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Abstract

We investigated the relationship between mine water inflow and fault development. Statistical methods and grey relational
analysis (GRA) were used to analyse the relationship between fault complexity and mine water inflow. Major characteristics,
such as the fault number, fault strike length, fault throw, fault intersections, and endpoints, were considered to depict fault
complexity. The degree of fault complexity was described using a fault influence factor (E) and fault fractal dimensions
(Ds). In addition, an inverse distance-weighting interpolation method was used to better describe the fault characteristics.
The fault complexity in the study area was divided into four qualitative levels: simple, moderate, relatively complex, and
complex. The results show that water pressure and fault complexity have separate nonlinear relationships with mine water
inflow. An equation that presents the correlation between parameters and water inflow was derived using the GRA method.

Keywords Water inflow - Fault influence factor - Fault complexity degree - Fault fractal dimension

Introduction

Geo-structural development and groundwater distribution
substantially affect the safety of underground construction
and mining. Faults and fractures should be carefully inves-
tigated because they play a controlling role in groundwater
flow and water disasters. Statistically, more than 80% of
mine water inrush accidents are related to faults (Wu et al.
2008). Furthermore, fault intersections significantly affect
geological structural complexity and their relationship with
fluids has been a subject for various studies (Caine and For-
ster 1999; Dimmen et al. 2017; Eichhubl et al. 2000; Jolley
et al. 2007). Fault intersections are also important sites for
leakage (Gartrell et al. 2004). In fractured reservoirs, the
host rock (i.e. limestone and chalk) generally has less per-
meability than the faults and fractures that transect them.
Fluid flow in such conditions incorporates the effects of

P< Wanghua Sui
suiwanghua@cumt.edu.cn

Dandan Wang
wangdandan @cumt.edu.cn

School of Resources and Geosciences, Institute

of Mine Water Hazards Prevention and Controlling
Technology, China University of Mining and Technology,
Xuzhou 221116, China

pervasive fracture systems, including joints and faults (Jol-
ley et al. 2007). The nature of the fracture system is critical
to limestone water abundance.

Considerable work has been done to investigate the cor-
relation between water disasters and what influences them.
Li and Yang (1975) analysed the water-rich areas and water
abundance of fracture structures with different mechanical
properties and found that groundwater recharge and move-
ment were controlled by multiple factors. Niwa et al. (2011)
investigated the influence of fault characteristics on ground-
water flow, such as fault trace, and the number and width of
faults. Meng et al. (2012) classified the fissures that devel-
oped in a mine area with the maximum principal curvature
method and evaluated the risk of groundwater inrush from
the floor. Wu et al. (2014) concluded that groundwater abun-
dance is determined by a variety of factors including aqui-
fer thickness, the specific capacity of water yield, hydraulic
conductivity, and geological structures. Zhang et al. (2014)
built a numerical model to simulate groundwater outburst
from faults. Kang et al. (2018) analysed the characteristics
of fault development and proposed a support system for coal
mine tunnels.

As mining depth increases, the threat coming from floor-
confined limestone water also increases. Fault development
and karstification in deep coal mines must be investigated
sufficiently to efficiently prevent water disasters. Karst water
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inrush is one of the major disasters threatening the coal min-
ing safety in north China. Fang and Fu (2011) analysed the
influence of karst water on coal mining from different per-
spectives using the AHP method, based on a large amount of
data from a coal mine in north China. Xu et al. (2012) ana-
lysed the features that activate faults and water inflow. Liu
et al. (2017) investigated water inrush problems caused by a
karst collapse column. The structure, especially fault and fis-
sure development in a coal mining area, plays an important
role in mine safety because well-developed, water-conduct-
ing faults and fissures could cause the water flow into pan-
els and then cause hazards (Shi and Singh 2001; Wu et al.
2004). It has been widely verified that an area with a strong
fracture system is more likely to have a water inrush disaster.

Statistical methods are commonly used to solve fracture
problems based on fault geometry characteristics, such as
the number of faults, fault strike length, fault throw, and
fault intersections. In addition to geological structural com-
plexity, the influential factors, area precipitation, water
inrush location, and water inflow should also be analysed
(Lietal. 2011; Liang et al. 2015). The fractal dimension can
be effectively used to analyse the fault trace (Bagde et al.
2002; Charkaluk et al. 1998; Liu et al. 2015; Mandelbrot
and Wheeler 1982). Of these, box-counting is one of the
most widely used methods and was used in this study (Ai
et al. 2014).

