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Abstract
Properly accounting for the effect of heterogeneity of aquifers and accurately predicting mine water inflow during the min-
ing process is still a challenging problem in China. We developed a stochastic modelling methodology that considers a large 
range of possible multi-scale fracture configurations and heterogeneous porous rock to predict mine water inflow close to 
the observed data. The coupled discrete fracture–rock matrix models were built for the Binhu coal mine 16,112 working face 
with the Monte Carlo method. The models were solved using the embedded discrete fracture model to calculate groundwater 
inflow from the aquifer beneath the coal seam floor. The calculated results and the observed groundwater inflows in the field 
agreed well. Sensitivity analysis indicates that groundwater inflow increases with increased fracture length and fracture 
density. The effect of natural fractures introduces a large uncertainty for the models, due to the existence of long fractures 
that could act as conduits between the Ordovician limestone and no. 14 aquifers. The results highlight the importance of 
multi-scale fractures on modeling and simulating flow in the mine area.

Keywords  Groundwater inflow · Coupled discrete fracture–rock matrix model · Monte Carlo method · Natural fractures · 
Mining-induced fracture · Heterogeneous porous media

Introduction

During deep underground coal mining, a series of environ-
mental and ecological problems can arise due to alterations 
of the original hydraulic dynamics field and rock stress state 
of the area (Sun et al. 2015; Wu and Wang 2006; Yin et al. 
2018; Zhang 2005), such as groundwater level depression 
(Zawadzki et al. 2016), groundwater pollution (Tiwary and 
Dhar 1994), land subsidence (Chen et al. 2016), and land 
desertification (Wang et al. 2008). Groundwater inrush into 
coal mines from aquifers underlying coal seams is a common 
problem, which influences the safety and poses a serious 
threat to the coal mine production (Guo et al. 2017; Yin 

et al. 2019). Therefore, accurately predicting and controlling 
groundwater inflow during coal mining is still a challenging 
problem.

Many analytical solutions (e,g. Hofedank and Engineers 
1979; Marinelli and Niccoli 2000; Yihdego and Paffard 
2017), numerical models (e.g. Azrag et al. 1998; Hernán-
dez et al. 2012), approximation models (e.g. Wu et al. 
2011; Yoon et al. 2011; Bahrami et al. 2016), and exper-
imental simulations (e.g. Zhang et al. 2017) have been 
developed to study groundwater inflow or inrush from 
below coal mine seam floors. It should be noted that while 
water inrush and inflow share some similarities in model-
ling methodology, an inrush is a sudden and catastrophic 
flow of water into the coal mines, often with danger to life 
and operations, an inflow is a steady and largely predict-
able volume that one is able to manage. Analytical solu-
tions provide a simple and fast tool for calculating inflow 
into mines, but are generally unable to deal with models 
in complex hydrogeological situations. Instead, numeri-
cal methods are widely used for modeling groundwater 
inflow into coal mine due to their flexibility for dealing 
with hydrogeological heterogeneity and anisotropy, which 
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requires greater computational effort. Approximation mod-
els such as artificial neural networks are powerful tools 
for solve groundwater problems that are capable of repre-
senting complex and non-linear processes. However, their 
performance largely depends on the selection of proper 
weight connections, network topology, and sufficient data 
during network training.

Dong et  al. (2012) established a three-dimensional 
hydrogeological model of China’s Linnancang Coal Mine 
to determine the characteristics of aquifers in the seep-
age field with FEFLOW and proved the necessity to pump 
water and simulate water levels under different boundary 
conditions. Zhu and Wei (2011) built a damage-based 
hydromechanical model and simulated mining-induced 
groundwater inrushes, considering the effect of faults and 
karst collapse columns with the finite element software, 
COMSOL. Yin et al. (2016) developed a numerical simu-
lation model to study the evolution of flood water path-
ways under the Panxi longwall coal mine, China and dis-
cussed the characteristics of the failure depth of the coal 
seam floor. González-Quirós et al. (2019) built numerical 
flow models with the finite element method to evaluate 
the environmental risks during and after mine closure, 
based on an appropriate conceptualization of the mine-
hydrogeological system. Such numerical models contrib-
ute to modeling water inrush into a coal mine by treating 
fractures as an equivalent porous medium in which the 
heterogeneity and anisotropy are not fully reflected, or as 
discretized unstructured grids, which are not feasible for 
use in large-scale geological models.

