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Water inrush in underground mines is a major safety threat for mining personnel, and it can also cause major damage to mining
equipment and result in severe production losses. Water inrush can be attributed to the coalescence of rock fractures and the
formation of water channel in rock mass due to the interaction of fractures, hydraulic flow, and stress field. Hence, predicting
the fracturing process is the key for investigating the water inrush mechanisms for safe mining. A new coupling method is
designed in FRACOD to investigate the mechanisms of water inrush disaster (known as “Luotuoshan accident”) which occurred
in China in 2010 in which 32 people died. In order to investigate the evolution processes and mechanisms of water inrush
accident in Luotuoshan coal mine, this study applies the recently developed fracture-hydraulic (F-H) flow coupling function to
FRACOD and focuses on the rock fracturing processes in a karst collapse column which is a geologically altered zone linking
several rock strata vertically formed by the long-term dissolution of the flowing groundwater. The numerical simulation of water
inrush is conducted based on the actual geological conditions of Luotuoshan mining area, and various materials with actual
geological characteristics were used to simulate the rocks surrounding the coal seam. The influences of several key factors, such
as in situ stresses, fractures on the formation, and development of water inrush channels, are investigated. The results indicate
that the water inrush source is the Ordovician limestone aquifer, which is connected by the karst collapse column to No. 16 coal
seam; the fracturing zone that led to a water inrush occurs in front of the roadway excavation face where new fractures
coalesced with the main fractured zone in the karst collapse column.

1. Introduction

Water inrush has long been a hydrogeological hazard in
coal resource exploitation. The hydrogeological conditions
of coal mines in North China and East China are complex,
and the threat of water inrush disaster is becoming more
and more serious with the increase of mining depth. In
the past 10 years, there have been 52 major water inrush
accidents, with a direct economic loss of more than RMB
3 billion (US$46.3 million) (Guo W 2018). Water inrush
has become a major hidden danger in coal mine safety pro-
duction. The water inrush accident at Luotuoshan coal

mine on March 1, 2010 [1], is one of the most deadly acci-
dents in record, which resulted in a loss of 32 lives and
direct economic loss of up to RMB 48.53 million (US$7.5
million). In recent years, with the increase in mining depth
[2], the influence of high-pressure water on coal seam
floors is becoming more severe, and the likelihood of water
disasters is increasing.

The study of the water inrush mechanism and the pre-
diction of mine water flood will contribute to coal mine
safety and national production safety performance. Regard-
less of the type of water inrush, the main causes [3] are the
large deformation and failure of the surrounding rock of
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the mining voids. Rock fracturing is the dominant mecha-
nism of failure, especially in intact rocks where explicit
fracturing in the zones of geological structures or breakage
of the roadway floor, rather than plastically deforming
intact rock, are dominant [4]. Therefore, understanding
the evolution processes and mechanisms of water inrush
channels, controlled by fracture propagation, could be the
key to preventing inrush events.

Water inrush events have been studied by using theo-
retical analysis [5-7], numerical simulation using contin-
uum approaches [8], and physical simulation [9, 10].
However, in the above studies, coal water inrush was ana-
lysed from large-scale regional predictions, whereas the
evolution and mechanism of water inrush channels caused
by mining and groundwater were not described directly.

FRACOD is designed to simulate fracture initiation,
propagation, and coalescence in elastic rock and has been
well developed. Now, it also designs complex coupling pro-
cesses among rock fracturing, heat transfer, and hydraulic
flow. Since its initial development in the 1990s, FRACOD
has been used in many studies including the well-known
ASPO Hard Rock Laboratory’s Pillar Spalling Experiments
(APSE) in Sweden [11], the Decovalex International Collab-
oration Project [12], the Mizunami Underground Research
Laboratory (MIU) Investigations in Japan [13], and the State
Key Laboratory of Mining Disaster Prevention and Control
in China [14]. In recent years, the focus of FRACOD devel-
opment has shifted to the coupling between rock fracturing,
fluid flow, and thermal processes. The coupling between rock
fracturing and fluid flow was achieved using an explicit
approach, which employs a time marching iteration scheme
for both fluid flow and fracture propagation [15]. The new
function is capable of simulating fluid flow in complex frac-
ture networks and fracture movement and propagation
driven by fluid pressure.