Previous studies have mainly focused on the characteris-
tics of structure development, rather than on the relationship
between the quantitative complexity of fault development

and groundwater abundance of aquifers. We used the fault
influence factor (E) and fractal dimension (Ds) to quantita-
tively describe the fault characteristics and grey relational
analysis (GRA) to investigate the correlation between
parameters and mine water inflow. In this study, we inves-
tigated: (1) the detailed statistical characteristics of fault
geometry; (2) the degree of fault complexity using E-Ds;
and (3) the influence of the water level, water pressure, and
structural complexity on water inrush. This allowed us to
produce a correlation curve of water pressure, fault complex-
ity, and water inflow.

Geological Conditions

The Zhaizhen coal mine is part of the Xinwen Coalfield, ~
9 km northwest of Xintai, Shandong, China (Supplemental
Fig. S-1). It has an elevation of 200 ~ 308 m in the north and
200 ~ 170 m in the south. The coal mine is on the axis of the
Xinwen syncline; therefore, faults are well-developed. The
faults can be divided into three types based on fault throw:
small, medium-large, and large fault, which respectively
range from 0 to 20 m, 20 to 50 m, and > 50 m. Statistically,
there are 23 medium-large faults in this area and lots of sec-
ondary faults striking NE, ~ NS, EW, and especially NEE.
Figure 1 shows most of the large-scale faults, of which the
fault throw and dip angle are marked by brackets.

The strata in the coalfield are intercalated marine and
terrestrial coal-bearing Permo-Carboniferous deposits in

\ . N
A1 P ' e ~
- /,4/ Xiaogang ey
v H . —~—
e <3 1 £ >,
/ F2A(360 m {ié:)/,&// . coalmine 5 \\@ I l p \
e Ve < o R |3 S\
TN M LE T e M\ R , ‘\'?Zé; N\
N R MRS RN
N NS /.7 K\ —— \5\\'\0} \\‘\C?, 9B \\1\5'\::;%"
§\ TINE L2 T AN Y gro O~ o}‘o%/,)\
N Ll AN _ N\ R
AN ~" (12-60 m, 80°) a3\ A0 T=E
XN Pl Zhaizhen | |\ ew® Tl |
N X coalmine 3 | \Lﬁﬁ«%”’j —
X S AV e .
\_\\ N - i/ ﬁ =] \\\ <W< vats \ \»g\; Llanglzhuang
) - [ —=4 ¥V W Y coalmine
\Q\\ \*\ I 2l y A \\ \\\ \\\
x \\ / o i) /<</ ' \ \\' \3
VAR NI
A i Ay N
Coalmine bound 5 N4 (/ /’: P\ r:\\ \\/\éﬁl}\
— +— Coalmine boundar ) e €O 2 /] YN
y >0\j?\\\\ /\‘\\ '////i‘/‘ ‘ / /'}\\/ /'%‘N/ \\w\‘l
Fault \\E\ \’\\ / % ’)é/ | NS
S th i [ AN
Fe(%gm) (throw, dip angle) \§§§§§J\\ “ Vi
\\\\\\§<\\ ) /
0 1km Scale ™ \Z\§\Y A9,15

Fig. 1 Tectonic map of the Zhaizhen coal mine
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north China. The major aquifers and their characteristics
of the study area are listed in Supplemental Table S-1. The
limestone aquifers, especially the Ordovician limestone
aquifer, are the major cause of mine water inrushes under
the present mining conditions. The main coal-bearing
strata are the Shanxi and Taiyuan formations including
six minable coal seams (numbered 2, 4, 6, 11, 13, and 15).
The average thickness of the confined limestone aquifers in
coal-measures is less than 10 m, but the Ordovician lime-
stone is about 800 m thick. Therefore, in addition to the
high-water pressure, karstification plays an important role
in the disasters associated with the Ordovician limestone.

