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Abstract

Predicting the water-conducting fractured zone (WCFZ) height is the key to roof water disaster prevention and environmen-
tal protection. Field WCFZ data were collected from 24 working faces of Shendong, Shenfu, Yushen, and Yuheng mining
areas in the northern Ordos Basin. A fitting formula was obtained by a multiple regression model and the weight of each
factor was calculated by information entropy theory, allowing a prediction of the WCFZ height in the area. The formula was
improved by applying a safety factor of 1.33, which met the 95.8% reliability requirements of the samples. Finally, the 31,114
working face of the Jinjie coal mine was selected as a case study. The spatial characteristics of the WCFZ in the study area
were analyzed using a geographic information system (GIS) and the WCFZ height was measured using borehole TV. The
predicted value was 49.6 m and the field measured value exceeded 42.4 m, making the model-predicted value much closer
that predictions calculated with other empirical formulas. The results indicate that this method quantitatively predicted the
WCFZ height in the study area and enabled the WCFZ height in the study area to be visualized with GIS technology. It is an
effective tool for analyzing and predicting the height of the WCFZ and for preventing mine water inrush.

Keywords Mine inrush safety - Jinjie coal mine - Nonlinear multiple regression - Geographic information system - Field
measurements

Introduction

The Ordos Basin is the most productive of China’s coal
resource areas. The Jurassic Yan’an formation is the primary
coal-bearing stratum in the basin and its roof generally con-
tains Jurassic Zhiluo formation, Cretaceous, and Quaternary
Salawusu formations. Therefore, coal mining in the basin
faces different degrees of roof water disaster risks (Gui and
Lin 2016; Hu and Zhao 2021). The northern Ordos Basin is
an arid and semi-arid region with a fragile ecological envi-
ronment (Li 2018; Sun et al. 2017; Yang et al. 2020a, 2021).
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According to the deformation and failure characteristics of
the overlying strata during coal mining, the overlying strata
are distributed in three distinct zones from bottom to top,
named the caved, fractured, and continuous deformation
zones (Liu 1981; Peng et al. 2015). The concept is illustrated
in Fig. 1. The height of the water-conducting fractured zone
(WCFZ) is the sum of the heights of the fractured and caved
zones. When the fractures connect with the upper aquifer,
a mine water inrush channel is formed, which can easily
cause a water inrush disaster and worsen the local ecological
environment. Therefore, predicting the height of the WCFZ
is the key to roof water disaster prevention and ecological
environment protection.

Various research methods have been used to study the
height of the WCFZ, such as empirical equations, similar
material model tests, numerical simulation, theoretical
analysis, and field measurements. Based on these methods,
researchers have studied the height of the WCFZ in Jurassic
coal seam mining in the Ordos Basin, in western China. In
the 1980s, Liu (1981) established some empirical equations
based on measured data to derive the height of the WCFZ
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using the mining height and overburden rock hardness as
variables. In the “Codes for Setting Coal Pillar and Min-
ing Pressed Coal Under Buildings, Water Bodies, Railways,
and Main Roadways in China” (from now on referred to
as the “Codes”), the most widely used empirical equations
for medium hard rock conditions are presented in Eq. 1 of
Table 1 (State Administration of Work Safety 2017). How-
ever, China’s eastern and western parts have very different
geological conditions and mining technology. Wu et al.
(2016) calculated the development height of medium-hard
rock WCFZ using Eq. 2 from the coal mine water preven-
tion and control manual (Wu et al. 2013) and evaluated the
roof caving degree of the Taigemiao mining area in the
northern Ordos Basin, and achieved good results (Table 1).
Xing et al. (2017) summarized the nonlinear statistical rela-
tionship between the height of the WCFZ and the mining
height, mining depth, and coalface length in Jurassic coal
mines and developed a formula to predict the height of the
WCFZ. These empirical formulas are prone, however, to
poor predictive accuracy. Our challenge was to improve the
predictive accuracy.

In the laboratory, similar material model testing is a
widely used research method. Miao et al. (2011) used a simi-
lar material model test to illustrate that if the vertical dis-
tance from the primary key stratum to the coal seam is lesser
than a certain value, the developed fracture zone would
extend above the key stratum to the top of bedrock, result-
ing in a higher WCFZ height than the calculated empirical

method in Bulianta coal mine. Zhu et al. (2020) established
a soil-rock model using numerical simulation to study the
WCFZ height under the Q,; loess at the Jinjitan coal mine.
In terms of theoretical analysis, Liu et al. (2018) used Pu’s
theory and rock mass limit equilibrium theory to calculate
the height of the WCFZ in the Jurassic coal field, and used
micro-resistivity scanning imaging and logging technology
to study the height of the WCFZ in different Jurassic coal-
field layers in western China. Liu et al. (2019a) determined
the WCFZ height in soil-rock composite structure overbur-
dens in northern Shaanxi Province by monitoring the quan-
tity of running water in boreholes monitoring and distributed
optical fiber sensing technology.

