30 m (in 6 steps), the stress
in the area between the working face and the collapse col-
umn is obvious and the maximum shear stress increases to
18.6 MPa. Tensional failure elements in the middle of the
panel floor exhibit a low grey level because of the released
stress. Besides the damage near the stope, a tiny fracture
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Fig. 4 The modelled evolu-
tion of water inrush pathways
in a cross section presented by
acoustic emissions (AE). Each
mark represents one modeled
AE event caused by fractur-
ing; red marks indicate tension
failures, white marks indicate
shear failures, and black marks
present accumulated failure

comprising a cluster of damaged elements can be seen above
the collapse column. The damaged elements are mainly
clustered at the edge of the collapse column, which means
that although some unconsolidated fine-grained sediment
has been destroyed by the hydraulic pressure, the mining-
induced fracture zone is not yet connected to the fractures
initiated from the collapse column, so the water-restraining
rock layer still remains relatively intact.

As the mining advances a total of 8 steps, the maximum
shear stress increases to 20.3 MPa (Fig. 4b). Under the cou-
pled action of mining-induced unloading and the hydraulic
pressure from the confined aquifer, more damage elements
can be found in the coal floor, which indicates that the dam-
aged zone has grown both in width and depth. Moreover, the
right part of the damaged floor extends deeper than the left
side due to the existence of the collapse column. A macro-
scopic fracture forms near the top of the collapse column
(Figs. 4b, 5b). At this moment, although the confined water
cannot rush into the mining stope, the effective thickness of
the water-restraining rock mass has been greatly reduced,
from 20 to 12 m (Fig. 4b). With further excavation (step
9; Figs. 4c, 5¢), a macroscopic inrush pathway comes into
being. This pathway allows confined water from the aquifer
to go through the collapse column, and rush into the stope.
Due to the abutment pressure and the presence of the col-
lapse column, the inrush pathway is formed almost directly
beneath the working face, in this case. Besides this inrush
pathway, it can be inferred that a different inrush path-
way may develop with different combinations of collapse
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Fig. 5 The flow along the coal seam floor before and after the water
inrush pathway forms

column height, coal floor mechanical strength, and hydraulic
pressure.

One can note that the inrush pathway is not straight but
flexural, because the fracture pattern is highly sensitive to
the interaction between the isolated failed elements and
the local disorder features of the rock matrix in the highly
stressed field. In reality, different materials can show dif-
ferent types of failure. In a homogeneous material, failure
begins at the high-stress site, whereas in a heterogeneous
material (e.g. rock), failure may start at the weaker loca-
tions. Because flaws produce greater stress concentra-
tions, the location of fracture initiation also depends on
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the distribution of the flaws as well as the magnitude of the
maximum principal tensile stress. In practice, the strata and
the collapse column is heterogeneous because of the pres-
ence of pores, micro-fractures, and grain boundaries. As a
result, the fracture path is rough, and mixed-mode fracture
propagation further affects non-planar fracture growth in a
non-preferred direction.

It is evident that the newly generated fractures have cre-
ated a water flow network. The connected fracture zone,
consisting primarily of fractures of various dimensions,
is more permeable and acts as an important flow conduit.
For more information on how the inrush pathway forms,
let’s look at the horizontal fluid flow along the floor at the
moments before and after the pathway forms (Fig. 5). Before
the pathway develops, the distribution of fluid flow is rel-
atively smooth, with small fluctuations caused mainly by
mining-unloading-induced elastic deformation and discrete
local damage. Afterwards, the magnitude of flow jumps and
the peak flow in the coal floor reaches about 7800 m?/h.
Violent fluid flow fluctuations occur, due mainly to fracture
propagation and coalescence in the stressed strata where the
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Fig. 6 Simplified geological model of the water inrush from a col-
lapse column

Fig. 7 The role of the key (a)
block in the critical zone where
mining meets a buried karst
column. a The shear stress
distribution; b The waterhead
distribution
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floor rock mass has translated from water-restraining strata
to outburst pathway.

Figure 6 illustrates a simplified geological model of an
inrush through a collapse column. Given a water-conductive
column and a damaged floor zone, the effective thickness of
the aquitard rock mass is H. This is a concrete manifesta-
tion that the collapse column shortens the distance between
the coal seam and the aquifer and provides the shortest and
the most critical inrush pathway. If the aquifer water breaks
through the damaged zone, water inrush will occur.

As a coal seam is mined, when the floor strength is
reached or exceeded, damage may occur in a certain range
of the working face floor rock mass. The depth of the dam-
aged floor zone caused by mining is A:

b= X,COS @ e(ﬁ;),gq,.