Water-conducting faults or fractures can hydraulically
connect aquifers and coal seams. The Ordovician lime-
stone in the study area is a water-abundant aquifer with
recharge pathways of meteoric and infiltration water, and
the Ordovician limestone itself is very water-rich. How-
ever, it has poor recharge in some respects, i.e. a lack of
surface outcrops of aquifers and faults. Figure 2 shows the
geological profile of the strata including the locations of
the coal-bearing strata and confined aquifers. The geologi-
cal profile shows that the Ordovician limestone is cut by
several faults. It is important to understand details about
these faults, such as fault throw, dip angle, fault strike
length, and cementation, especially for water-conducting
faults. In addition, secondary faults associated with the
major faults could promote groundwater flow and contrib-
ute to rock failure.

Methods

In this study, the degree of fault complexity was described
with an E-Ds method that combines the fault influence factor
(E) and fault fractal dimensions (Ds), which is built on the
fault’s characteristics and fractal geometry, respectively. To
simplify the calculation, the centre coordinate of each grid
was assigned a value for. Then, an appropriate interpolation
method was applied to replenish the data when completing
the contour maps.

Fault Influence Factor

Previous studies revealed that the major factors controlling
fault structure complexity are the fault strike, fault throw,
and fault dip angle. Xu et al. (1991) proposed the fault inten-
sity index (F) to reflect the degree of structural complexity,
which is presented in Eq. (1). It refers to the sum of the
product of the fault throw and the horizontal extension of
all faults per 10,000 m?.
i ik

F = = ey
where /; is the strike length of the ith fault (m); A; is the
throw of the ith fault (m); and S is the element area (m?). It
has been shown that fault fracture zones greatly damage the
integrity of coal measures, and result in more frequent water
disasters (Su et al. 2017; Zhou and Li 2001). Therefore, we
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used the fault influence factor (E), which is developed based
on F, to present the fault development. It can be expressed
as:

R ,
=§;lihi+M(z=1,2,3...n), )

where M is the normalized value of the fault intersections
and endpoints. Factor E reflects the structural characteristics
better than the single factor. The details of the method can
be presented as follows:

1. Divide the study area into 9 X 15 units with a length of
500 m (Fig. 1).

2. Investigate the fault characteristics statistically and
determine the value of F

3. Check the fault intersections and endpoints per unit and
determine the value of M.

4. Determine the value of E in per unit and draw a contour
map for E.

Figure 3 shows one of the grids and Eq. (3) illustrates
the calculation. It should be noted that the value of M is
confirmed after analysis of all units completed because it
is related to all fault intersections and endpoints.

Fig. 3 Fault distribution of unit A 3, 14

Ly + Ly + Ly + Ly + Ishs + [ghg

+ M = 0.364.
500 x 500

3

Fault Fractal Dimension

A fractal dimension is an index for characterizing frac-
tal patterns or sets by quantifying their complexity as a ratio
of the change in detail to the change in scale. It has also
been characterized as a measure of the space-filling capac-
ity of a pattern that describes how a fractal scale differs
from the space it is embedded in (Falconer 2003). Many
methods can be used to calculate the fractal dimension, but
the self-similarity dimension, Ds, is mostly used, which can
be expressed as:

N
= dimF(r)lim fl Er; &)

where N(r) is the number of plans that contain fault traces
and r is the geometric ratio. Here, we use the box-counting
method, which can conveniently be manipulated using a
computer, by following these steps:

1. Similar to step one in the calculation of the fault influ-
ence factor.

2. Statistically count the number of grids that contain fault
traces for different geometric similarity ratios of 1:1,
2:1, 4:1, 8:1, and 16:1 (Fig. 4). A regression line can
be obtained by plotting the number N(r), which is at
different levels on an IgN(r)-1g(r) coordinate system.
Determine the slopes and their absolute value Ds (Sup-
plemental Fig. S-2).

Assign the value of Ds per unit to the grid center and
obtain a contour map of Ds by using ArcMap.

e

A Combined E-Ds Method

Factor E involves two fault elements and three param-
eters (fault throw and strike length; and element area,
fault intersections, and endpoints), while the fault fractal
dimension is built based on the fault trace. All these fac-
tors can influence, to varying degrees, different aspects of
a fault’s complexity. Therefore, it is necessary to have a
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method that involves all of these factors to reflect the fault
complexity more comprehensively. The E-Ds method was
used to combine the E and Ds, and then the weight among
them was given by the GRA method. The development
of medium-large faults is controlled by regional tecton-
ics; therefore, different coalfields in an area have similar
fault development. Shi et al. (2015) used water inrush data
from three coal mines and proposed a fault control index
I, which presents the interrelationship between the fault
influence factor and fault fractal dimension, as shown in

Eq. (5).
1=0.33%xD,+0.67xE. ®

The basic steps of GRA are as follows:
(1) Determine the reference sequence and compare the
sequence with that of the other parameters.