This paper describes a study using the numerical code
FRACOD to investigate the mechanisms of the Luotuoshan
water inrush disaster. The theoretical background of
FRACOD and its recent developments of the fracture-
hydraulic flow coupling are first introduced. Then, we
present a case study to investigate the mechanism caus-
ing and evolution of the water inrush channels of the
Luotuoshan accident with a focus on how the fracture ini-
tiation and propagation linked the excavation with the col-
lapse column. The case study is conducted based on the
actual geological conditions of Luotuoshan mining area,
and various materials with actual geological characteristics
are used to simulate the rocks surrounding the excavation
of coal seam. The influences of various key factors are
analysed, such as in situ stresses, fracturing on the forma-
tion, and development of water inrush channels. By intro-
ducing random small cracks in the karst collapse column
[16], a new way of modeling the initiation and propaga-
tion of water inrush channels has been adopted. The cou-
pling process of fracture-hydraulic flow during the
formation of water inrush was studied, and the fracturing
pattern in surrounding rock of a roadway heading was
modelled considering the interaction of water pressure
and rock stresses.
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2. Analysis of Water Inrush in the Luotuoshan
Coal Mine

2.1. The Luotuoshan Water Inrush Accident. The Luotuoshan
coal mine is located in Wuhai City in the Inner Mongolia
Autonomous Region of China, and the original design pro-
duction capacity was 1.5Mt annually. The mine access
includes two inclined shafts and one vertical shaft (main
inclined shaft, auxiliary inclined shaft, and vertical ventilation
shaft) and the mine has two mining levels (+870 m, +920 m).
On March 1, 2010, the main return roadway of the No. 16
longwall panel at the +870m level of the Luotuoshan coal
mine experienced a sudden increase in water inflow. At 5:50
pm, water spraying and floor heave were first observed at the
cutting face of the No. 16 main return roadway. About 90
minutes later, the mine water inrush occurred accompanied
by a loud noise. The average rate of inrushing water reached
65000 m’/h, the water pressure was estimated to be 4 MPa,
and the total volume reached 75000 m’. Because the quantity
of maximum inrushing water was far greater than the drainage
capacity of the mine, the mine flooded, and 77 people were
trapped underground. The underground water level rose to
+1093m after stability, as shown in Figure 1. This water
inrush accident ultimately led to a loss of 32 lives and a direct
economic loss up to RMB 48.53 million (US$7.5 million).

2.2. Analysis of Mine Hydrogeology Conditions. The strata
of Luotuoshan coal mine are, from bottom to top, Ordovi-
cian (thickness > 200 m), Carboniferous (86m), Permian
(103m), Triassic (211 m), and Quaternary (6 m) systems.
The main mining coal seams are No. 9 and No. 16, the aver-
age mining thickness is 4.33 m in the No. 9 seam and 5.11 m
in the No. 16 seam. The groundwater regime of mining area
at Luotuoshan consists of three subsystems: pore aquifer for-
mation of Quaternary, sandstone fracture aquifer formation,
and limestone karst aquifer formation of Ordovician system.

Based on pumping-out test data of limestone karst aquifer
of Ordovician system in Luotuoshan [17], the aquifer thick-
ness ranges from 20.04 to 26.62m, with an average value of
23.33m, and the level of groundwater ranges from +1259.21
to +1269.49m, with an average value of +1264.35m. The
water inflow is estimated at 0.0291 to 0.0311L/s, the unit-
inflow ranges from 0.480 x 10~ to 0.512 x 10~ L/s-m, with
the permeability coefficient of 1.62~2.05mm/d, and water
pressure of around 4 MPa. Thus, the aquifer has weak water
yield property, ground water recharge condition is poor with
incomplete development of karst fissure, and hydrogeological
boundary condition is simple. The location of water inrush
accident, main return roadway of No. 16 longwall panel, is
33 m from Ordovician.

2.3. Characteristics of the Collapse Column and Stratum. For-
mation of a karst collapse column is a dynamic geological
phenomenon in which the rock mass or deposits overlying
a karstified zone subside along a karst cavity, resulting in a
collapse pit or sinkhole [18]. The karst collapse column has
a close relationship with the extent of karst development,
the character and the thickness of overburden, and the
dynamic condition of underground water.



Geofluids 3
Main incline shaft (220 Ventilation shaft /
+1093
+980 ‘/ +980
+960 \\ +960
No. 9
+940 A\ ‘\‘ +940
o \? ——x o
+900 N W—— 7/ 000
/ Main return roadway
+880 \ +880
+860 +860
AN
+840 [ 1IN T I I I I I : I : I I I I I +840
Ordovician limestone [ [ [ [ [ [ [ [ [ Collapse column [ [ [ [ [
+820 1 1 1 1 { { { { { { \[ { { { { 1 1 1 1 { { { { +820

F1GURE 1: Location of the water inrush accident in the Luotuoshan coal mine.