1
2 cos (% + %) M

In this formula, x, is the length of the yield zone for the
coal seam, which can be measured, and ¢ is the internal fric-
tion angle of the floor rock mass. Calculation of the depth
of the floor failure zone assumes that the floor rock mass
is uniform, with no cracks (Zhang et al. 1997; Sun 2006).
Besides the depth of the damaged zone, the inrush risk is
directly determined by H, because the presence of a water-
conducting collapse column can cause the aquifer water
pressure to increase closer to the damaged zone. The stress
distribution and water pressure distribution that governs the
model’s behaviour was simulated without considering pro-
gressive fracturing (Fig. 7). It was shown that the pressurised
water evidently lifts up the coal seam floor, while mining
causes stress redistribution around the mine opening and
the collapse column. However, as long as the key block (the
square region marked with a red dashed line in Fig. 7) is not
destroyed, water inrush will not occur.

A brief analysis of an unstable failure of the key region
was performed using the limit equilibrium method. The risk
of an inrush depends on the failure of the square regional
rock mass due to mining and the water pressure. In the zone,

(b)
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a differential unit is chosen with a depth, dz, with the stress
state illustrated in Fig. 8. The H in Fig. 8 corresponds to the
vertical profile of H in Figs. 6 and 7. In Fig. 8, L is the length
of the working face. It is subjected to water pressure at the
bottom and horizontal stress from both sides. The upper part
is the damaged floor zone where is subjected to less stress,
so that here, the stress in the upper part is supposed to be
zero. To keep the key region unbroken and unaltered, the
condition required to keep balance in the direction z for the
unit is:

(6,+do,)L -0, L—2(C+o,t8¢)dz=0. 2)
Then Eq. (3) can be obtained:

oc.—— =0. 3)

According to the Mohr—Coulomb criterion, the broken
rock mass should follow the limit equilibrium condition:

o.+Ccigp  1+sing

0.+ Cctgp  1—sing’ @)
If (1 + sin @) /(1 — sin @) = A, then:

o, =0, /A+(1/A-1)CXctge. 5)
This leads to Eq. (6):

o, = Ae*8°/M _ Cergg. (6)

And when z=0, 6,=0, and A= CXctgep, Eq. 7 is
attained:

o, = Cetg(e*8?/A _ 1), @)

When z=H and 6, = p, the limited water pressure for an
effective aquitard can be obtained by:

p = Ceigep(e*se/* — 1), ®)
If water pressure from the collapse column exceeds
the limited water pressure, water inrush may occur, so

Damage zone in

coal seam floor L
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[ EREEEERN]
P
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Fig. 8 Limited equilibrium analysis on effective water-resisting rock
layer for water inrush
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precautionary measures should be taken. Conversely, a
stronger limited water pressure promotes safer mining. From
Eq. 8, we can derive the limited thickness of the aquitard for
a water inrush associated with a water-conductive collapse
column under a constant water pressure:

Ccetgp

/1L1n(1+ P )
20U ) ©)

c

Hpin = 21gg
where C is the cohesion of the water-restraining rock layer;
L is the length of working face, and £, is the height of the
water-conductive collapse column.

Equation 9 shows that the limited thickness of the aqui-
tard is related to natural factors, such as the height of the
water-conductive collapse column, the strength of rock floor
mass, and the water pressure. Based on the above simulation
and limited equilibrium analysis, a water inrush is inevitable
if the collapse column is 30 m high and the aquifer has a
hydraulic pressure of 3.0 MPa. In the following sections,
the influence of natural factors on the formation of a water
inrush pathway is numerically investigated.

The Influence of the Height of the Collapse Column
and the Mechanical Strength of the Aquitard

Generally, the rock mass between the aquifer and the coal
seam is the original aquitard. However, the effective thick-
ness of the aquitard can be reduced by the existence of geo-
logical discontinuities (e.g. the water-conductive collapse
columns) and the mining-induced fracture zone. Thus, the
effective thickness of the aquitard in the coal floor is often
considered as the distance from the top of the underlying
collapse column to the bottom of the mining-induced frac-
ture zone. When the hydraulic pressure is kept at a con-
stant of 3.0 MPa, a larger collapse column height reduces
the effective aquitard thickness. For a constant floor strata
strength, the risk of an inrush increases with increasing col-
lapse column height. This is why geologic discontinuities are
so important. Considering the depth of the damaged zone in
the coal seam floor, the effective thickness of the aquitard
is close to or less than the depth of the damaged zone when
the height of the collapse column is greater than 35 m. If the
height of the collapse column exceeds 35 m, water inrush
will definitely occur, even if the strength of the floor strata
is high (Table 2).

