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Abstract Most of water inrush incidents in coalmines are
originally derived from a seepage flow through rock mass
fractures, particularly in fault zones. Water inrush is typi-
cally caused by hydromechanical coupling interactions
induced by human activities. Taking the Zhaogezhuang
coalmine in northern China as an example, the progress of
a lagging water inrush, which occurred at a depth of about
—1,100 m, was simulated and analyzed based on the
hydromechanical coupling mechanism. A 3D model
incorporating the main structures of the study area was
constructed based on the geological data and field inves-
tigation. The equivalent continuum medium was employed
to describe fault zones. Processes of determining the
mechanical, rheological and hydraulic parameters are dis-
cussed in details. Three hydromechanical coupling models
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are applied: (1) the elastoplastic strain-fluid coupling
mechanism in rock mass within the fault zone, (2) the
inelastic creep-fluid coupling mechanism in rock materials
within the fault gouge, and (3) the stress-permeability
coupling mechanism in the fractured porous rocks. The
evolution of water-recharge zones along the fault zone was
presented in different mining phases. By comparing the
simulated pore pressures with the in situ monitored ones,
the following conclusions can be drawn: (1) the actual
hydraulic behaviors are a combination of the long-term
trends and short-term effects; (2) the creep-fluid coupling
model reflects the rock hydraulic behaviors of long-term
trends, while the elastoplastic strain-fluid coupling model
demonstrates the short-term effects; (3) a prediction
method called ‘time window’ for the risk of the lagging
water inrush is proposed. Its feasibility is discussed.

Keywords Pore pressure - Mining - Water inrush -
Numerical simulation - Hydromechanical coupling

Introduction

Mining water inrush is a type of serious incident occurring
in the form of groundwater inrushing into an underground
opening space, for example, drifts, openings or working
faces. A specific water inrush is the lagging water inrush in
which the water floods into an opening space from aquifers
through fractures within fault zones. There is usually a time
span from fault zones exposure to water inrush occurrence
during the process of coal mining. It is a huge threat to the
coalmines in China, and difficult to prevent (Wu et al.
2011a). The 272 coalmines of 624 unified distribution
coalmines in China are threatened by water flooding. From
1955 to 2000, there were 1,500 cases of serious mining
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water inrush incidents, almost 80 % of which were
involved with the fractured fault zones and had the features
of lagging water inrush (Coalfield Geological Central
Bureau of China 2000). A typical lagging water inrush
happened at the 9th level of No. 1 crosscut at a depth of
approximately —730 m within the eastern mining area of
Zhaogezhuang coalmine in 1972 (Wu et al. 2002; Zhu
2009).

The study focus of excavation-induced water inrush has
evolved over the past decades. In the beginning, much
interest was focused on the volume of water inflow
assessment for rock tunnel (Goodman et al. 1965; McFeat-
Smith et al. 1985, 1998; Heuer 1995). Later, more evidence
showed that the excavation-induced changes in stress and
deformation of rock masses result in permeability varia-
tions, and eventually lead to water inrush into an opening
space where there exist weak tectonic structures (e.g.,
faults, joints, fractures) connecting with aquifers. The issue
has been studied in laboratories and fields by many
scholars for the original goal of safety of nuclear waste
repositories (Borgesson et al. 1992; Olsson 1992; Emsley
et al. 1997; Sugihara et al. 1999; Backblom and Martin
1999). One of the most highlights is the field test to the
permeability change in the excavation disturbed zone
(EDZ) around tunnels in Sweden as an important part of
the Stripa project (Witherspoon 2000).

The occurrence and development of mining lagging
water inrush is a representative process of hydromechnical
(HM) coupling, implying the physical interaction between
hydraulic and mechanical processes. HM interaction is
common in geological media (e.g., soils and rocks) because
such media contain pores and fractures that can be fluid
filled and deformable. In general, a fluid-saturated porous
or fractured rock mass can deform as a result changes of
the external load and/or the internal pore-fluid pressure
(Rutqgvist and Stephansson 2003). It is reasonable that the
processes of mining lagging water inrush can be investi-
gated by considering the coupling between fluids and
deformation.

For various reasons, unfortunately, the deliberately
designed in situ experiments to study the mining lagging
water inrush and its HM coupling process are almost
impossible (Gray 1993), and specialized physical prototype
tests are difficult to simulate the complex underground
environment. Thus, numerical simulation based on field
observations has become a reasonable choice for studying
some water inflow events, particular the small lagging
water inrush events occurring during the course of mining.

In this research, a small-scale mining lagging water
inrush that occurred in the 13th level no. 1 crosscut, at a
depth of about —1,100 m, in the eastern part of
Zhaogezhuang coalmine, is described. A robust numerical
model was built using FLAC?® according to the recorded
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Fig. 1 a Main tectonostratigraphic subdivisions of Kailuan coalfield p»

affiliated with Kuailuan group corporation, and outcrops of coal
measures hosted in Carboniferous—Permian (C-P) strata; b Simplified
geological map of Zhaogezhuang coalmine showing the locations of
the underground drifts extension. Alluvial-eluvial deposits prevail
except where C-P and €.0 outcrops occur. P—Permian sand-shale;
C—Carboniferous sandstone; O—Ordovician limestones; €_Cam-
brian limestones; Z'Sinian sandstone (Wang et al. 1977); ¢ A-A’
profile of Zhaogezhuang coalmine

event process and geological setting. Three HM coupled
methods, consisting of direct and indirect HM coupling
(Rutqvist and Stephansson 2003), are applied: (1) the
elastoplastic strain-fluid coupling, a direct HM method of
considering the fractured porous rocks as elastoplastic
materials, (2) the inelastic creep-fluid coupling, also a
direct HM coupling method of considering rock mass as
viscoelastic materials, and (3) the stress-permeability
coupling in fractured porous rocks, an indirect HM cou-
pling method regarding the influence of stress-induced
permeability variations during mining.