In recent years, multiple regression analysis (Chen and
Zhu 2020; He et al. 2020; Hu et al. 2021; Liu et al. 2019a,
2019b; Wang et al. 2020; Wu et al. 2020; Xing et al. 2017),
random forest regression (Zhao and Wu 2018), neural net-
work (Wu et al. 2017), PSO-SVR (Xue et al. 2020), MPGA-
SVR (Guo et al. 2020), and some other data analysis meth-
ods have been used in hydrogeological studies, and, to a
certain extent, to improve the predictive accuracy of the
empirical equation for the WCFZ height. However, due to
the diverse geological and engineering conditions of China’s
mining areas, the predictive method’s adaptability is low.

To improve the accuracy and applicability of the predic-
tive method, the northern Ordos Basin was selected as a
study area. The overlying strata of the coal seam are medium
hard rocks, and the engineering and geological conditions
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Fig. 1 Zones of overburden failure due to mining
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are similar. The height of the WCFZ and its predictive vari-
ables were determined using data collected from 14 coal
mines in the northern Ordos Basin. The multiple regression
model was used to obtain the fitting formula and the infor-
mation entropy was used to improve each factor’s weight
in a WCFZ height predictive method. The 31,114 working
face of the Jinjie coal mine was used as a case study. The
spatial characteristics of the WCFZ height were analyzed
by GIS technology in the study area, and the WCFZ height
was measured by borehole TV. Finally, the feasibility and
precision of this approach were confirmed by error analysis
and a comparison of predicted and measured values.

Material and Methods
Information Entropy

Entropy is a measure of the variance of random variables
in information theory. It can be used to determine the
amount of information stored in the data as well as the dis-
crete degree of the data. A greater discrete degree of data is
associated with less information entropy, more information
deviation, more contained information, and more significant
output results (Patricia 2006; Yang et al. 2017, 2020b). The
information entropy of the factors is (Li et al. 2013; Wu
et al. 2015):

1 n
E =— U.. In(U..
where U,-j = nx”' ) Xjj is the value of the jth factor of the ith
XX

group of the height of the WCFZ in the measured data.
There are 24 data sets in this study, so the maximum value
of i is 24; there are three factor sets in this paper, so the
maximum value of j is 3. The weight coefficient of the jth
factor is:

% (1-5) @

Improved Multiple Regression Model

Multiple regression models includes multiple linear and
nonlinear regression models. The multiple linear regression
model can be defined as (Wang et al. 2020; Wu et al. 2020):

y=F+bixi+bxy+ -+ Px, +e 3)

where y, the dependent variable, is the height of the WCFZ,
x; to x, are independent variables, such as the thickness of
the coal seam, buried depth of coal seam, inclined length of
working face.fy, By, P, ... B,are p+ 1 unknown parameters
(p=2), By is aregression constant, B, p,, ..., B, are regres-
sion coefficients, and ¢ is a random error.

To improve the accuracy of the multiple regression
model, it needs to be tested for significance using the F or ¢
tests. The F test statistic is used when F > F (p, n —p — 1);
the multiple regression model is considered significant at the
significance level a, which means that the multiple regres-
sion model is available.

y
i=1 n—p-—1
X “

where n is the number of measured data sets, y; is the meas-
A
ured height of the WCFZ (m), Y is the fitting height of the

WCFZ of samples (m), and y is the average height of the
WCFZ of samples (m).
The #-test statistic is used when |tj| >ta(n—p—1), the
2
independent variable x; significantly affects the dependent

variable y; that is, the influencing factors have a significant
impact on the predictive object.

_ b
tj - Cc..6 ®)
i
Var(ﬁ) n
where ¢;; = — - and 6 = 4 [ ——— > (vi—3;) stands for

i=1
the acceptable deviation of the controlled variable.

The goodness of fit is then used to test the regression
equation’s degree of fit to the samples’ observed values. The
coefficient of determination, R2, ranges between 0 and 1: the
closer to 1, the better the fit; the closer to 0, the worse the fit.

Table 1 Empirical equations
to calculate the height of the

WCFZ

Lithology of overburden Equation (1) Equation (2)
Medium-hard . 100XM _ __100M
edium-har Hy = 5 Y M36 T 5.6 Hi = rems = 1149
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In this paper, the information entropy theory was used to
determine the weight coefficient w ; of each factor. Therefore,
the improved multiple regression model is as follows (Liu
et al. 2019b):

=Py +wiBix; + wyboxy + -+ w,px, + € @)

Measured Data

To evaluate the influence of the factors on the height of the
WCFZ, 24 groups of measured data and relevant factors
were collected from coal mines in the Shandong, Shenfu,
Yushen, and Yuheng mining areas of the northern Ordos
Basin (Lv 2014; Wei et al. 2016; Xing et al. 2017; Xue et al.
2020). The mining area locations are shown in Fig. 2 and the
collected data are listed in Table 2.