Many numerical models have been developed for frac-
tured porous media (e.g. Chen et al. 2018; Huang et al. 
2017; Jiang and Younis 2017), whereas few of these 
models have been applied in realistic scenarios, such as 
groundwater inflow into coal mines. We developed a novel 
stochastic modelling methodology that considers both 
multi-scale fractures and a heterogeneous rock matrix for 
dealing with more realistic geological scenarios. To char-
acterize the complex geological structure of coal mines, a 
series of possible scenarios comprised of mining-induced 
fractures, natural fractures, and rock matrix is created 
using a Monte Carlo approach. These scenarios are solved 
numerically with the embedded discrete fracture model 
(EDFM) with Cartesian grids, which makes modeling 
large-scale geological models feasible compared to the 
unstructured grids associated with previous computational 
efforts. The proposed methodology provided a coal mine 
water inflow prediction close to the observed data. Sensi-
tive analysis of fracture geometry on the mine water inflow 
was performed, which allows decision makers to quantify 
the uncertainty for groundwater inflow through the mine 
seam floors and to appropriately dewater to reduce the 
safety risk.

Conceptual Hydrogeological Model

The Binhu Coal Mine is located in Weishan, Shandong 
Province, China and the no. 161 West Mining District is 
located in northwest portion of the mine (Fig. 1a). The 
mining area is about 2.16 km wide from north to south, 
2.99 km from east to west, and the mining area is 6.46 
km2 (Fig. 1b). The mining elevation ranges from − 500 m 
to − 760 m, and the thickness of the no. 16 coal, which 
belongs to the Taiyuan group, is 1.02–1.71 m, with an 
average of 1.25 m. Based on three-dimensional seismic 
exploration and coal roadway exposure, a total of 15 small 
and medium-sized faults near the mining area and bound-
ary were identified. Except for two reverse faults, the rests 
are normal faults in the mining area. Because the main 
coal seam is relatively thin, the existence of faults influ-
ences the layout of the working face.

The 16,112 working face in the West Mining District 
(Fig. 1c,d) is 875–972 m long; the inclined length is about 
204 m and the area is 164,880 m2. The thickness is 1.1–1.6 m 
measured in boreholes, with an average of 1.3 m. The local 
section of the fault between the two faces of the working face 
exceeds 1.0 m. The coal seam structure is simple, the coal 
seam dip angle is 3°–12°, and the average is 7°. The immedi-
ate roof of the coal seam is the no. 10 L limestone, while the 
bottom is mudstone, generally with 0.6–1.0 m.

The main aquifers affecting the mining of the 16,112 
working face are the immediate roof (the 10L Taiyuan 
group limestone), the no. 14 Benxi group limestone below 
the coal seam, and the Ordovician limestone aquifer. The 
10 L limestone is a direct water-filled aquifer and the others 
are indirect water-filled aquifers (Fig. 2). In this study we 
focused on the water inflow from the floor, and whether the 
thick Ordovician limestone aquifer might threaten the safety 
of coal mining for the 16,112 working face. The 10L lime-
stone is 3.7–4.1 m thick, with an average of 4.0 m. There 
are sandy mudstones, mudstone, coal, limestone, and fine 
sandstone between the no. 16 coal and no. 14 limestone, 
with an average thickness of 30.9 m. The no.14 limestone 
is about 22–28 m below the no. 16 coal seam, and has an 
average thickness of 11.5 m. The spacing between the no. 
14 limestone and the Ordovician limestone ranges from 11.5 
to 17.7 m, with an average of 14.7 m. The aquitard between 
these two limestones is mainly composed of clay mudstone 
and mudstone. The Ordovician limestone is about 59.6 m 
below the coal seam and is about 800 m thick. The rock 
matrix from the sandy mudstone beneath the no. 16 coal to 
the Ordovician limestone were considered the key strata for 
building conceptual models to investigate the water inflow 
from the 16,112 working face floor.

The mining-induced fracture zone consists of the 
immediate roof and bottom floor, and includes the 
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water-conducting fracture zone, which can act as the main 
channel for water inrush from the immediate roof and bot-
tom floor. The mining-induced fracture zone was estimated 
to extend 21–22 m beneath the floor of the 16,112 working 
face, based on empirical formulas.