Background of geologic conditions and study site
Geological setting

Zhaogezhuang coalmine is located within the northeastern
suburb, an area named “Guye region”, of Tangshan city,
Hebei province, north China (Fig. 1), covering an area of
approximately 40 km?. It has a semiarid climate and warm
temperate with clearly cut seasons. Mean annual precipi-
tation is about 614.7 mm. The surface covering is mainly
composed of alluvial-eluvial deposits with a depth of
0-40 m. As a result of the Neocathaysian structural system,
a series of compression-shear folds and faults in NNE
direction occur alternately, representing the main tectonic
features of this area. Due to the influence of the local
vortex structure, in the east wing of Kaiping syncline (the
coalmine-hosting area of Kaiping coalfield), a few exten-
sional folds and faults are emerging (Fig. 1a). To the north
edge of Zhaogezhuang coalmine area, the stretch of up and
down mountains is the outcrop of Cambrian—Ordovician
(E-O) limestone, with an elevation of 100.0-290.0 m.
They are just the outcrops of the Kaiping syncline, a wing
extended and exposed out of the ground surface (Fig. 1b).

Zhaogezhuang coalmine is situated just at the Kaiping
syncline’s tip (Fig. 1a), the end of a syncline axis charac-
terized by a dramatic turn from around N34°E to almost
E-W direction due to a strong squeezing and twisting tec-
tonic force (Wang et al. 1977). The coal measures are
hosted in the Carboniferous—Permian (C-P) stratum dis-
tributing on the plane, as shown in Fig. 1. On the profile,
they have a very asymmetrical shape, with a 30-40° dip in
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the eastern wing and an approximately vertical or even
overturned dip in the western wing, respectively. As the
oldest Chinese coalmine enterprise with more than
100 years of mining history, the Kailuan group corporation
has constructed a complicated underground spatial struc-
ture, in which 14 mining levels (Fig. 1c) consist of a drift-
digging length of up to 200 km. The 4th, 7th, 12th and 13th
levels of drifts are illustrated using dashed lines with dif-
ferent colors in Fig. 1b. Until now, the maximum depth of
coalmining has reached —1,200 m (the 14th level; Fig. 1c).

In this coalmine, the main aquifer potentially flooding to
the mine is dominated by the Majiagou limestone group
that is composed of thickly bedded and pale grey shelf
limestone with a thickness of about 400 m. The aquifer is
hosted within the upper Ordovician sequence and called the
Ordovician limestone aquifer. As shown in Fig. Ic, this
aquifer is inclined and can get rainfall recharge from its
outcrop. Also, with the features of the synclinal structure
and the developed fractures, this aquifer is a good storage
and transport channel for groundwater. Within the current
range of mining at about 1,200 m depth, the potentiometric
pressures could reach 8.0-9.0 Mpa. In addition, some
subordinate aquifers in the Carboniferous—Permian stra-
tum, which are fractured and composed of medium-coarse
sandstone, occasionally become main water pathways to
threaten the mining activities. Particularly, the aquifer
located between the thin-layer of limestone called K¢ and
the 12th coal seam floor, which is about 13-18 m in
thickness and named the coal measures aquifer, is
remarkable because of its potentially hydraulic connections
with the Ordovician limestone aquifer through the frac-
tured fault zones. It is possible that there is a certain
hydraulic link among these aquifers, in particular, when
water conductive faults pass through them (Wang et al.
1977), as described in the following case study.

Study site

The study site is at the depth of —1,100 m near the 13th level
of no. 1 crosscutin the eastern Zhaogezhuang coalmine. A 3-D
model incorporating the main geological features and the
mining structures of Zhaogezhuang coalmine has been con-
structed using ArcGIS (Fig. 2). As mentioned above, a small
lagging water inrush incident occurred in the 13th level of no.
1 crosscut (Fig. 2b) when the 12th-upper coal seam was mined
in 2003. At the beginning, only a few slow water-sprayings
were observed from drift walls nearby the no. 1 crosscut; thus
people did not pay enough attention. However, when the 12th-
lower coal seam was mined in an area called the 3132_1 face
from May 2004 to July 2005, water-spraying became worse
gradually, with a water inrush range expansion from 60 to
150 m along the drift wall (Fig. 2b). During the mining pro-
cess, a water discharge of 1.1-1.6 m*/min and a water
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pressure of 4.9 Mpa were recorded and the roadway floor was
heaved up to 162 mm. The normal mining was forced to be
suspended from August 19 to September 5, 2005. After the
mining was resumed, three working faces of the 3132
(3132_1, 3132_2 and 3132_3) were mined until March 2006.
The water inrush discharge remained in the range of
0.5-1.0 m*/min with a water pressure of 0.4-2.9 Mpa. After
that, the water inrush shows a stable and slow decline.

By initial analysis, the water inrush was related to a
branch of the VIIIth fault that connects the €-O limestone
aquifer with the coal measures hosted in a C—P stratum.
However, the discharge or the strength of this water inrush
was not the same as the serious flooding, with a water
discharge up to 52.71 m*/min incident, that occurred at the
9th level of no. 1 crosscut in 1972 (Zhu 2009). It seems that
there exist other water sources and pathways. In order to
determine how the water inrush occurred, two slant bore-
holes (Monit.1 and Monit.2), were drilled with different
orientations from the 13th level drifts (Fig. 2b) to serve as
in situ monitoring points. The water pressures of the slant
boreholes were measured from August 12, 2005 to August
7, 2007. The scatter plots of the water discharge and the
water pressure versus the corresponding dates are illus-
trated (Fig. 2¢) (the water discharge at Monit.2 was not
recorded). There are some short-term fluctuations in both
the water discharge and the pressure evolutions (Fig. 2c);
however, slow and gradual depletion trends are obvious
over the whole monitoring period.