Based on the detailed geological prospecting work con-
ducted after the water inrush accident [19], the spatial distri-
bution of the collapse column is shown in Figure 2(a) and
Figure 2(c). Z,, Z,, and Z, are geological drilling; Z, ,, Z, ,,
and Z, , are supplementary drilling; T, is exploratory drilling
of collapse column after the accident. The engineering
geological drilling exploration, as shown by T,, is carried
out in the water inrush area, and stratigraphic structure
(Figure 2(b)) is revealed by borehole near the point of water
inrush. The collapse column consists of two parts, the main
cave and secondary cave, and the physical properties of the
rocks surrounding the roadway and coal are shown in
Table 1. The main cave is less than 10 m in front of the work-
ing face of the No. 16 main return roadway, and the second-
ary cave is buried at the bottom of the coal seam, which has
well-developed fractures that allow water flow.

From the plane view and section view of the collapse col-
umn, it is believed that the water inrush channel is formed by
the fractures connected with the small top section of the col-
lapse column, based on features of water inrush and bursting
mass. The source of water irruption comes from the aquifer
of Ordovician.

3. Fracture-Hydraulic Flow Coupling
Models in FRACOD

FRACOD is designed to simulate fracture initiation, propa-
gation, and coalescence in elastic rock. The basic theories
and various applications to engineering problems can be
found in Shen et al. [20-22] and Stephansson et al. [23]. At
present, most of the software used to simulate rock crack
propagation adopts the methods of finite element and dis-
crete element [24, 25], which is different from FRACOD soft-
ware. FRACOD is a two-dimensional boundary element code
which follows the boundary element method (BEM) princi-
pals. The code employs the displacement discontinuity
method (DDM) to predict the explicit fracturing process

including the possibility of fracture initiation and possibility
and the path of fracture propagation.

3.1. Theoretical Background of FRACOD. Tensile and shear
failure are common in rock masses. When simulating frac-
ture process, it is needed to consider mode I (tension), mode
IT (shear), and mixed mode I+II propagation. G-criterion
(Maximum Strain Energy Release Rate Criterion) in its orig-
inal form is not directly suitable for predicting both mode I
and mode II fractures. Consequently, the original G-
criterion had been improved and extended by Shen and
Stephansson [26] to form a new criterion, the F-criterion.
The principle of the F-criterion can be stated as follows.

In an arbitrary direction (0) at a fracture tip, F(0) is
defined by

GII (0)

; (1)
GIIc

where G;. and Gy, are the critical strain energy release rates
for mode I and mode II fracture growth; G;(6) and G;(0)
are strain energy release rates due to the potential mode I
and mode II fracture growth of a unit length. These are calcu-
lated numerically with these steps: (1) compute the strain
energy based on the original crack; (2) add a fictitious crack
increment Aa in direction 0, and compute the strain energies
for the crack growth modes I and II based on this new ficti-
tious crack; (3) divide the difference between the new and
original strain energies by the incremental length Aa to
obtain the approximate values of G;(6) and G;;(6).

Let F(0) reach the maximum value F,__ at 6 =6,. The F-
criterion states that if F,, >1, fracture propagation will
occur in the direction 0,,.

3.2. Fracture-Hydraulic Flow Coupling. It is known based on
the field and laboratory observations that the interaction
characteristics between pressurized water and surrounding
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FIGURE 2: Plane view (a) and A-A section view (b) of the collapse column; (c) stratigraphic structure diagram of T, borehole.

Geofluids



Geofluids

TaBLE 1: Values of the parameters used to describe the properties of the strata.

Lithology Thickness (m)  Compressive strength (MPa)  Tensile strength (MPa)  Density (kg/m’3) Young’s modulus (GPa)
Mudstone 24.0 15.7 14 2500 10.9

16 coal 7.8 10.4 1.0 1400 10.0

Siltstone 16.2 58.7 4.2 2600 6.4
Mudstone 17.8 15.6 14 2500 10.9
Limestone 10.0 35.0 1.8 2700 442

rock have a major effect on controlling floor water inrush. In _ )

Fracture Leakage into rock matrix

a fractured rock mass, water flow and change in fracture net-
works are interrelated. Rock fractures will enhance water
flow by creating new flow channels, whereas water pressure
may stimulate fracture growth. In order to study the water
inrush issue in Luotuoshan mine, understanding and simu-
lating the coupled processes between fracture mechanical
response and water flow are necessary.