The natural fracture zone refers to the fracture devel-
opment zone caused by the structure, such as the fault, 
the associated fractures of the collapsed column, and the 
minor folding. The 16,112 working face has a monoclinic 
structure as a whole; the stress is concentrated, and the 
fractures tend to develop, near the axial plane of the fold-
ing in the 16,112 working face. This fracture zone can 
conduct water between the aquifers and the coal seam. 
Thus, natural fractures may have a great influence on the 
water filling of the no. 16 coal.

Numerical Flow Model Design

To account for the effect of fractures on mine water inflow 
through the floor of the 16,112 working face, we built a 
fractured porous rock model by incorporating discrete 
fractures into the heterogeneous rock matrix. Since the 
geological structure is relatively simple in the study area 
and there was no three-dimensional fracture geometric 
data, the fractures were represented as planar features. 
The model is simplified in two-dimensions. The discrete 
fractures include the mining-induced fractures and natural 
fractures (Fig. 3a). The rock matrix includes both aquifers 
and aquicludes (Fig. 3b). The dimensions of the model 
are 100 m × 100 m in the x–z plane. The mining-induced 

Fig. 1   a The location of Binhu Coal Mine, b the location of No.161 west mining district, and c the tectonic map and d the cross-section for No. 
161 west mining district. The blue dashed lines represent the boundaries of the district and the red lines represent the main faults
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fractures below the floor are distributed within about 
22 m of the coal seam, based on experience for the 16,112 
working face. The natural fractures were assumed to be 

distributed to depths of 20–60 m below the mine floor. 
After determining the fracture locations in the domain, 
the orientation and length of the fractures were defined 
for each fracture, as listed in Table 1. The fracture orienta-
tion was assumed as a Fisher distribution, according to the 
statistical analysis of field measurement data in the fields 
(e.g. Gutierrez and Youn 2015). Both mining-induced 
fractures and natural fractures were generated stochasti-
cally based on ADFNE code (Alghalandis 2017) and inte-
grated into the model. The apertures for the fractures were 
assumed to be 1 × 10−4 m and the hydraulic aperture was 
assumed to be 8 × 10−5 m, due to the roughness of the frac-
ture surface, which is comparable to measured data (e.g. 
Hakami and Larsson 1996). The permeability of fractures 
is 5.33 × 10–10 m2 (equivalent to a hydraulic conductivity 
of 451 m/day), according to cubic law.

For the rock matrix, the no. 14 and Ordovician limestones 
are assumed to be aquifers. The no. 14 limestone, which 
ranges from 25 to 37 m in depth, has a hydraulic conductiv-
ity of 0.0065 m/day, according to pumping tests. The Ordo-
vician limestone extends from 60 to 100 m in depth below 
the coal seam, with a hydraulic conductivity of 0.19 m/
day, according to pumping tests. We should note that in-
situ pumping test measurements provides a more reliable 
estimation for hydraulic properties at the field scale than 
laboratory measurements of rock samples, as discussed by 
Neuman (2005). The rock matrix intervals among the 16,112 
working face and these two limestones were assumed to be 
aquicludes with a hydraulic conductivity of 8.64 × 10–5 m/
day (e.g. Timms et al. 2014).

The groundwater inflow in the bottom portion of the 
16,112 working face ranged from the initial 25 m3/h to 
a maximum of 28 m3/h from Feb. 26, 2019 to March 6, 
2019, which was relatively minor and stable. Given the 
large volume of the Ordovician limestone, we assumed 

Fig. 2   Stratigraphic column of the 16,112 working face

Fig. 3   a Discrete fracture sys-
tem and b rock matrix system 
and boundary conditions for the 
numerical model
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that these inflows were mainly from the Ordovician lime-
stone. As the period of the study was short (about 8 days) 
and the water inflow rate was low, hydraulic head varia-
tions could be neglected, since there was an infinite source 
of water at a small temporal and spatial scale. Further-
more, we neglected horizontal variations in the model’s 
boundary condition and rock properties, and simplified it 
as a two-dimensional model. Accordingly, the observed 
water inflow tended to be steady-state with a volume of 
25–28 m3/h on the bottom portion (the top boundary of 
the model). The model’s lateral boundaries were defined 
as no-flow boundaries, as we assumed that the hydrau-
lic gradient in the z-direction dominates the groundwater 
flow field (Fig. 3b). The top boundary was assigned a con-
stant hydraulic head of − 600 m, according to the evacu-
ation depth to the working surface. The bottom boundary 
was assumed to be a constant hydraulic head of − 360 m 
according to borehole observation data for the Ordovician 
limestone.