Y={Yk)|k=12,...,n}, ©6)

X, ={X®lk=12,....n} i=12..,m (7

(2) Perform nondimensionalization to eliminate the
effects of different dimensions.

x(k) =xi(k)/l Y x.k=12,....n; i=12,....m.
s

®)
(3) Calculate the correlation coefficient.
min min [y(k) - %(k)| + p max max |y(k) - x(K)|
k) = — !
[y(&) = x;(0)| + p max max |y(k) — x,0)|
®

(4) Calculate the correlation degree r; and weight w; of
the parameters.

=1 g, (10)
=
w; =1,/ Y i (11
k=1

The Interpolation Method

The interpolation method is used in dimensional numeri-
cal analysis to determine a function from a finite number
of values (Berrut 2015). Various interpolation methods
(inverse distance weighting, polynomial, spline, and Krig-
ing) are commonly used in different fields (Kouhanestani
et al. 2017; Xiao et al. 2016). In addition to these common

spatial interpolation methods, there are also methods
adapted to rock fractures using fractal interpolation, which
is based on the fractal theory’s self-affine characteristics
(Fu et al. 2017; Xie et al. 2001).

Kriging interpolation is based on geostatistics and is
widely used in fields such as geology and meteorology. It
is based on local variety theory and the semi-variogram
is used as an analysis tool to obtain estimates to ensure a
lack of bias and minimal variance. The radial basis func-
tion is a real-valued function, where the value is based on
the distance from the origin or any other point serving as a
center point. Inverse distance weighting interpolation is a
simple method, which is based on the similarity principle.
The similarity is better if the sample and interpolation are
closer to each other and vice versa. The distance between
interpolation points and the sample point serves as a weight
to determine a weighted average; sample points closer to the
interpolation are given more weight. Based on a comparison
of these methods and the fault development characteristics,
the degree to which damage increases with greater fault den-
sity are also considered. Usually, fault development is in a
specific direction and fissure development is also controlled
by major faults. Therefore, areas further from major faults
have correspondingly less likelihood of developing small
fissures than areas near the major faults. We used inverse
distance weighting interpolation to interpolate the values
related to fault complexity.

The inverse distance weighted interpolation method can
be expressed as:

N

A EDIWECH (12)
i=0

where Z (8y) is the predicted value at position Sy; N is the

sample quantity acquired around the predicting points in the

calculation process; 4, is the weight of the points, and (S;) is
the measured value of S;. The weight can be determined by:

N
A=dl/Y dr, (13)
i=0

where p is the exponential quantity and d,, is the distance
between the predicted point S, and the known sample point
S;.

Results
Degree and Classification of Fault Complexity

The E and Ds values shown in Supplemental Tables S-2 and
S-3 were calculated according to the procedures presented
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Table 1 Classification of the fault complexity in the Zhaizhen coal
mine

Fault complexity degree  E Ds

Simple <0.29 <1.20
Moderate 0.29<E<0.46 1.20<Ds<1.38
Relatively complex 0.46<E<0.68 1.38<Ds<1.47
Complex >0.68 >1.47

above. Based on the regulations for geological coal mine
work (State Administration of Work Safety 2014) and field
experience, the fault complexity was classified into four
degrees, as shown in Table 1.

Fig.5 Contour maps of E (a)
and Ds (b)

1.61

.

1.00
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To understand the fault complexity distribution better,
counter maps of E and Ds (Fig. 5) were drawn based on Arc-
GIS to present fault complexity, according to the information
summarized in Tables S-2 and S-3. The distributions of E
and Ds are similar, illustrating the development of the fault.
Comparing the contour distribution in Fig. 5 with that in
Fig. 6, it can be seen that factors E and Ds both influence the
complexity classification. Areas E and F were major areas
that present the combined effect of E and Ds. This confirms
that both the fault traces on the horizontal section and the
scale of the fault influences the fault complexity of a panel.