There are two fundamental approaches in modeling the
coupled fracture-hydraulic flow (F-H) processes in fractured
rock. One is the implicit approach and the other is the
explicit. In the first approach, related fluid flow equations
[27], such as Darcy’s law, are solved together with mechani-
cal equations for rock medium. In the second approach, how-
ever, both fluid flow and mechanical response are simulated
by using a time marching iteration process. There are several
well-known commercial codes, such as UDEC [28], that are
based on the explicit process.

In order to simulate the coupled processes, a new coupling
method, which is an explicit approach, is designed in FRA-
COD, and it uses the displacement discontinuity (DD)
method with an iteration process to simulate rock deforma-
tion and fracture propagation. In parallel, it also uses the cubic
law combined with an iterative process to model the fluid flow
processes in fractures. Comparing with the implicit approach,
both the mechanical and fluid flow calculations with this
explicit approach are mathematically simple to adopt compli-
cated boundary conditions and changing model conditions.
But it often needs longer computational time for flow solution.

3.2.1. Numerical Considerations. In general, there are two
ways of water inrush in mining face: water not only flows
in the fracture channels but also leakages from the fracture
channels to the surrounding intact rock. The paper con-
siders both the flow in fractures and the leakage in intact
rock, as shown in Figure 3. The path of water inrush is
dominantly the fracture channels, the so-called “channels”
water inrush or fracture water inrush, and in the rock it is
seepage water inrush.

During the mechanical simulation using DD method, a
fracture is discredited into a number of DD elements, as
shown in Figure 4. In the flow calculation, each DD element
is considered as a hydraulic domain, and the adjacent
domains are connected hydraulically. Fluid may flow from
one domain to another depending on the pressure difference
between the two domains.

3.2.2. Iteration Scheme. A coupled F-H process is illustrated
in Figure 5, and the iteration steps are described below.

Dominant fracture flow

FIGURE 3: Water paths of dominant fracture flow and minor leakage
into rock matrix. P is water pressure.
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Step 1. Water flow occurs between fracture domains, and
water leaks into the rock matrix. The water flow between
the fracture domains is calculated using the cubic law, that
is, the flow rate between two adjacent domains is calcu-
lated using

_EAP
C12ul’



where e is the fracture aperture; [ is the domain (element)
length; AP is the fluid pressure difference between the two
domains; and p is the dynamic fluid viscosity.

The leakage between a fracture domain and the rock
matrix is described by porous flow, but the porous flow pro-
cess is often complex and it depends on the varying boundary
conditions, initial fluid pressure, and flow history [29]. To
simplify the simulation, it is assumed that the fracture is
effectively enclosed by a fictitious layer of intact rock of lim-
ited thickness at each side and a constant fluid pressure exists
on the outer boundary of the rock layer. The flow leakage
between a fracture domain and the surrounding intact rock
is estimated using

k(P -Py)

Qeak = T ud (3)

where k is the permeability of rock; d is the effective leakage
distance; P is the domain fluid pressure; and Py, is the initial
pore pressure minus the pressure at the outer boundary of
the simulated rock layer.

Step 2. Water flow causes pressure changes in the water
domains. After a short time duration At, the domain pressure
will change as the water flowing in or out of a domain
changes the fluid volume. The new domain pressure is calcu-
lated using

K,QAt  K,_,QuAt
\%4 \%4

P(t+At)=P, + , (4)

where K, is the fluid bulk modulus; V is the domain volume;
and At is the time step.

Step 3. Changes in water pressure cause fracture deforma-
tion. The fracture domains are calculated using the DD
method, where the water pressures in the fracture domains
are the input boundary stresses. After considering the
water pressure in the fracture domains, the system of
equations for calculating the element displacement discon-
tinuities is given as

; N N i
<Us> = ZASSDS + ZAsnDn _KSDS’
0 j=1 =1

i Noijoio X i i
<an) +P(t+At)-Py= Y A, D+ Y A, D, -K,D,,
. ‘ ‘

where (0,), and (o,), are the in situ stresses in the tan-
gential and normal directions of the fracture surface; D,
and D, are the displacement discontinuities in the shear
and normal directions; A, A,,, A, and A,, are the influ-
ence coefficients of the displacement discontinuity on the
tractions on the fracture elements; and K, and K, are

the shear and normal stiffnesses of the fracture.
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Step 4. The fracture deformation changes the domain vol-
ume, thus changing the water pressure in the domain. The
new domain pressure is calculated using

P'(t+At)=P(t+ At) - K, Ae - ‘i/ (6)

where P(t + At) is the initial domain pressure before frac-
ture deformation; P'(t+ At) is the new domain pressure
after fracture deformation; and Ae is the change in frac-
ture aperture.