Embedded Discrete Fracture Model

For fractured porous media, which includes both fractures 
and rock matrix, the rock matrix can be represented by a 
two- or three-dimensional grid. Fractures are then explic-
itly represented with a lower one- or two-dimensional grid, 
due to their extremely small apertures compared to the 
matrix block dimensions in the numerical model (Fig. 4). 
The discrete fracture and the rock matrix are coupled with 
an embedded fracture modeling approach (Hajibeygi et al. 
2011; Li and Lee 2008; Moinfar et al. 2012).

For embedded discrete fracture models, the mass con-
servation equation for the rock matrix and fracture can be 
expressed as:

and

(1)Ss
m �h

m

�t
= ∇ ∙

[
Km(∇hm)

]
+ Qm − �mf

,

respectively, where Ss , h , t  , K  , and Q represent specific 
storage, hydraulic head, time, hydraulic conductivity, and 
source or sink term, respectively. Superscripts m and f rep-
resent matrix and fracture quantities, respectively. The mass 
exchange between fracture and matrix grid, �mf  and � fm, , 
are expressed as:

where CI is the fracture-matrix conductivity index. Interac-
tion of a matrix grid block i and a fracture grid element j is 
defined as:

where Ai−j is the plane area of fracture grid element i inside 
the matrix grid block j , and ⟩d⟩i−j is the average distance 
between matrix grid block i and fracture grid element j , 
which can be expressed as:

where dv , xn and V  are the volume element, the normal dis-
tance of the element from the fracture, and the volume of a 
rock matrix grid block, respectively.

An advantage of EDFM is that the fracture and matrix 
grids are independent and, thus, suited for many realis-
tic scenarios such as naturally fractured reservoirs and 
dynamic fracture generation and closures. The equa-
tion is discretized by a finite volume method and can be 

(2)Ss
f �h

f

�t
= ∇ ∙

[
Kf

(
∇hf

)]
+ Qf − � fm

,

(3)�mf = CI ∙ Km
(
hm − hf

)
= −� fm

,

(4)CI =
Ai−j

⟨d⟩i−j
,

(5)⟨d⟩i−j =
∫

V
xndv

V
,

Table 1   Geometric properties for generating stochastic fractures

Fracture network geometry Mining-
induced 
fractures

Natural fractures

Fracture length Distribution type Exponential Exponential
Mean 8 60

Fracture orienta-
tion

Distribution type Random Fisher
Mean – 90
Kappa – 8

Fracture number 300 3

Fig. 4   Embedded discrete fracture model. The 2D black grid repre-
sents rock matrix, the 1D blue grid represent fracture, and the grey 
grid represents the rock matrix that coupling with fractures
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implemented within the framework of open-source Matlab 
simulator MRST code (Lie et al. 2012).

Numerical Results

We build one hundred stochastic discrete fracture–rock 
matrix models with the fracture geometric parameters listed 
in Table 1. Some of the possible fracture configurations are 
shown in Fig. 5. The mining-induced fractures were dis-
tributed relative evenly within the depth of 22 m. Due to 
the high uncertainty of the natural fractures, the positions 
of natural fractures were distributed more randomly. They 
are nearly above the Ordovician limestone aquifer (realiza-
tions #1, #7, and #9 in Fig. 5) or penetrate the Ordovician 
limestone and the no. 14 limestone aquifer as conduits (reali-
zations #5, #8, and #10 in Fig. 5). The complexity of the 
heterogeneity can be represented intuitively by the coupled 
discrete fracture–rock matrix geological models.