Numerical model

Figure 3 shows a schematic representation of the geometry,
main structures and boundary conditions of the study site,
with a dimension of 320 x 200 x 230 m in x, y, z direc-
tion and a depth ranging from —1,000 to —1,230 m. The
mechanical boundary conditions are a uniformly applied
stress, &,, equal to 23 Mpa of dead weight over the upper
boundary, and a fixed movement on the lower and the
lateral boundaries. The numerical model was built for a
large-scale hydrogeological unit which includes the Ordo-
vician aquifer boundaries of the whole coalmine. Based on
a long-term monitoring of the piezometric levels and the
amount of dewatering from the aquifer during mining, the
piezometric levels fluctuated in the range of —200 to
—250 m from 1991 to 1999 and the aquifer is spatially
recharged from the natural hydrogeological boundaries
with a total flux of 0.483-0.533 m’/s inflow due to the
permeable bare Karst region widely distributed in the
outside of north coalmine border (Cao and Qi 2004).

As shown in Fig. 3b, the hydraulic boundaries of the
numerical model were described by the mixed-III kind
boundary conditions in which there was a combination of
the specified-head boundary and the specified-flux
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Fig. 2 a 3D perspective view of the study area illustrating some
information such as faults, coal seams, drifts and working faces in the
study area; b top view of a section of the transportation drift in which
water inrush occurred. The working faces and faults that lie above the

boundary. Corresponding to the specified-head boundary in
the depth of 1,100 m, the water pressure of 8.8 Mpa was
applied in the Ordovician aquifer. In the Carboniferous
coal measure’s aquifer, the water pressure of 4.5 Mpa,
which mainly come from the Ordovician aquifer with a loss
of head, also was preset. Two areas were assigned to the
specified-flux boundary. One area is the natural north
hydrogeological boundary of approximately 151.3 km?
with a total flux of about 0.5 m3/s; the other area is
the lateral boundary of approximately 0.023 km?

13th level drift are also shown; ¢ In situ observation data of flow rate
and water pressure in Monit.1 and Monit.2 in no.1 crosscut of the 13th
level in the water inrush field

(200 x 115 m) of the numerical model in which a flux of
7.6 x 107> m?/s inflow was calculated.

As shown in Fig. 3b, c the sketch of model mesh con-
sists of seven types of rock materials, which are the Car-
boniferous fine sandstone, the 12th-lower coal seam, the
medium-coarse sandstone, the fault gouge, the mylonite
rock, the sandstone and the Ordovician limestone. Each
type of rock was represented, by a group of blocks in
FLAC?P software (Itasca Consulting Group 1997; Granet
et al. 2001; Caillabet et al. 2000). The red cells represent
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Fig. 3 3D diagrams demonstrating the process of numerical model
construction. a Spatial location of the model. b Conceptual model and
definition of boundaries used in the numerical simulation. ¢ Grid
model for tectonic structure, deposits, mining phases and drifts. d

3" mining phase
Fault gouge

Mylonite rock 1* mining phase

the fault gouge, a soft-rheology-plastic material in the
VIIIth fault. Fault movements can affect the surrounding
rocks and cause them to be metamorphous and fractured.
Previous studies have verified that the process also hap-
pened in the vicinity of the VIIIth fault (Wu et al. 2002).
The blue cells surrounding the VIIIth fault, represents the
mylonite, which is a by-product of squeezing, shearing and
tortuosity in rock fractures. According to the boreholes’
data (Table 1), the VIIIth fault zone, including its branch,
is about 80 m in thickness.
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X-ray transparent diagram showing the model. Notice that every
mining phase is composed of 50 x 50 x 4.2 m coal seams for
simulating the process of coal excavation

Parameter determination

The determination of mechanical and hydraulic parameters
of rock masses is always referred to be a problem of scale
dependency; and consequently how to use equivalent
continuum media with realistic parameters to describe the
macroscopic behavior of fractured and porous rocks
becomes very complicated (Long et al. 1982; Sitharam
et al. 2001). Comparing the model size
(320 x 230 x 200 m) with the opening spaces (3-5 m
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Table 1 Typical geological column of boreholes overlying the Ordovician limestone in Zhaogezhuang coalmine
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diameter of engineering-scale drifts), the ratio of scale is
great enough to diminish the scale effects based on the
principles of contintum mechanics.

Mechanical parameters

The numerical model input parameters, such as the in situ
stress field, the rock strength, and deformation modulus,
are never known precisely. There are always uncertainties
in these parameters; some of the uncertainties are intrinsic
and the others arise from the lack of knowledge or
understanding (Cai 2011). Perello (2011) presented a sys-
tematical analysis to various types of geological
uncertainties.

The mechanical parameters, such as E; uniaxial com-
pression modulus, ¢;, ¢; Morh-Coulomb parameters, o
tensile strength, can be obtained in a laboratory and in situ
test in association with previous research results (Zhou
et al. 2000; Wu et al. 2004). Justo et al. (2010) provided a
method to estimate the modulus and strength of fractured
rocks based on different rock mass classification systems,
which include the Q system (Barton et al. 1977), the rock
mass rating (RMR) system (Bieniawski 1984), the geo-
logical strength index (GSI) system (Hoek and Brown
1997), and the parameter values obtained in laboratory and
in situ tests. It is a valuable way to obtain the mechanical
parameters of rock masses through which geological
uncertainties are reduced as much as possible; however, it
is time-consuming and costly. In this study, the RMR
system was adopted in association with previous engi-
neering experiences. The mechanical parameters used in
our numerical simulation are shown in Table 2.

Rheological parameters

As mentioned above, the VIIIth fault zone is viewed as a
weak zone, which is fulfilled with soft-rheology-plastic
fault gouge, i.e. the black fault mud or grey-black mylonite.
Zhou et al. (1998, 2000) collected in situ samples from the
fault zones of the Zhaogezhuang coalmine and conducted

triaxial and uniaxial rheological tests. Tao et al. (2005)
evaluated the fitting effects using two types of visco-elas-
toplastic creep models, i.e., the Burgers creep model and
the Nishihara creep model, and conclude that the latter was
more suitable than the former to depict the grey-black
mylonite present in the study area.

In addition, some empirical models are more flexible
and convenient to describe the rocks of creep properties.
The power law creep models, also called the Norton power
law creep models (Norton 1929), are commonly used
(Gerya et al. 2002; Sun 2007):

ber = A" (1)

o= ()" ()" @

where éis the creep rate, A, n and m are the rheological
parameters obtained by fitting results of rheological test,
agis the equivalent stress, and o*jj.is the deviatoric part of g;;.