The new domain fluid pressures are then used to calcu-
late the flow rate between domains in Step 1. Steps 1 to 4
are repeated until the desired fluid time is reached and a sta-
ble solution is achieved.

3.3. Validation and Application of FRACOD. Over many
years, FRACOD has been used to model the rock engi-
neering problems and has been proven to be useful in pre-
dicting borehole breakouts [30], stability of large shaft and
galleries [31], pillar spalling [32], rock mass permeability
change due to fracturing, and fundamental creep behavior
of rock samples [33].

To demonstrate the fracture propagation mechanisms
discussed in the coupled F-H code of FRACOD, a single
fracture fluid flow example case has been modelled. This
case only tests the fluid flow function with mechanical cou-
pling; hence, the single fracture linking the two holes has a
constant initial aperture of 10 um. Two boreholes are of a
diameter of 1m and are 10m apart. The left hole is the
inlet hole and has a constant fluid pressure of 6 MPa; the
right hole is the outlet hole and the fluid pressure is 0, as
shown in Figure 6. It was excavated at a depth of about
100m below the ground surface, with horizontal (Syy)
and vertical (Sxx) in situ stress and of about 2.5 MPa. The
single fracture was set as the monitoring line to monitor
the change characteristics of fluid pressure and flow rate
at different times. The key mechanical and fracture proper-
ties used in the simulation test are shown in Table 2.

The modelled fluid pressure distribution with time in the
single fracture is shown in Figure 7(a). The results demon-
strate a dynamic process of fluid flow from the inlet hole to
the outlet hole in 0.2, 0.5s, 1.55, and 10s. Affected by the
water pressure between two holes, the fluid flows from the
inlet to the outlet. After 0.2s,0.5s, and 1.5, the pressure dis-
tribution is still nonlinear before 1.5s. After about 10s, the
fluid flow in the single fracture has reached a steady state
solution and the pressure is linearly distributed. The fluid
flow distribution is shown in Figure 7(b). After about 10s,
the fluid flow has reached a steady state and the flow is line-
arly distributed. Before reaching steady stage, the flow near
the inlet is larger than that in other areas, and the flow grad-
ually decreases with the distance increase from the inlet. The
results of the tests show that the F-H code of FRACOD is
working properly according to the expectation.

We use a simple model for the main return roadway
which is located in the No. 16 coal seam (Figure 8). The sim-
ulated heading face of the main return roadway is arranged at
the top of the No. 16 coal seam; the width and height are
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FIGURE 6: Single fracture fluid flow test.

TaBLE 2: Some input parameters for the validation case.

Mode I (MPa-m'/?) 1.5
Fracture toughness s
Mode IT (MPa-m '“) 3.0
Bulk modulus (GPa) 1.0
Fluid Density (kg-m™) 1000
Viscosity (Pa-s) 1.0x1073
Young’s modulus (GPa) 37.5
Poisson’s ratio 0.25
Rock Internal friction angle (°) 33
Cohesion (MPa) 33
Porosity 0.1

5.22m and 3.66 m, respectively, and it was excavated at a
depth of about 414 m below the ground surface, with vertical
and horizontal in situ stress of about 10.3 MPa. In this study,
the mechanical properties of the simulated rocks are the same
as those in the field. Based on the physical properties of coal
rock, Young’s modulus is 10 GPa, tensile strength is 1.0 MPa,
Poisson ratio is 0.25, the angle of internal friction is 35°, and
cohesion is 2 MPa. In this case, fracture initial and residual
aperture is assumed to be 10 ym, and fracture shear and nor-
mal stiffness is assumed to be100 GPa/m.