The mine water inflow problem was solved by the embed-
ded discrete fracture model for the stochastically generated 
discrete fracture–rock matrix models shown above. The 
dimensions of the rock matrix grid are 1 m × 1 m and the 
dimension of the fracture grid is 2.5 m. The hydraulic head 
for the steady-state flow models is shown in Fig. 6. They 
show the hydraulic head distributions that would intuitively 
be expected for various fracture–rock matrix configurations. 
For the aquifer zones of the no. 14 and Ordovician lime-
stones, the hydraulic head tends to be to uniform. For the 
aquiclude zone between the two limestones, the hydraulic 
head changes gradually. However, the hydraulic head of the 
model is highly influenced by the presence of the fractures. 
For the aquiclude zone beneath the 16,112 working face, a 
relatively uniform hydraulic head zone within 22 m in depth 
(the depth of the mining-induced fractures extends) due to 
the highly permeable mining fractures observed. Such char-
acteristics are altered by the existence of natural fractures. 
If the natural fractures do not fully act as a conduit between 
the no. 14 and Ordovician limestone aquifers (realizations 

Fig. 5   Realizations of the coupled discrete fracture–rock matrix model
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#1, #7, and #9 in Fig. 5), the alteration is relatively small, 
whereas in realizations #5, #8, #10, more fractures penetrate 
the aquifers and a relatively high hydraulic head zone is 
observed in the mining fracture-aquiclude zone.

We computed the groundwater flow rate on the top 
boundary of the model, which stands for the inflow of mine 
water at the 16,112 working face. The flow rate on the 
whole top boundary of the model is divided by its length 
and yields the inflow of mine water per m2. The calculated 
groundwater inflow of the coal mine seam floor ranges from 
4.3 × 10–5 to 2.6 × 10–4 m3/h per unit area, with an average 
of 1.6 × 10–4 m3/h. The observed groundwater inflow for the 
16,112 working face is 25–28 m3/h, which is measured by 
flowmeter in a drainage ditch. Considering the area of the 
16,112 working face of 164,880 m2, the observed inflow 
of mine water is 1.5 × 10–4 to 1.7 × 10–4 m3/h per unit area. 
It shows that the difference between the calculated and the 
measured groundwater inflow is very small which suggests 
that the modelling method produces expected results and 
a realistic range of inflows. Furthermore, realizations #5, 
#8, #10 have a higher groundwater inflow than the other 

realizations. This is mainly due to the existence of natural 
fractures, which connect the no. 14 and Ordovician lime-
stone aquifers, resulting in a high hydraulic head in the min-
ing fracture zone. For comparison, we calculated the ground-
water inflow for the conceptual models for the rock matrix 
(aquifers and aquiclude), with mining-induced fractures and 
with natural fractures (Fig. 7). It shows that compared to the 
mining-induced fractures, the natural fractures have a greater 
impact on groundwater inflow and introduce a bigger uncer-
tainty. The groundwater inflow increased sharply when the 
rock matrix, mine-induced fractures, and natural fractures 
were coupled, which is accompanied by greater uncertainty. 
Overall, it shows that the modelling method yields a realistic 
prediction of water inflows.

Furthermore, based on the water outflow on the top 
boundary, we also calculated the equivalent hydraulic 
conductivity Keq of the discrete fracture–rock matrix sys-
tem for the realizations, which ranges from 4.4 × 10–4 to 
2.6 × 10–3 m/day. The equivalent hydraulic conductivity for 
the discrete fracture–rock matrix system, which is larger 
than that of the aquiclude, is reasonable, since the fractures 

Fig. 6   Hydraulic head of the realizations of the coupled discrete fracture–rock matrix model
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may cross the aquiclude and connect the mining-induced 
fracture zones and aquifers.

Sensitivity Analysis

We also did a series of sensitivity analysis for the mine water 
inflow for both the mining-induced fractures and natural 
fracture geometries. Herein, the fracture length and the num-
ber of fractures (fracture density) are considered. For the 
mining fractures, the number of fractures were varied from 
100, to 200, 300, 400, and 500. Ten stochastic realizations 
of the discrete fracture–rock matrix model were generated 
for each fracture geometric parameter. The groundwater 
inflow for the models is shown in Fig. 8. It shows that the 
groundwater inflow increased with the fracture number, from 
3.5 × 10–5 to 2.6 × 10–4 m3/h (Fig. 8a). A sensitivity analysis 
for the average mining fracture length was also performed, 
varying it from 4, to 6, 8, 10, and 12 m (Fig. 8b). The 
groundwater inflow increased with the fracture number, from 
3.6 × 10–5 to 2.7 × 10–4 m3/h. It is reasonable that increases of 
fracture number and length for the mining-induced fractures 
results in a more permeable zone and increases the mine 
water inflow. It is interesting to note that when the fracture 
number or fracture length was small (100 and 200 for frac-
ture number or 4 m and 6 m for mining fracture length), 
the uncertainty of inflow was relatively small with a nar-
row range. When they increased, the groundwater inflow 
had a wider range, which indicates that the uncertainty of 
the results increases. With respect to the considerably high 
hydraulic conductivity of the fractures compared with the 
limestone, an increase in number and length would result in 
greater contact and therefore increased water inflow. If all 
of the fractures in the model were closely spaced (i.e. small 
aperture), then the flow could be less than if they are widely 
spaced (i.e. large aperture), as at some point the hydraulic 

properties of the limestone become more important than 
those of the fractures.