The strength of the floor strata indirectly determines
whether the aquitard survives, since it influences how
the floor strata is damaged by mining. Previous research
(Zhang et al. 1997) revealed that a mining-induced
fracture zone in a coal floor with a medium strength
(f.o=20~70 MPa) was 2-3 times deeper than that with
a high strength (f,,> 70 MPa), which indicates that the
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Table ,2 T‘he. p ossibili‘ty‘ Of, The initial thickness of water- Floor strata strength, C/MPa

w.ater 1nrgsh.1n th.e cases with restraining layer, 7/m

different initial thickness of 5.5 6.5 9.0 11.0 14.0 18.0

water-restraining layer and

mechanical strength of floor 5 Y Y Y Y Y Y
10 Y Y Y Y Y Y
15 Y Y Y Y Y Y
20 Y Y Y Y Y N
25 Y Y Y Y N N
30 Y Y N N N N
35 Y Y N N N N

“Y” denotes that a water inrush pathway is possible, while “N” denotes that it cannot form

depth of the mining-induced fracture zone is reduced
as the mechanical strength of the coal floor increases.
Table 2 shows that the risk of water inrush rises when
the floor has less mechanical strength, which simply
makes sense, since a rock mass with a greater mechani-
cal strength is more difficult to destroy.

The Influence of Pressure Magnitude in the Aquifer

The aquifer at the bottom of the model is the water source
and hydraulic power for inrush events. Based on a geo-
logical investigation of an inrush-related collapse column,
Gao et al. (1996) divided the effect of confined water into
four aspects: (1) mechanically acting to fracture the rock
mass; (2) gradually softening the rock mass, especially
unconsolidated fine-grained sediment; (3) splitting natu-
ral geologic discontinuities, such as fractures and faults;
and (4) washing and thereby broadening the pathway.
In this study, the combined effects of the redistributed
stresses induced by mining and the aquifer’s hydraulic
pressure were found to indirectly determine whether the
aquitard strata would remain intact.

The stress state in fluid-saturated rock is determined
from elasticity equations, and failure is assumed to
occur when the conventional effective stress exceeds
the strength of the rocks (Jaeger and Cook 1963). This
point is assumed to be the location of the initial fractur-
ing or fracture growth. Expanding on Terzaghi’s early
experiments (1943) with soils and saturated concrete, the
influence of hydraulic pressure on brittle failure indicates
that the magnitude of hydraulic pressure at the crack tip
contributes directly to the strain energy release rate for
tensile fracture extension. Our numerical results (Table 3)
shows that the risk of water inrush rises with the magni-
tude of the hydraulic pressure in the aquifer. No inrush
pathway formed when the hydraulic pressure in the aqui-
fer was set at 1.0 MPa, but when the hydraulic pressure
was increased to 3.0 and 5.0 MPa, one or more inrush
pathways could form.

Table 3 The possibility of water inrush in the cases with different
hydraulic pressure in the aquifer

Model parameters Hydraulic pressure, p/MPa

1 2 3 5
C=4.0 MPa, h,=30 m Y Y Y Y
C=6.5MPa, h,=30m N Y Y Y
C=9.0MPa, h.=30m N Y Y Y

A Case of Water Inrush Related to a Collapse
Column

Geologic Conditions of the Fangezhuang Coal Mine

In June 2, 1984, the most serious water inrush disaster in
China occurred during the mining of working face #2171
of coal seam #7, in the Fangezhuang mine in the Kailuan
coalfield (north China). The peak inflow was about 2053 m’/
min. Based on numerous investigations (drillings, geophysi-
cal, and hydrogeological tests), it was concluded that the
disaster was caused by an underlying water-conductive
collapse column (Fig. 9), which was confirmed to be 50 m
in diameter and 280 m in height. The collapse column cut
through the coal floor from the Ordovician limestone. Data
from borehole logging reveals that the collapse column was
fully weathered and filled with very soft interstitial material,
with an average porosity of 12.6%. The porosity in the upper
half of the column reached about 21%, which is typical for
a collapse column with strong water-conductivity. The col-
lapse column was fully saturated, with a hydraulic pressure
of about 9.0 MPa (Liu et al. 2009; Zhu and Wei 2011).

Numerical Model

A numerical model based on the geologic conditions was
created (Fig. 10). The domain was 600 m X450 m, with
a mesh that contained 600X 450=270,000 elements. A
compressive vertical stress (o,) of 5.2 MPa was uniformly
imposed on the top boundary to represent the stress induced
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Ordovician
Limestone

Fig. 9 Cross-section profile of the collapse column located near
working face #2171 in Fangezhuang coal mine, China
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Fig. 10 Numerical model related to the collapse column in
Fangezhuang coal mine

by the overburden strata. Normal displacements were con-
strained on the right, left, and bottom boundaries. Plain
strain was assumed for this calculation and, for the fluid
flow analysis, a specific hydraulic pressure of 9.0 MPa was
set for the limestone strata. Published physico-mechanical
parameters (Liu et al. 2009) used in the model are listed in
Table 4. The working face was allowed to advance until the
coal pillar was 45 m from the collapse column, at which
point, the water inrush occurred. In the mine design, a 45 m
long coal pillar was used as a safety pillar to prevent water
inrush from the collapse column.