Table 2 shows the data related to the Ordovician lime-
stone, including the exposed thickness of the limestone
(TL), groundwater level (WL), water pressure (WP), fault
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Fig. 6 Contour map of the fault
control index /

I 0 0.51km

.+ , Scale

0.85

Table 2 Data related to the Ordovician limestone

ID  TL(m)  WLK(m)  WP/(MPa) [ Wi/ (m*/h)
1 95.35 —206.6 4.9 126 515
2 1253 —-2066 3.9 085 130
3 11451  =3137 08 079 25
4 96.68 -2507 15 055 8.0
5 68.48 -2139 15 012 3.0
6 90.89 —1512 24 0.1 1.0
7 107.18  —1600 45 094  25.1
8 76.27 -1781 1.8 0.3 1.5
9 1255 -2115 12 029 133
10 69.59 - 1370 25 024 05
11 7285 - 1398 26 089 14
12 9255 - 1085 2.8 081 09
13 4745 - 1887 1.8 023 69
14 63.1 -1997 3.1 0.8 2.6
15 57 - 1589 3.1 087 3.1
16 844 - 1896 29 0.1 0.83
17 923 —2066 5.1 153 755
18 1132 —2059 43 12 342
19 9.5 -230.1 1.1 055 8.0
20 63.1 -3747 254 084 122

control index (/), and water inflow (WI). A distribution
map of the mine water inflow corresponding to the geo-
logical structure complexity degree was drawn (Fig. 7).
Fault complexity is relatively larger in areas where faults
are concentrated. The maximum peak had a single bore-
hole water inflow of 80 m*/h and an / value of 1.53, which
means that it is a complex fault. Theoretically, water inflow
will be greater in a place where faults are concentrated,

subject to other factors such as water pressure and aqui-
fuge thickness. Figure 7 clearly shows the corresponding
relationship between mine water inflow and fault complex-
ity. Some areas that have more fault complexity will have
a corresponding peak.

Correlation Analysis Between Parameters and Mine
Water Inflow

Mines, especially in northern China, are now extracting coal
from depths exceeding 1000 m. These deep mines in China
are mainly threatened by two kinds of water disasters, roof
water inrush caused by multi-seam mining and floor Ordo-
vician limestone water inrush (Lan et al. 2016). Of these,
the threat from the high-water pressure of floor limestone
aquifers is increasingly obvious.

As already mentioned, the limestone aquifer is water-rich
due to pervasive fracture systems formed by fissures and
cracks. These voids sometimes exhibit a characteristic of
high confined pressure but weak water yield, which reveals
the importance of the development and connectivity of the
fracture system to water abundance (Li et al. 2019). Previous
studies have verified that the thickness of the aquifer, fault
development and water pressure can all influence aquifer
water abundance (Li et al. 2019; Luo and Song 2007; Shi
et al. 2019; Zhang 2017). Moreover, the aquifer thickness
and structural complexity control the water pressure, which
is critical to mine water inrush. Therefore, a systematical and
statistical analysis is essential for coal mine safety.

In this case study, the Ordovician limestone aquifer was
the major water source of potential mine water inrush. How-
ever, the specific thickness of the limestone aquifer was hard
to define because the depth of the bottom of the limestone
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Fig. 7 Distribution of groundwater abundance corresponding to faults complexity degree

strata is unknown. Data listed in Table 2 verify that WP
and / have a nonlinear correlation with WI. Based on the
aforementioned information, water abundance influences
water pressure. Water pressure and fault complexity have a
positive nonlinear correlation with water inflow, as shown
in Supplemental Figs. S-3 and S-4.