A similar sensitivity analysis was performed for the natu-
ral long fracture set. The number of fractures (fracture den-
sity) ranged from 1, 2, 3, 4, to 5 and the average length of the 
fractures changed from 30, to 45, 60, 75, and 90 m. Again, 
ten stochastic models were generated for each parameter set. 
The changes of groundwater inflow are shown in Fig. 9a,b, 
which also shows that the groundwater inflow per unit area 
of the working face increased both with the fracture number 
and fracture density over a similar range, from 2.9 × 10–5 to 
2.8 × 10–4 m3/h. It is interesting to note that there is a big 
uncertainty when the fracture number is 2 and a low uncer-
tainty when the fracture number is 4 (Fig. 9a). By contrast, 
when the fracture length increases, the uncertainty of the 
models does not exhibit a clear variation (Fig. 9b).

This sensitivity analysis shows the results that might be 
expected given the conceptual hydrogeological model where 

Fig. 7   Box plot of the calculated groundwater inflow per unit area 
for the realizations. The dashed black lines represent the measured 
groundwater inflow at the 16,112 mine working face

Fig. 8   Box plot of the calculated groundwater inflow per unit area a 
for varied fracture numbers and b for varied fracture length regarding 
mining-induced fractures. The dashed black lines represent the meas-
ured groundwater inflow
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water is largely derived from the basal Ordovician limestone 
via long connecting natural fractures to the mining-induced 
fractured horizon and the mine floor. If the mine-induced 
fracture system is more permeable, then it will transport 
more coal mine water away from those deep fractures. The 
'uncertainty' shown in the spread of each box plot is largely 
the result of the (variable) distribution of the natural long 
fractures in the models. Furthermore, the increase of calcu-
lated groundwater inflow with the fracture geometries can 
be roughly classified into two stages. For example, when the 
length of natural fractures was less than 60 m, we assumed 
that they did not interconnect the Ordovician limestone with 
the mining-induced fractured horizons. Thus, the calculated 
groundwater inflow increase obviously with fracture length. 
Once the two horizons were connected by fractures longer 
than 60 m, then the calculated groundwater inflow increased 
mildly and then stabilized (Fig. 9b). Figure 9a tends to sup-
port the same argument. Lastly, we conducted a statisti-
cal analysis considering all of the possible model results 
shown above. It showed that the mean inflow was 1.18 × 10–4 
m3/h, with upper and lower bounds of 1.76 × 10–5 m3/h and 
1.99 × 10–4 m3/h, respectively.

Discussion and Conclusions

In this study, a series of stochastic discrete fracture–rock 
matrix systems were built for the 16,112 working face. 
The rock matrix includes aquifers and aquicludes and the 
fractures include both mining-induced and natural frac-
tures. This led to an innovative methodology for building 
coupled discrete fracture–rock matrix hydrogeological 
conceptual models. The groundwater inflow was solved 
using embedded discrete fracture models, which improved 
the computational efficiency of the numerical models. This 
novel methodology provided a realistic estimate of mine 
water inflow where we have limited data. The uncertainty 
of the stochastically generated models was also analyzed. 
The proposed methodology helps in modeling groundwa-
ter inflow into coal mines regarding the effect of multi-
scale fractures, which should be useful to decision makers 
attempting to reduce the risk of inrush problems.