Based on the results of creep test by Zhou et al. (2000), a
few works of re-fitting these data using the power law have
been done in order to determine our rheological parame-
ters. A strong fluctuation in the parameters was found.
Parameter A varies from 10 to 10™® in four orders of
magnitude, and parameter n and m also having a great
variation. These results mean that the rock materials
making up of the fault gouge have a great variation in the
rheology mechanical behavior in a sample scale.

In order to acquire equivalent rheological parameters for
the numerical simulation in model scale, a comprehensive
method of combining the data of in situ tests and in-door
rheological analyses is worth considering. At the depth of
—1,000 m, according to the stress testing results using
stress relaxation method, the in situ ground stress usually
reaches 20-25 Mpa, occasionally up to around 30 Mpa,
such as in the stress concentration areas. However, due to
the limitation of instruments, only a few triaxial creep
testers are able to reach a very high confining pressure and
completely resume the scenes of in situ stress environment;
and hence an in situ creep test should be the best way to
acquire the equivalent rheological parameters.

Table 2 Mechanical

Stratum Compression Morh-Coulomb Tensile strength Density
parameters of rock masses arameters arameters
obtained using the RMR system P P
in association with previous E (Gpa) g o Mpa) ¢ () oy (Mpa) pi (kg/m?’)
engineering experiences
Fine sandstone 19.0 0.24 2.000 42 3.0 2,600
12th-lower coal seam 0.2 0.40 0.070 27 0.5 1,500
Medium-coarse sandstone 20.0 0.25 2.200 24 1.3 2,650
Fault gouge 0.6 0.45 0.300 23 0.1 2,600
Mylonite rock 0.2 0.25 0.013 18 1.0 2,000
Sandstone 23.0 0.23 5.000 44 4.0 2,800
Limestone 25.0 0.22 8.000 45 6.0 2,700
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Wu and Chen (1992) employed the in situ creep test
method to study the rheological behaviors of metamorphic
rocks in the Jinchuan copper mine, Gansu province, China.
Chen et al. (2009a, 2009b) studied the rheological prop-
erties of mudstone in the Xinji coalmine, China, using both
the in situ and in-door creep test methods, and acquired the
rock’s rheological parameters by fitting the in situ and in-
door test data to the power law creep model. Some
parameters and formulas of the power law creep models
acquired in China are shown in Table 3.

Based on the review mentioned above, A is between
107% and 10™* n and m are from 1.2 to 5.39 and —0.985~
0.25, respectively. Firstly, the listed results of the creep
tests can give a rough idea of various parameters. They can
be obtained from a trivial work such as a non-linear surface
fitting and can be done efficiently by the Gauss2D fitting
function when the exponential function of the power law
creep model is transformed into the logarithmic function.
Secondly, in consideration of the parameters variability, it
is necessary to add and refer to some other engineering
experiences; for example, those listed above in Table 3, in
case large errors occur. Thirdly, a large number of trial
works would also be helpful to optimizing these parame-
ters. After all, the compromise power law creep model for
this simulation is finally determined explicitly as follows:

éer = 1.01 x 107750401 (3)

Hydraulic parameters

Rocks permeabilities have been exhaustedly studied for
many years. The focuses are on the following: (1) intact
rocks as a porous medium (Louis and Maini 1970), (2) a

single rock fracture as a tunnel in laboratory scale
(Goodman 1970; Barton et al. 1985), and (3) fractured rock
mass as an equivalent continuum porous medium in large
scale (Witherspoon 2000). In this simulation, both the
large-scale background and small-scale engineering are
considered in determining permeabilities. Specific methods
are described below.

Firstly, the rock mass permeability is treated as a constant
value that reflects the hydrogeological background and is
evaluated by means of some empirical models. An effective
empirical model reflecting the relationships between
hydraulic conductivity (K) and either the rock quality desig-
nation (RQD) or the RMR index was suggested by EI-Naqa
(2001). With reference to the model, the RQD and the RMR
were evaluated by means of field investigation and borehole
data collection within the whole Zhaogezhuang coalmine
area. Then, the relationships between the K and either the
RQD or the RMR are established as an empirical model, from
which the hydraulic conductivities of rock masses with dif-
ferent quality features can be obtained and serve as the
background hydraulic conductivity (K). Taking the fault zone
as an example, its hydraulic conductivity is 1.96 x 10~° m/s.

Secondly, the permeability is also variable due to its
coupling with the engineering stress under the influence of
mining activities. For engineering scale problems, such as
the excavation disturbed zone (EDZ) of a tunnel or a
working face, the permeability may be changeable in
response to the mining-induced stress field changes and can
be coupled with the stress in a form of some mathematic
expressions (Rutqvist and Stephansson 2003). Some
empirical models have been used to match the permeability
k versus the confining pressure o,and the fluid pressure p.
The following exponential function (Louis et al. 1977) was
adopted in one scenario in this study.

Table 3 A brief summary of

Model Rock Testing  Confining Remarks
the power law creep model for
. . . type method  pressure
rocks in China coalmines
o3 (Mpa)
§=6.3 x 1074553970985 Fault Triaxial 0.2 Modified from Zhou et al. (2000),
mud samples from Zhaogezhuang coal
mine
§=73.6 x 1078543747087 Milionite  Uniaxial 0 Modified from Zhou et al. (2000),
samples from Zhaogezhuang coal
mine
o o . . xe =3 x 1073¢!2(0> Mudstone In situ ©, 2) Cited from Chen et al. (2009b),
a ¢ l.st s;ram, q1s creep stress samples from Xinji coal mine
in situ
o . . xxé=8.5x 107011011 Mudstone In situ ©, 2) Modified from Chen et al. (2009b),
* ¢is creep rate, Gis equivalent o .
samples from Xinji coal mine
stress calculated by Eq. (2) o )
A . . . Ag =21 x 1054125015 Mudstone Triaxial 4 Cited from Chen et al. (2009a),
h € 15) strain, o is creep stress (in- samples from Xinji coal mine
oor
MG =2 4 x 107751217003 Mudstone Triaxial 4 Modified from Chen et al. (2009a),

A\ €is creep rate, Gis equivalent
stress calculated by Eq. (2)

samples from Xinji coal mine
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k = ko exp(—ai(a: — p)) (4)

where a; = 0.221 is a fitting parameter, modified from the
results of the underground packing testing in Zhaogezhu-
ang coalmine (Li and Gao 2003); and k, is a reference
permeability (mz/(Pa sec) in SI unit), which is the back-
ground permeability.