The modeling was conducted using symmetry fractures
to reduce the calculation time. In this case, we can clearly
see that this approach has proved very effective in simulating
the behavior of fracture initiation, propagation, and coales-
cence in surrounding rock of the main return roadway.
Because the natural stress field is redistributed due to the
excavation, stress concentration areas appear in rock sur-
rounding the roadway that causes roadway deforming or
destructing. Small fractures were first observed in the road-
way’s sidewalls near the corners due to tensile stress and
low confinement (Figure 8(a)). High stress concentration
occurred at the roof and bottom corners; the maximum value
of the major principal stress is about 45 MPa (Figure 8(c));
and the initial fractures started to propagate in these areas
and extended in sidewalls, roof, and floor (Figure 8(b)).
Although the propagation of fractures was dominated by ten-
sile failure, shear failure played an important role in the path
of propagation. The maximum value of roadway displace-
ment occurs at the surface of the roof (Figure 8(d)). This

modeling case demonstrates that the code is working prop-
erly according to the expectation.

3.4. FRACOD Models to Simulate the Water Inrush. There are
three factors affecting mine water inrush: water source, water
inrush channels, and water inrush condition. Among them,
the presence of a water inrush channel is a key factor affecting
mine water inrush. Previous studies mostly concentrated on
the floor damage characteristics and did not provide a
detailed description of the formation of water inrush chan-
nels under the joint action of the mining process, geological
structure, and water pressure. The aim of this article is to elu-
cidate the formation of a water inrush channel during the
process of tunnel excavation.

The latest version of FRACOD with M-H coupling func-
tions is used to simulate the water inrush in this paper. A
roadway excavation model was established along the direc-
tion of face advance (see Figure 9), and the spatial parameters
of each structure are the same as those of the actual geological
data in this model. The simulated main return roadway in the
No. 16 seam is 36 m long and 3.66 m high, excavated at a
depth of about 414 m below the ground surface. The roadway
was located in the upper part of the No. 16 coal seam, and the
roadway floor is 38 m above the limestone karst aquifer. The
main cave of collapse column is in front of roadway working
face, with the distance less than 10 m, and the secondary cave
is buried in the bottom of the coal seam.

Note that the modeling was done in two-dimensional
(2D). The 2D representation of a roadway along its axis
direction is problematic because it assumes the infinite width
of the roadway, which is clearly an unrealistic assumption.
Nevertheless, the 2D model is considered to be more conser-
vative than reality because it can lead to a higher stress con-
centration in front of the roadway face. The mechanisms of
rock fracturing in the 2D model should still be reasonably
representative of reality.

During this numerical study, y, the model includes two
parts: surrounding rock and collapse column, as shown in
Figure 9. The surrounding rock mass is treated as strata of
different homogeneous, isotropic, and elastic media, and geo-
static stress is considered. The rock mass is assumed to be
impermeable and nonporous due to the code limitation in
FRACOD. It needs to emphasize that the collapse column
should not be directly simulated as one continuous geological
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FIGURE 7: Fluid pressure and flow variation in single fracture at different times: (a) time-fluid pressure curve and (b) time-fluid flow curve.

body, because it requires a much more complex model and
significantly longer computational time to achieve conver-
gence for curvilinear boundary of collapse column. In part
of the collapse column, these cracks with random orienta-
tions are assumed to have a hydraulic aperture that enables
them to hold water pressure. However, due to the limita-
tion in modeling capacity, it is impossible to define the
boundary of the collapse column and use the actual sizes
of the microcracks. Hence, as a simplification, we used
cracks with a length of 1.4m and a crack density of 0.5
cracks per square meter. The fractures near the boundary
of the collapse column are defined at the end point of the
fracture line by a tip element, and the fracture initiation
(element size of 0.5 m) is allowed in the internal rock mass
and at the strata boundary.

The mechanical properties of the simulated rocks and
coal are given in Table 3. In this study, Young’s moduli rep-
resent the lower end values of a range of measurement results
using different methods. This treatment is designed to con-
sider the scale effect from laboratory scale to field scale,
because the rock mass” Young’s modulus tends to be signifi-
cantly lower than that of a small rock specimen in the labora-
tory scale.

4. Modeling Results and Discussions

4.1. A Description of the Water Inrush Event That Occurred.
Because the natural stress field changes due to roadway exca-
vation, an area of stress concentration forms in the rock sur-
rounding the roadway. Meanwhile, the fracture and damage
of the rock mass significantly change the permeability of
the surrounding rock, thus causing water inrush accidents
in coal mines. In this paper, the factor of safety (FoS, see
[33]) is used to analyse failure pattern of surrounding rock
at the main return roadway of the No. 16 seam. FoS is a term
describing the load carrying capacity of a system beyond the
expected or actual loads. Essentially, the factor of safety mea-
sures how much stronger the system is than an intended load.