We should note that the embedded discrete fracture 
models are based on non-conforming meshes for frac-
ture–rock matrix systems, which reduced the computa-
tional efforts. The embedded discrete fracture models 
yielded accurate results in a simpler configuration than 
semi-analytical results (Shakiba 2014). They may have a 
slightly higher error of pressure or hydraulic head com-
pared with other discrete fracture models with conform-
ing meshing for complex configurations (Flemisch et al. 
2017). The embedded discrete fracture models have been 
improved recently to consider multiphase flow (Jiang and 
Younis 2017), the mechanical effect of fractures (Norbeck 
et al. 2015), and for analysis of fractured wells with com-
plex fractures geometries (Liu et al. 2021). Nevertheless, 
they are rarely combined with stochastically generated 
multi-scale fracture–rock matrix systems and applied in 
coal mine water inflow prediction. In this work, we devel-
oped a stochastic methodology for including multi-scale 
fracture and heterogeneous rock matrix in two dimensions. 
The proposed workflow yielded a realistic prediction of 
water inflows in the Binhu coal mine, which suggests that 
the proposed methodology might be extended to deal with 
more complex hydrogeological scenarios requiring the use 
of three-dimensional models. Additionally, the methodol-
ogy could be extended for two-phase flow water inrush 
hazard (e.g. Ma et al. 2020) and fault activity (e.g. Zhou 
et al. 2017) in coal mine areas.

Compared to the equivalent fracture model, the pro-
posed discrete fracture–rock matrix model explicitly con-
siders the geometry of fractures (Berkowitz 2002). Fur-
thermore, the embedded discrete fracture model requires 
less meshing effort than other discrete fracture models (Li 
and Lee 2008; Moinfar 2012). However, there were three 
major limitations in this study:

Fig. 9   Box plot of the calculated groundwater inflow per unit area a 
for varied fracture numbers and b for varied fracture length regard-
ing natural fractures. The dashed black lines represent the measured 
groundwater inflow
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•	 First, the proposed methodology requires detailed frac-
ture geometric data compared to equivalent fracture mod-
els, in which the bulk hydraulic properties of fractured 
rocks are estimated by pumping tests. Thus, multi-scale 
fracture characterization data, both for mining-induced 
and natural fractures (e.g. Mao et al. 2018; Wang et al. 
2017), is required to further reduce the uncertainty the 
models. While we generated a series of discrete frac-
ture–rock matrix scenarios with stochastic methodology, 
inflow rates will clearly depend on many factors, such as 
fracture frequency, hydraulic aperture, and source aquifer 
characteristics. These uncertainties need to be reviewed 
carefully in further study. Furthermore, the relationship 
between the fracture position and the layered rock matrix, 
which may influence the distribution of natural fractures 
(e.g. Gale et al. 2014), should be explored for improved 
understanding of the conceptual model.

•	 Second, considering the relatively short time period and 
the small changes in the measured inflow, the flow was 
assumed to be steady-state in this study, which indicates 
that the inflow and hydraulic head are time-independent 
in the model. However, for a long-period prediction, 
long-time groundwater flow monitoring data is necessary 
to build transient models that consider seasonal compo-
nents and to calibrate the models.

•	 Third, the two-dimensional model built in this study was 
appropriate for the relatively simple geological setting 
and the availability of the fracture geometric data. The 
model should eventually be extended to three dimensions 
with more characterization data, though this will greatly 
increase the complexity of the models. As a compromise, 
small and intense fractures can be created stochastically 
and be represented by equivalent hydraulic properties 
with upscaling methods, while large fractures can be 
represented explicitly in the model (Chen et al. 2018; Li 
and Lee 2008). Although applied here in two dimensions, 
this study highlights the importance of considering the 
geometries of multi-scale discrete fractures in simulating 
groundwater inflow into coal mines.

To summarize, regarding the multi-scale fracture sets 
and the heterogeneous rock matrix in realistic geological 
models, a stochastic methodology was developed based on 
the Monte Carlo method and the embedded discrete model 
for predicting realistic groundwater inflow and for making 
dewater measurements for coal mine seam floors. The fol-
lowing major conclusions can be drawn from our study:

(1) Groundwater inflow is controlled both by the distri-
butions of the aquifers and the geometry of the fractures. 
Even before the Ordovician limestone and mining-induced 
fracture horizons are connected, the calculated groundwater 
inflow increased greatly with the length and the number of 
fractures. Once the two horizons were connected by natural 

fractures, the inflow increased slowly with the fracture 
geometries.

(2) The groundwater inflow increased with the fracture 
density and number of fractures. For the mining-induced 
fractures, lower density and shorter length resulted in less 
uncertainty. For the natural fractures, the number of fractures 
produced more uncertainty than the length of the fractures.
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