Numerical simulation
Hydromechanical coupling simulation

The hydromechanical coupling behavior can be described
mathematically in a coupling relationship between a group
of mechanics equations and fluid flow equations (Neuzil
2003; Rutqvist and Stephansson 2003). Three scenarios are
considered separately as follows. (1) The rock materials are
assumed to be the elastoplastic Mohr—Coulomb materials.
The stresses are adjusted in accordance with the relative
failure criterion or flow rules and coupled with water
pressure by the elastoplastic strain-fluid coupling mecha-
nism. In this simulation, the rock materials within the
VIIIth fault zone are adopted as the Mohr—Coulomb
materials. (2) The rock materials are assumed to be the
creep materials. The stress adjustments are dependent upon
the rheological constitutive model, e.g. the above-men-
tioned power law creep model, and coupled with water
pressure by the creep-fluid coupling mechanism (Wu et al.
2011b; Zhu 2009). The rock materials of the fault gouge
are adopted in the power law creep model. (3) The per-
meability is changeable with the mining-induced stress
field, and it obeys the exponential function (Eq. 4)
reflecting the stress-permeability coupling mechanism.

Mining process simulation

To study the water inrush development over the course of
the mining activity, three mining phases are divided: (1)
the first mining phase, simulating a period of excavating
the 3132_1 working face out instantaneously and lasting
40 days, in application of the NULL elements on the group
of “coal mining in the 1st phase” in FLAC’® model
(Fig. 3d); (2) the second mining phase, simulating a period
of excavating the 3132_2 working face out and lasting
40 days, by use of the NULL elements in it, while filling
analog materials as the imitation of 3132_1 working face
collapses; and (3) the third mining phase, simulating a
period of the 3132_3 excavation and the 3132_2 filling, as
same as the operations occurring in 3132_2 and 3132_1
working faces in the last mining phase. The locations of
coalmining working faces in each mining phase are shown
in Fig. 3d.
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Results
Evolution of water-recharge zones

Three scenarios corresponding to the three possible
hydromechanical coupling behaviors of fluid-rock interac-
tions within the fault zone were simulated: (1) an elasto-
plastic strain-fluid coupling mechanics of rock mass in the
fault zone, (2) a creep-fluid coupling mechanics of rock
materials in the fault gouge, and (3) a stress-permeability
coupling mechanics of fractured rock mass in the fault zone
influenced by excavation.

Simulation of scenario 1

The development of water-recharge zones is depicted in
profile A (y = 10 m) and profile B (y = 190 m), respec-
tively (Fig. 4). In profile A, groundwater is flowing
downward from the coal seam aquifer to the transportation
drift along faults. The seepage flow field reaches the top-
right of the transportation drift after the 3rd phase mining,
about 20 m away, with a pore pressure of almost 2.0 Mpa.
An upward seepage developed in the profile B from
Ordovician limestone aquifer to the ventilation drift. The
seepage front is about 20 m away from the bottom-left of
the ventilation drift and has a pore pressure of around
0.5 Mpa.

In profile A, an abnormal overpressure zone within the
coal seam aquifer is generated with a maximum of
9.0 Mpa. This reflects the fact that the overpressure is
forming gradually as a result of the stress concentration at
the end of a working face. The downward seepage flow is
mainly driven by the excessive pore pressure, and hence a
high risk of water inrush may exist in the transportation
drift. This may also explain why there is more groundwater
flooding into the 13th level transportation drift than the
ventilation drift in the study site.

Simulation of scenario 2

When the power law creep model (Eq. 3) was utilized in
the fault gouge, the coupling process can be achieved in
FLAC®. In assumption of the creep-fluid coupling
mechanics, the development of a water-recharge zone is
very different with it in the previous scenario (Fig. 5).
From the initial phase of this scenario, the water-recharge
zone exhibits a form of downward seepage flow along the
fault. It means that the water-recharge zone has formed
before mining. As the mining progresses forward, the
seepage flow seems not to have a trend of slight devolution
in profile A (y = 10 m); however, a downward seepage
flow in profile B (y = 190 m) develops continuously until
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Fig. 4 Results of scenario 1 in
which the elastoplastic strain
model was assigned to the fault
zone. Left Evolution of the
water-recharge zone and
downward seepage flow from
the coal measure aquifer in
profile A (y = 10 m). Right
Evolution of the water-recharge
zone and upward seepage from
the Ordovician limestone
aquifer in profile B (y = 190 m)

Overpressure

JAY

3" mining phase

Profile A (y=10m)

its leading front meets with the upward seepage flow from
the Ordovician limestone aquifer.

An abnormal overpressure zone is also observed in the
coal measure aquifer, with a highest value of 9.5 Mpa in
profile A after the first mining phase. Pore pressure in the
water-recharge zone is able to reach 5.0 Mpa. Therefore,
there exist more risks of water inrushes in this scenario
than the previous one. Once favorable or advantageous
rock fractures are present under the influence of mining
activity, the long-term accumulation of overpressure will
be released in the form of an influx into open spaces, such
as drifts and working faces, consequently leading to the
occurrence of water inrushes.