Numerical Results

The distribution of shear stress and strata damage is shown
in Fig. 11. Initially, the pillar is safe and the coal seam floor
is intact although there is evident stress concentration. As
mining advanced in coal seam #7 about 40 m, the water-
restraining pillar was partially damaged, but it still effec-
tively resisted the confined water pressure. When mining
had advanced 60 m, the disordered failure elements together
destroyed the pillar and the floor strata. Based on the failure
mode, the following triggers contributed to the formation
of the water inrush pathway: (1) due to the weakness of
the interstitial material in the collapse column and the high
hydraulic pressure, the unconsolidated fine-grained sediment
in the column was eroded, which both reduced the water-
restraining capacity and enabled water to rise up to the coal
seam; (2) the safety pillar was weakened and partially dam-
aged due to the mining-induced unloading effect; and (3) the
integrity of the water-restraining floor was relatively poor,
which caused an abnormally large damage zone to form.
Under coal seam #7, there are two thin coal seams, #9 and
#12. Since the mechanical strength of coal is much less than
that of sandstone and shale, these coal seams further reduced
the macroscopic strength of the floor strata. Consequently,
incorporating the mining-induced stress redistribution, seri-
ous floor damage occurred, particularly near coal seam #12
at a level of — 390 m.

To get additional information about the formation of the
inrush pathway in the model, the fluid flow values at a series
of elements horizontally along the floor from the open-off
cut to the edge of the collapse column, just before and after

Table 4 Mechanical

frock in th del Young’s Uniaxial compres-  Possion’s Friction Mass den- Hydraulic
Parameters otrockin the mode modulus, E/  sive strength, f,o/ ratio, v angle, ¢  sity, y/(kN/  conductivity, K/
in Fangezhuang mine GPa MPa m) (m/day)
Sandstone 32 94.54 0.23 30 25.6 0.086
Shale 33 94.54 0.3 35 25.6 0.086
Coal seam 15 25 0.23 35 13.9 0.086
Limestone 80 100 0.17 40 30.0 100
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Fig. 11 The formation process
of water inrush pathway related
to the collapse column in
Fangezhuang coal mine

(b)

the formation of the inrush pathway, were incorporated
(Fig. 12). Before the pathway formed, the magnitude of the
fluid flow fluctuated within a narrow range, with slight vari-
ations as mining-induced fractures developed in the floor.
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——Before water intush
12000

—o— After water inrush
10000 -

8000
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Flow volume (m%h)
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2000

0 15 30 45 60 75 90 105
Distance along coal seam floor (m)

Fig. 12 Flow volume along coal floor before and after water inrush

However, after the pathway formed, the fluid flow rose dra-
matically, especially the fluid flow elements located between
the working face and the collapse column.

Conclusions

The influence of collapse column height, mechanical
strength of rock in coal floor, and hydraulic pressure in the
aquifer on the risk of water inrush related to a collapse col-
umn was numerically investigated. The height of a water-
conductive collapse column can directly reduce the effective
thickness of aquitard strata, thereby increasing the risk of
water inrush. The strength of the floor strata helps indirectly
determine the amount of floor strata damage that occurs and
thus, whether the aquitard can be destroyed. The aquifer is
the source of both the water and hydraulic power. Therefore,
the hydraulic pressure is considered to be the other mechani-
cal source that indirectly determines whether the aquitard
strata can be destroyed. Our investigation showed that the
formation of the inrush pathway evolves as the floor strata
is damaged. Although some of the conclusions that result
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may be common sense, the numerical results provide a bet-
ter understanding of the effect of the mining-induced stress
redistribution as well as fracture initiation, propagation, and
coalescence as the water inrush pathway forms, as natural
cases are often situated in complex geologic conditions.

The results of the simulations support multiple factors
contributed to the serious Fangezhuang mine water inrush
disaster. Based on the failure mode of the numerical results,
three processes contributed to the formation of the inrush
pathway: (1) the unconsolidated fine-grained sediment in
the collapse column eroded; (2) the safety pillar was weak-
ened due to the unloading effect; and (3) the coal seam and
the floor rock mass were penetrated by the collapse col-
umn, destroying the integrity of the coal seam floor, which
disturbed the stress field that should have been regularly
distributed.

Finally, we know there is still considerable room for
future improvement in understanding the water inrush
mechanisms related to karst collapse column. For example,
artificial grouting reinforcement of the coal floor may affect
water inrush. As another area of future study, 3D simulations
should be considered to more accurately capture the frac-
turing pattern of the water inrush pathway, because of the
three-dimensional geometry of the karst collapse column.
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