High water pressure, a thick aquifer, and a well-devel-
oped fault system will usually lead to a higher water
inflow (Gao et al. 2018; Meng et al. 2012; Yin et al.
2017). The fault development, water abundance, water
pressure, and mine water inrush form a complex nonlinear
system; hence, there could be a nonlinear relationship
among them since they are interactional (Shi et al. 2015).
GRA is a quantitative description and comparison method
with which to examine the development and change of a
system. The basic idea is to identify whether the refer-
ence data column is closely related to several comparative
data columns by determining their geometric similarity,
which reflects the degree of correlation between curves.
The GRA method can be effective in analyzing nonlinear
relationships when the samples have characteristics of
less data and large grayscale. The change of water inflow
with the other two parameters can be calculated by using
Microsoft Excel and GRA (Deng 1989). Based on the

@ Springer

calculation steps presented earlier, Eq. (14) expresses the
correlation between three parameters and water inflow:

Q = 0.24H + 0.24L + 0.26P + 0.261, (14)

where Q is the water inflow, H is the exposed thickness of
the Ordovician limestone, P is the water pressure, and L is
the groundwater elevation.

Discussion

Mine water inrush accidents are often caused by a geo-struc-
ture that transects the aquifers. Statistically, more than 80%
of mine water inrush accidents are related to faults (Wu
et al. 2008). These faults destroy the continuity and integ-
rity of the rock mass and provide storage space and migra-
tion pathways for water. Therefore, investigations of fault
development, location, and groundwater content are neces-
sary before mining to effectively prevent coal mine water
inrush accidents. The characteristics of faults are critical to
water abundance, especially for rock that is otherwise rela-
tively non-porous, such as limestone. Limestone serves as
an aquifer mostly because of the cracks, fissures, and karst
void space. Many factors can influence the water abundance,
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including fault characteristics, aquifer thickness, rock char-
acteristics, folds, and lithological composition. Yin et al.
(2017) evaluated sandstone water yield zonation using nine
parameters that illustrated the importance of fault devel-
opment: the sandstone’s depth, thickness, and lithological
composition; the variation coefficient of the slope of the coal
seam; the intensity index of folds in the horizontal direction,
and; the length, density, frequency, density, and scale of the
fault(s). The major purpose of this paper was to investigate
the relationship between fault development and water inflow
in certain portions of the Zhaizhen coal mine, where the
deeply buried coal seams nos. 13 and 15 are being mined.

The characteristics of faults were fully considered, includ-
ing the number of faults, fault throw, fault strike length, fault
intersections, and fault endpoints. The quantitative relation-
ship between water inflow and the other parameters was ana-
lyzed and Eq. (14) was obtained by GRA, based on available
quantitative data. A distribution map of water abundance
was obtained, which can be a reference for further deep min-
ing research. The Ordovician limestone is the direct source
of recharge to groundwater inrush in the Zhaizhen coal
mine; therefore, its water abundance is a major concern in
groundwater inrush risk assessment. The water-conducting
faults and fractures serve as major flow pathways, while the
thickness of the aquifer and the groundwater level increase
the groundwater pressure and therefore accelerate water flow
(Jolley et al. 2007).

As presented, the more faults, the higher the 7 score, usu-
ally producing a higher water inflow. The richest ground-
water potential zones have been observed to have a high
fault density (Yin et al. 2017). To prevent mine water inrush
accidents, it is essential to determine the groundwater dis-
tribution in aquifers. However, delineating groundwater
zonation is a challenging task, which needs considerable
surveys, databases, and technical support. Systematically,
the investigation of groundwater abundance can be consid-
ered from three aspects: geo-structural development, water
source, and lithologic features, which correspond to tectonic,
hydrogeological, and lithological, respectively. Further
development of an evaluation model that considers all the
tectonic, hydrogeological and lithological aspects is criti-
cal to research on mine water disasters. More accurate geo-
structural data requires more borehole data to produce more
realistic results to evaluate and predict water abundance and
mine water disasters.

Conclusions

The number of faults, fault strike length, fault throw, fault
intersections, and endpoints are considered in the E-Ds
method, which provides a more reliable evaluation of the
degree of fault complexity than the single E or Ds method.

Contour maps were drawn by ArcGIS and the distributions
of fault complexity are presented for the Zhaizhen coal mine.
Also, a distribution map of mine water inflow was drawn
based on the results, which can be used as a reference for
solving mining problems associated with limestone aquifers.
Fault complexity was divided into four qualitative levels:
simple, moderate, relatively complex and complex.

The correlation between influential parameters and water
inflow showed that there is a nonlinear relationship between
water pressure and water inflow, as well as fault complex-
ity and water inflow. A formula was proposed using gray
relational analysis that illustrates the correlation between
parameters and water inflow.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10230-021-00795-x.
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