Initial phase

p 1* mining phase

Pore pressure
/Mpa
0.0~0.5
1.0~1.5
2.0~2.5
3.0~3.5
4.0-4.5
5.0~55
6.0~6.5
7.0~7.5
8.0~8.5
9.0~9.5

3" mining phase

Profile B (y=190m)

Simulation of scenario 3

On the engineering scale, rock permeability variations
induced by mining activities may be worth considering around
the EDZ. The permeability is free to change governed by
Eq. (4) in this scenario, although the rock materials in the fault
gouge are still represented using the power law creep model.
The simulation results are shown in Fig. 6. It can be found that
the pore pressure field is almost the same as the modeling
results in scenario 2. This implies that the permeability vari-
ations induced by mining activities at such a depth are not
enough to significantly affect the pore pressure distribution
and the evolution of water-recharge zones.
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Fig. 5 Results of scenario 2 in
which the power law model was
assigned to the fault zone. It
shows significant differences
with scenario 1. Left Evolution
of the water-recharge zone and
downward seepage flow from
the coal measure aquifer in
profile A (y = 10 m). Right
Evolution of the water-recharge
zone and upward seepage from
the Ordovician limestone
aquifer in profile B (y = 190 m)

Profile A (y=10m)

Comparison of simulated results with in situ monitoring
results

The ‘history’ command in FLAC?P provides a convenient
method to monitor the simulated results, such as stress,
strain, displacement, temperature, and pore pressure (Itasca
Consulting Group 1997). A number of monitoring points
can be set up to record pore pressure changes with time.
Two representative monitoring points (Hist. A and Hist. B)
have been labeled in the model profiles A and B (Fig. 6),
respectively, for the purpose of observing the pore pressure
changes in the fault zone, and comparing simulated results
with the in situ monitoring results data of water pressure.

Fig. 7 shows the simulated pore pressure changes with
time under two assumptions: (1) the creep-fluid coupling

@ Springer

o Scenario 2

// =
//

! l/ 2" minin g phase

Pore pressure
/Mpa

0.0~-0.5
1.0~1.5
2.0~25
3.0~35
4.0~4.5
5.0~5.5
6.0~6.5
7.0~7.5
8.0~8.5
9.0~0.5

mechanism (dash line), and (2) the elastoplastic strain-
fluid coupling mechanism (solid line). The starting and
the ending times of the three simulated mining phases are
also indicated by the curve of the max unbalanced force
(red solid line), a mechanical indicator of the total equi-
librium state of a system during a whole simulation
period.

Profile B (y=190m)

Elastoplastic strain-fluid coupling simulation

The solid black lines in Fig. 7 show that the pore pressure
curves have a fluctuation of up and down in a relatively
short period. The simulated peak pore pressures reach
about 1.8 and 5.5 Mpa in the 1st and 2nd mining phase,
respectively. However, the peak pressure can be found over
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Fig. 6 Results of scenario 3 in
which the power law model
with a variable permeability was
assigned to the fault zone. Left
Evolution of the water-recharge
zone and downward seepage
flow from the coal measure
aquifer in profile A (y = 10 m).
Right Evolution of the water-
recharge zone and upward
seepage from the Ordovician
limestone aquifer in profile B
(y = 190 m). The results are
very similar with the modeling
of scenario 2 in Fig. 5. Notice
that the positions of Hist.A and
Hist.B in model are shown in
the initial phase. The pore
pressure changes with time on
these spots were recorded
during modeling

P

Profile A (y=10 m)

a relatively short period of time, unlike in the creep-fluid
coupling simulation the peaks last for a long time.

This is mainly because the elastoplastic constitutive
models can only reflect the short-term mechanical behav-
iors of rock materials and cannot depict the mechanical
behaviors of the long-term trends.

Creep-fluid coupling simulation

The pore pressure curves in dash lines, labeled with Hist.
A and Hist. B, respectively, present a slow variation over
the whole simulation period. Note that the pore pressure
curves are disturbed at the starting time point of every
mining phase, and these disturbances are obviously

. Scenario 3

Pore pressure
/Mpa

0.0~-0.5
1.0~1.5
2.0~25
3.0~35
4.0~4.5
5.0~5.5
6.0~6.5
7.0~75
3.0~8.5
9.0~-9.5

discernible in the form of step-style variations. The
maximum reaches about 3.8 Mpa and lasts for a while in
Hist. A, and about 1.6 Mpa with gently depletion in Hist.
B, respectively. Also, the pore pressures in this scenario
seem to follow a preset path; and they tend to gradually
return to the original track after being disturbed by min-
ing activities, as if they are of self-healing and have
memory capacity. This kind of self-healing phenomenon
often occurs in clay-stone, such as Boom clay, whose
self-healing capacity of argillaceous rocks has been
researched by Van Geet et al. (2008) in laboratory. This
implies that the fault gouge in our study area may also
have this kind of property and capacity from a hydraulic
point of view.

Profile B (y=190 m)

@ Springer



2128

Environ Earth Sci (2014) 71:2115-2132

Fig. 7 Pore pressure (pp) 6x10° 7x10°
evolution with time of scenario | | = pp-simul. in creep model
1 (solid line) and scenario 2 . — pp-simul. in Mohr-Coul. model | 6x10°
(dash line). The in situ 5x10"1 = in-situ Monit. 1
monitored water pressure values 4 in-situ Monit. 2 .
from monitoring points 1 (black T 4x10°A Lo RS 5x10 =
scatter) and 2 (red scatter) are e, a
also plotted as a reference. e -4x10°
Meanwhile, the max unbalanced g 3x10° g
force (red solid line) is shown as o -3x10° ¢
a benchmark of the beginning g o / g
and ending time of three 5 2x10°1 L o10°
simulated mining phases N i

1x10°4 [P

0 4= I\ . . 0
0 200 400 600
Time [day]

Stress-permeability coupling simulation

The simulated pore pressure curves corresponding to the
stress-permeability coupling mechanism are shown in (Fig. 1
ESM only). Unlike the first two simulation results, each
curve now has no obvious depletion segments, and the
changes in pore pressure are within a narrow range from 3.78
up to 3.85 Mpa in Hist. A and from 1.63 down to 1.56 Mpa in
Hist. B, in the later period of simulation. This may be related
to the division of the EDZ range. A reasonable division for
EDZ will be helpful to get better simulation results.