Results and Discussion
Multiple Regression Predictive Model

With the data in Table 2, a multiple linear regression model
was used to determine the relationship between the height
of the WCFZ (H, in m), and its factors, and a formula for
this relationship was obtained. The height of the WCFZ can
be calculated with:

H =324+12.07M + 0.29b — 0.07! ®)

where M is the thickness of the coal seam (m), b is the bur-
ied depth of the coal seam (m), and [ is the inclined length
of the working face (m).

SPSS software was used to calculate the significance
probability value (P value) of the regression equation. The
P value is 0.000 <a=0.05, which indicates that the multi-
ple linear equation is highly significant. The ¢ statistic and
P-value of the multiple linear regression models were then
statistically analyzed (Table 3).

It can be seen from Table 3 that at a significance level of
a=0.05, the thickness and buried depth of the coal seam
significantly affected the height of the WCFZ, while the
inclined length of the working face was not significant.
Although the regression equation has high significance in
the multiple linear regression model, some factors were not
significant effect. Therefore, it was necessary to use multiple
nonlinear models to predict the height of the WCFZ.

@ Springer

The relationship between the height of the WCFZ and
its influencing factors are analyzed and plotted in Fig. 3.
In SPSS software, 11 basic models were used to determine
the relationship between the height of the WCFZ and its
influencing factors. The R? and significance of the models
are listed in Table 4.

According to each model’s R? and significance, the opti-
mal relationship between each factor and the WCFZ height
was determined.

4.03
H= 65'45 i

H = 0.334p"9° ©
H = —155.282 + 2.298] — 0.005/>

After the multiple regression model equations were
established, information entropy was applied to improve
the weight coefficient of each influencing factor. Informa-
tion entropy was used to measure each factor’s information
content and evaluate its usefulness in predicting the WCFZ
height. For example, if one of the factors has the same value
in each measured data set, then that factor does not provide
useful information about the WCFZ’s height; since it does
not affect the WCFZ height, the information entropy is 1.
On the other hand, if it significantly affects the measured
WCFZ data, then the factor’s effect is more significant. The
information entropy and calculated weight coefficient of fac-
tors based on the information entropy theory are shown in
Table 5. A multiple nonlinear regression model was estab-
lished to predict the WCFZ height with information entropy:

408

H=039%"" +0.136"% +0.52/ — 0.00112 — 35.47
(10)

Error Analysis and Reliability of the Results

The empirical equations in the “Codes” and coal mine water
prevention and control manual (Wu et al. 2013) have both
been used to predict the height of the WCFZ in the western
mining area. To compare the accuracy of the equation based
on the multiple regression model and information entropy
with other empirical equations, the relative error of meas-
ured data from 24 working faces was calculated (Table 6).

The standard form of presentation for the error analysis
of the Code and paper equation for the height of the WCFZ
and presented in Table 6 would generally be as shown on
Fig. 4, which compares the relative reliability of the predic-
tive model to the Code equations. We find that Eq. 10 does
a good job of predicting the actual height of the WCFZ,
whereas Code Eqs. 1 and 2 substantially and unsafely under-
predicted the measured height of the WCFZ.

The commonly used evaluation indicators for regression
models are mean error (ME), mean absolute error (MAE),
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Fig.2 Distribution of mine area in the northern Ordos Basin
Table 2 Measured data of the height of the WCFZ in the northern Ordos Basin
No Coal mine Working face Thickness of Buried depth of Inclined length of The measured height ~ Mine area
coal seam /m coal seam /m working face /m of the WCFZ/m
1 Cuncaota 43,115 23 101.6 360.0 25.2 Shendong
2 Wulanmulun 12,403 2.0 130.0 310.0 357 Shendong
3 ‘Wulanmulun 12,403 2.5 130.0 310.0 62.9 Shendong
4 Huoluowan 22,101 2.4 139.0 / 37.8 Shendong
5 Zhuanlongwan 23,103 4.5 145.8 260.0 92.1 Shendong
6 Bulianta 12,406 44 180.0 310.0 74.0 Shendong
7 Bulianta 12,406 44 181.7 310.0 89.5 Shendong
8 Bulianta 12,511 7.6 242.1 319.1 104.5 Shendong
9 Jinjie 31,104 34 110.0 369.0 45.7 Yushen
10 Yushuwan 10,204 5.0 275.8 255.0 117.8 Yushen
11 Yushuwan 10,204 5.0 278.5 255.0 130.5 Yushen
12 Yushuwan 10,204 5.0 286.9 255.0 138.9 Yushen
13 Yushuwan 10,203 5.0 279.3 297.0 137.3 Yushen
14 Hanglaiwan 30,101 4.5 243.5 300.0 108.3 Yushen
15 Longde 205 4.0 210.0 182.0 76.9 Yushen
16 Jinjitan 101 5.5 269.5 300.0 108.6 Yushen
17 Yuyang 1307 2.8 157.0 125.0 68.6 Yuheng
18 Yuyang 2301 3.6 143.5 130.0 70.0 Yuheng
19 Yuyang 2304 3.5 188.0 200.0 84.8 Yuheng
20 Yuyang 2304 3.5 208.0 200.0 96.3 Yuheng
21 Zhangjiamao 15,204 6.0 89.7 300.0 69.2 Shenfu
22 Zhangjiamao N15203 5.5 164.7 295.2 108.0 Shenfu
23 Niingtiaota N1114 5.5 188.9 250.0 145.2 Shenfu
24 Daliuta 52,306 6.8 180.0 301.0 137.3 Shenfu
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Table 3 The significance (Sig.) of the coefficient of multiple linear
regression model