In FRACOD, the total FoS has two main components:
shear FoS and tensile FoS. The total FoS is a ratio of maxi-
mum shear/tensile strength of materials to intended load
with the actual shear/tensile values of materials. If the value
is greater than 1, surrounding rock could take additional load
before it fails by this definition. If the value is less than 1, the
surrounding rock will fail, and deformation in the rock mass
will produce fracture propagation, allowing water inrush.

Figure 10 shows the total FoS distribution in the sur-
rounding rock mass at different times. The failure zone of
surrounding rock is gradually increasing with time near the
roadway face, especially between the main cave of collapse
column and the roadway face. After cycle 9 (Figure 10(a)),
the failure zone between the collapse column and the road-
way face reaches the main cave, and the failure zone in the
roadway floor started to expand towards the secondary cave.
After cycle 12 (Figure 10(b)), fluid flow in the rock mass in
the failure zone of the main cave may cause localized tensile
stress, which further drives the preexisting fractures to prop-
agate. After cycle 14 (Figure 10(c)), the water pressure drove
the short fractures in the main cave to propagate towards the
roadway face due to expansion of the failure zone and coales-
cence with the main fracture. At cycle 24 (Figure 10(d)), the
major fractures coalesce, water inrush channels form, and
water rushes into the roadway. It can be clearly seen that
the water inrush location is in the area at the front of the
roadway heading, as the fracture channels coalesced with
the main cave in the collapse column.

4.2. Stress of the Surrounding Rock at the Roadway. Stress dis-
tribution characteristics in rock surrounding the main return
roadway of the No. 16 depend on many factors, such as rock
mechanical properties (e.g., Young’s modulus) and the effect
of geological structures. The normal stresses of the surround-
ing rock are shown in Figure 11.

As shown in Figure 11(a), the simulated normal stresses
(Sxx) along monitoring lines Lv1-4 (Figure 4) for cycle 14 fol-
low a similar trend and have very close values at the lower
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FIGURE 8: Verification model for the main return roadway in the No. 16 coal seam. (a) Fracture initiation in rock surrounding the roadway at
cycle 16. (b) Fracture propagation and coalescence in rock surrounding the roadway at cycle 29. (c) The distribution of major principal stress
in surrounding rock at cycle 29. (d) The distribution of total displacement at cycle 29; size and direction of the arrows carry double
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part of the lines but large differences at the upper part of the  toring lines is relatively intact, while fractures are well devel-
lines in the region in front of the roadway face. This is  oped in the region of the coal seam at the front of the
because the rock in the region at the lower part of the moni-  roadway face (see Figure 10(c)). The maximum normal stress
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TaBLE 3: Mechanical properties of simulated rocks and coal.

Rock Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio  Friction angle (") Cohesion (MPa) Tensile strength (MPa)
Mudstone 2500 10.0 0.27 35 1.2 1.4
16 coal 1400 9.0 0.25 35 2.0 1.0
Siltstone 2600 5.8 0.25 41 9.5 4.2
Mudstone 2500 10.0 0.27 35 1.2 14

is observed at the top end of monitoring line Lvl, near the
corner of the roof. At the upper part of the monitoring lines,
the normal stress decreases with increasing distance from the
roadway face. The variation in the normal stress along the
upper part of line Lvl is different from the variations in the
other three lines. The variation in stress far from the roadway
area influenced by mining always exhibited a hysteresis,
unlike that of the rock mass near the same area. Hence, the
distribution within the high-stress zone was not uniform in
the pillar because of fracture initiation and propagation.
The zone was first produced in front of the roadway face,
and then, fractures constantly initiated over time. As a result,
more water could flow into this area due to the greater
number of fractures.

Geometrically, the abovementioned part is similar to the
top part of a vertical monitoring line: both are near the cor-
ners. The maximum normal stress (Syy) is at the end near
the floor corner of the monitoring line Lhl (Figure 10(b)).
The variations in the normal stress in the region at the right
end of the monitoring lines are more complex. This may be
due to the effect of the secondary cave of the collapse column
(Figure 9). Some complex variations can also be seen in this
region in Figure 10(c) and Figure 12(c). Nevertheless, the
predicted results in Figure 9 indicate the potential impact of
fracture initiation, propagation, and coalescence.