Comparison between simulation results and in situ
observations

For the sake of comparison, the simulated curves and
in situ monitoring data are plotted together in Fig. 7. The
in situ water pressures exhibit a long-term trend of a slow
variation rate on the whole, but locally have a behavior
characterized by a short-term up and down fluctuation. The
in situ data are generally in good agreement with the
simulation results of the creep-fluid coupling model, and
also show similar short-term fluctuations with the modeling
results of the elastoplastic strain-fluid coupling model. A
possible explanation for this is that the rock masses within
the fault zones are characterized hydraulically by a long-
term trend in the creep-fluid coupling simulation and by a
short-term effect in the elastoplastic strain-fluid coupling
simulation.

It has been manifested by field observations (Li and
Zhou 2006) that the pore pressure changes are almost
simultaneous with the flow rate changes. Some analytical
solutions also show the synchronization of the changes of
hydraulic head and flow rate, such as Cornaton and Per-
rochet (2002), in which some simulation results demon-
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strate this synchronization although their paper does not
aim to address this issue. All the things mean that the water
discharge or flow rate is related with the pore pressure
directly. In accordance with the regulations of coalmine
water prevention and control in China (2009), when the
flow rate is up to 10-30 m>/min, it is termed as a water
inrush, which can be detected through the in situ moni-
toring of water pressure (also pore pressure) changes.

Obviously, for the lagging water inrush, the water
pressure is a vital indicator for monitoring and forecasting.
From the perspective of the two kinds of numerical simu-
lation results, the pore pressure simulated by the elasto-
plastic strain-fluid coupling is the key to trigger the risk of
a water inrush when it exceeds the one simulated by the
creep-fluid coupling.

Theoretical discussion on simulation results and its
physical meaning

The two simulated pore pressures seem to be explained by
the dual-porosity model (DPM). The basic concept of DPM
is that the fractured rock consists of two overlapping
continua in interaction: a matrix continuum of low-per-
meability and primary porosity and a fracture continuum of
high-permeability and secondary porosity; and the two
distinct values of the piezometric head or pore pressure are
attributed to the same representative elementary volume
(REV) of the fractured rock, taking into account the pres-
ence of different groups of pores (families of fractures,
porous matrix). In the traditional form, this approach takes
into account that the highly permeable fractures respond
faster than the porous matrix to external disturbances, e.g.,
pumping wells, rainfall infiltration, river flooding. In real-
ity, the two pore pressures are difficult to be measured. In
most cases, the measured values represent their mixed



Environ Earth Sci (2014) 71:2115-2132

2129

piezometirc head. Therefore, the numerical simulation or
the analytical solution to a specific problem of DPM is an
inevitable approach.

For the mining disturbance, the first to generate a
response should be the pore pressure of the fractures con-
tinuum. The pore pressure changes occurred in the frac-
tures continuum have the typical hydraulic behaviors of
short-term effects and could be simulated by the elasto-
plastic strain-fluid coupling in assumption that the frac-
tured rock mass are as the elastoplastic Mohr—Coulomb
materials. In a practical situation, it is presented as a
phenomenon of the rapidly and frequently fluctuation of
the water pressure or the flow rate, and is disadvantageous
to water inrush prevention. By contrast, the pore pressure
changes occurred in the porous matrix always have the
hydraulic behaviors of slow and stable long-term effects
and could be simulated by the creep-fluid coupling in
assumption that the rock materials within the fault zone
(including fault gouge) are as the creep materials. In real-
istic situation, it is shown as a process of the slow water

pressure releasing, and is advantageous to water inrush
prevention. When the pore pressure of the fractures con-
tinuum exceeds that of the porous matrix, it means that the
water pressure releasing or inflow into drafts will not be in
the slow or the controllable manner, but in the sudden or
the water inrush way.

This simulation method is different from the traditional
method, such as the water inrush coefficient method, in
which the impact of the measured pressure in the under-
lying aquifer will be more considered on the risk of water
inrush. However, some practical problems are hard to be
explained based on the traditional method. For example,
some water inrush incidents happened in places always
thought to be safe using water inrush coefficient method,
e.g., the 1972 water inrush at the 9th level of no. 1 crosscut,
at the depth of approximately —730 m, in the same coal-
mine (Wu et al. 2002; Zhu 2009), while water inrushes did
not take place in places with more heavy water pressure,
e.g., the 13th level of no. 1 crosscut as described in this
paper. This numerical simulation approach based on the

Fig. 8 Diagram to show how to (a) 7x10° — 7x10°
determine the ‘time window’ in i by MU ICECRImCdel
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which the risk of lagging water 6x10° Max. unbal. force -6x10°
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P . pore pre —  5x10°1 - 5x10°
evolution curves at a Hist. A & =
and b Hist. B. Notice that the S Lag time e
. . . .« . 6 9 ]
beginning time of the 1st mining E 4x10° NVAM_»:M ______________ F4x10° 8
phase has been considered as @ [ 5
the starting point of the lag time 8 3x10° Time window for 3x10° X
gPp 2 =1 e 2" mining phase X )
2 =
o
& o0 - 2x10°
1x10° g - 1x10°
Y T = T S T 0
100 150 200 250 300
Time [day]
(b) 6x10° 7x10°
- - - -pp-simul. in creep model |
— pp-simul. in Mohr-Coul. model
5%x10° 4 — Max. unbal. force -6x10°
T ax10° -5x10°
£ T
£ Lag ti 4x10° =
ag time L =
a 3x10° 2 s
173
i o
<4 ) ) o D
Q . Time window for F3x10° 5
O 2x10°4 2™ mini ©
= mining phase \ s
o
a 1 U\l V. | o ae---- ™~
(\\ AREREREEE & = -2x10°
1x10° S R i
_______ L,
Time window for “ +1x10°
04~ 1* mining phase ‘ \
A N I . 0
100 150 200 250 300

Time [day]

@ Springer



2130

Environ Earth Sci (2014) 71:2115-2132

Table 4 Statistical parameters of the ‘time window’ for the risk of water inrush occurrence

Position 1% mining phase 2nd mining phase 3rd mining phase
Lag Time window Lag Time window Lag Time window
time/ time/ time/
day Open Close day Open Close day Open Close
PP/ Time/ P.P./ Time/ PP/ Time/ PP/ Time/ PP/ Time/ P.P./ Time/
Mpa  day Mpa  day Mpa day Mpa  day Mpa  day Mpa  day
HistA - - - - - 52 359 174 373 234 - - - - -
HistB 7 1.01 129 1.07 147 47 1.07 169 1.50 240 - - - - -

DPM makes it possible to forecast the water inrush by
simulating the process of the seepages along the fault zone.