4.3. Fracture Initiation and Propagation

4.3.1. Fracturing in the Coal Pillar between the Collapse
Column and Roadway Face. The FRACOD model predicted
that a major fracture initiated at the top corner of the road-
way face and propagated towards the collapse column.
Meanwhile, the initial short fractures at the collapse column
started to propagate towards the roadway face. Although the
number of those fractures was very small, they play an
important role in the formation of water inrush channel
due to the fracture coalescence. The fracture propagation
was caused because the high stresses in this area exceeded
the strength of the coal and rock. The high stresses are due
to the fluid pressure and stress redistribution from the exca-
vation of the roadway. The propagation of these fractures was
dominated by shear failure in this case, however, tensile fail-
ure played an important role in the path of propagation.

In the early stages of modeling, it was observed that the
new fractures in the main cave initiated in a direction approx-
imately parallel to the preexisting fractures (Figure 12(a)). As
time progressed, the water pressure drove the short preexisting
factures in the main cave to propagate towards the roadway
face (Figure 12(b)), and eventually, these fractures coalesced
with the factures initiated in the coal pillar and those from
the roadway face (Figure 12(c)). The newly linked fractures
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FIGURE 12: Modelled fracture initiation, propagation, and coalescence in the coal pillar and rock mass surrounding the roadway cavern: (a)

cycle 9, (b) cycle 12, (c) cycle 14, and (d) cycle 24.

then propagate under high fluid pressure, eventually forming
several long-inclined fractures and then water inrush channels
(Figure 12(d)).

4.3.2. Fracture in Coal Floor. The fracture development in the
coal floor has two effects: one is the broken floor strata, and
the other is the propagation of the preexisting fractures of
the secondary cave in the subvertical direction. However,
these two fracture effects did not interact during the whole
course of modeling.

Based on simulation results, it is judged that the source of
the water inrush accident in Luotuoshan coal mine is the
Ordovician limestone aquifer, which is connected by the col-
lapse column to the No. 16 coal seam; water inrush occurred

in front of roadway heading because fractures in the main
cave in collapse column driven by excavation stress and
high-water pressure propagated and coalesced with those ini-
tiated at the roadway corner.

4.4. Formation and Development of Water Inrush Channels.
The above simulation results indicate that water inrush
occurs in front of the roadway excavation face where new
fractures coalesce with the main fracture zone in the karst
collapse column. A new numerical simulation of a roadway
is conducted to study the formation and development of
water inrush channels before and after fracture coalescence.
The mechanical properties and burial conditions of the sim-
ulated rocks are the same as the verification model. In this
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case, the model consists of the cross section of the roadway
and some preexisting fractures at one side, representing the
collapse column (see Figure 13).

Fractures filled with high-pressure water were observed
to propagate in the collapse column towards the roadway
face (Figure 13(a)), and a major fracture without water at
the top corner of the roadway face propagated towards the
direction of the collapse column. The blue arrows on the pre-
existing fractures represent the relative magnitudes of the
fluid pressure. After the fractures coalesced (Figure 13(b)),
water inrush channels formed, and high-pressure water
gushed into the roadway face. The high pressure from the
water released, and numerically, the water pressure decreased
to zero. The newly initiated fractures are not predicted to
propagate under the stress conditions, and no water inrush
channel has been predicted to form. At this stage and after,
no stress-induced fracture initiations are predicted because
the stresses are released rather than elevated due to excava-
tion, and the surrounding rock mass of the main return road-
way of No. 16 generally stabilizes.

5. Conclusions

Understanding the coupled fracturing processes from the
underground water is important for preventing coal water
inrush. To investigate the evolution process and mechanisms
of the major water inrush accident in Luotuoshan coal mine,
this study applies the recently developed fracture-hydraulic
flow coupling function of FRACOD. The F-H coupling was
achieved using an explicit approach, and it employs an itera-
tion scheme for both fluid flows and fracture propagation.
The new function is capable of simulating fluid flows in com-
plex fracture networks and fracture movement and propaga-
tion driven by fluid pressure.

The case study conducted for the Luotuoshan accident
using a FRACOD model indicates that the water pressure
drove the short factures in the main cave to propagate
towards the roadway face and eventually coalesce with the
factures in the coal pillar. These fractures propagated and
coalesced with other newly initiated short fractures and those
initiated from the roadway corner, eventually forming several

long fractures and hence a water inrush channel. Based on
the simulation results, it is determined that the water source
of the accident was the Ordovician limestone aquifer beneath
the mining seam, which is connected by the collapse column
to the No. 16 coal seam. Water inrush occurred when the
roadway face was at some distance from the main cave in
the collapse column, where fracture initiation and propaga-
tion finally linked the roadway to the main cave and formed
water inrush channels.
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