Feasibility of a prediction method for lagging water inrush

In this section, a potential prediction method for lagging
water inrush is discussed based on the simulation results. A
concept of ‘time window’ is proposed in order to better
predict the lagging water inrush. Based on the simulated
results shown in Fig. 8, the point in time when the pore
pressure of the short-term effects exceeds the one of the
long-term trends can be determined as the dangerous time
point of a water inrush. In other words, the ‘time window’
opening for the risk of a water inrush can be determined at
this time point. Similarly, the ‘time window’ closing can be
defined on the basis of the reverse rules. The width of ‘time
window’ from the opening to the closing can be defined as
the critical phase of a water inrush occurrence. Figure 8
shows how to determine the ‘time window’ by means of
the two pore pressures at the sites of Hist. A (Fig. 8a) and
Hist. B (Fig. 8b), respectively, which are the locations
within the coverage of the water-recharge zone. The ‘time
window’ concept means that the long-term pore pressure is
considered as a benchmark of critical value in the risk of
water inrush. The benchmark also could be a specified
upper-limit value as matter of experience, e.g., a statistical
water pressure or corresponding inflow flux enough safe to
avoid the risk of water inrush. In this case, the ‘time
window’ is still applicable.

Figure 8 also illustrates a method of determining the
‘time window’ and dividing the different phases. For the
purpose of observation, the time span is limited from 100
to 300 days so that the readers can zoom to see more
details in an enlarged map. As an aid, the starting time of
the 1st mining phase reflected by the pulse-wave curve of
max unbalanced force serves as the starting point to count
the lag time; and then, the ‘time window’ opening or
closing is dependent upon the point of time when the pore
pressure of the short-term effects are above or below the
one of the long-term trends in each mining phase,
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respectively. The statistical parameters of the ‘time win-
dow’ for lagging water inrush are shown in Table 4.

From Table 4, it can be seen that the lagging water
inrushes most likely occur in the first two mining phases. In
particular, the 2nd mining phase represents the most dan-
gerous phase, with 60 and 71 days of the critical phase, and
52 and 47 days of the lag time in Hist. A and Hist. B,
respectively. The 3rd mining phase is likely a safe period.

Generally, rheological deformations are thought to be a
slow process; therefore, there is plenty of time for the pore
pressure to release slowly and the excessive pore pressure
will not be easy to form during the creep-fluid coupling
process. Whereas, most of elastoplastic deformations are
considered to occur in a short period of time, even if the
time adjusting the secondary stress field is took into
account. The excessive pore pressure caused by mining can
be quickly gathered within a short period of time and move
along with the fractured fault zones in the form of a
seepage flow. When there are some opening spaces, such as
drifts, working faces and so on, on the path of the seepage
flow, the excessive pore pressure can be released quickly
by an influx of water flow. That is the reason why a water
inrush occurs easily over the course of mining and usually
there is a lag time from the excessive pore pressure gath-
ering to the water inrush occurring.

Conclusions

A process-based numerical model with the hydromechan-
ical coupling simulation for mining excavation has been
described. The underlying concept for this study is to uti-
lize two kinds of coupling, i.e., the elastoplastic strain-fluid
coupling and the creep-fluid coupling, for simulating the
non-linear water inrush process. The simulated evolution of
water-recharge zones has revealed a possible development
process of the small-scale lagging water inrush, involving
the flow routing, scaling, recharging and changing, which
occurred in the 13th level of no. 1 crosscut, about —
1,100 m depth, in Zhaogezhuang coalmine.
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The simulation results corresponding to different cou-
pling mechanisms exhibit prominent differences in pore-
fluid pressure distribution. The creep-fluid coupling
simulation reflects the rock mass of hydraulic behaviors of
long-term trends, and the elastoplastic strain-fluid coupling
simulation demonstrates its short-term effects. The overall
trends and the short-term effects displayed in the field
observation are explained by the simulation results. It can
be drawn that the rock mass hydraulic behaviors are
characterized by a combination of the long-term trends and
the short-term effects. The double-porosity characteristics
of the rock formation may play an important role in con-
trolling the lag-time water inrushes.

Also, a practical method called ‘time window’ for
forecasting the risk of a water inrush has been developed in
this study. Some of the key parameters of time window,
such as the lag time, opening, critical phase and closing,
can be determined through an overlay map of the two
simulation curves, on a basis of the assumption that the
long-term hydraulic trends depend on the creep-fluid cou-
pling and the short-term hydraulic effects rely on the
elastoplastic strain-fluid coupling.

It is always a confusing problem in rock parameters
determination due to an insufficient understanding of the
differences in rock mass properties between a sample scale
and an engineering scale. Therefore, a great deal of efforts
has been put into the aspect of collecting and analyzing
previous experiments data of both in door or in situ. The
rheological parameters of the power law creep model have
a great difference from previous works. In our modeling,
A, n and m are determined to be 1.0le—7, 3.0 and 0.1,
respectively, mostly based on the rheological tests data and
partially referred to early experience. With these parame-
ters, our numerical simulation has reached the basic
objective, that is, the interpretation of general trends, in
spite of the lack of re-fining parameters.

The simulation results based on the stress-permeability
coupling model are similar to those based on the creep-
fluid coupling model in the evolution of the water-recharge
zones and seepage flow. However, the curves of pore
pressure versus time have some differences, which seem
not to be very consistent with the in situ data. A possible
solution is that the EDZ should be postulated or preset,
combining with an automatic adjustment by means of
controlling the independent variables, e.g. the strain, the
stress and the pore pressure, within the limited range of
EDZ. The stress-permeability model considering the per-
meability interaction with stress is of more reasonable.
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