Factor Thickness  Buried depth Inclined length ~ Constant
of coal of coal of working
seam (m) seam (m) face (m)

Sig 0.001 0.000 0.242 0.879

t 3.986 4.190 —1.208 0.155

mean absolute percentage error (MAPE), standard error of
estimate (SEE), root mean squared error (RMSE), and nor-
malized root mean squared error (NRMSE). As shown in
Table 7, the ME for the 24 points is — 2.72 m for Eq. 10.
The height of the WCFZ is underestimated, but it is close
enough for use in a safety analysis. The NRMSE is 13.42%,
which is a little higher than the 10% value generally con-
sidered desirable, but for this geotechnical analysis with a
significant range of geological conditions, is considered to
acceptable. For Code Eqgs. 1 and 2, the ME are — 50.00 m
and — 36.46 m, respectively. They both seriously underesti-
mated the actual WCFZ height, and both were unacceptable,
with NRMSEs of 49.77% and 37.52%, respectively, which
is far higher than 10%. That is unacceptable for use in safety
analysis. Therefore, the height of the WCFZ predicted using
the multiple regression model and information entropy was
closer to the measured value than the heights predicted by
the other empirical equations. It can be used to forecast the
height of the WCFZ in this area.

The equations in the Code only consider the influence of
the thickness of the coal seam on the height of the WCFZ.
The current research has found that the height of the WCFZ
is affected by various factors, such as the geological condi-
tions of the mining area and coal mining technology (Chen
and Zhu 2020; He et al. 2020). The data based on Code
Egs. 1 and 2 are derived from blast-winning technology
and conventionally-mechanized coal winning technology
in the 1950s and 1980s. Currently, coal mines are all fully
mechanized. The influence of coal mining technology on
the height of the WCFZ is different because the technol-
ogy has changed. We calculated the weights of the factors
influencing the WCFZ using information entropy and used
the multiple regression model to obtain the fitting equation.
Compared with the Code equations, the equation obtained
in this paper for calculating the height of the WCFZ is more
scientific and reasonable.

The factor of safety is very important for mine safety
design. It was found that the predicted value was less than
the measured value in 14 of the 24 cases in Eq. 10, so the
probability of failure is 0.58. For engineering design of tem-
porary structures, the acceptable probability of success is
0.95-0.99 (Harr 1987) and the corresponding probability of
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failure is 0.01-0.05. For mine safety analysis, a 95% prob-
ability of safety against failures is often used for design. To
improve the safety of geotechnical structures, the standard
method is to apply a factor of safety against failure, typically
~ 1.3 for temporary underground structures in rock (Hoek
et al. 1995). Through calculation, it was found that using a
factor of safety of 1.33 reduced the risk of failure to 0.042,
which meets the 95.8% reliability requirements.

Equation 10 only applies to predicting the height of
the WCFZ in the Shandong, Shenfu, Yushen, and Yuheng
mining areas in the northern Ordos Basin. Further work is
needed to extend this work to other mining areas; data must
be collected from mines with similar engineering and geo-
logical conditions, as was done in this study.

Case Study Based on GIS and Borehole TV

The Jinjie coal mine is located in the Yushen mining area
of the northern Ordos Basin. The administrative division
belongs to Shenmu City, Shaanxi Province, China. It is
located at the northern end of the Loess Plateau in northern
Shaanxi and the Mu Us Desert’s southeastern edge. It cov-
ers an area of ~ 141.78 km? and has an approved production
capacity of 18 Mt/a. The study area is the 31,114 working
face of the Jinjie coal mine, located in the middle of the first
panel, and the working face is arranged in the north—south
direction. The strike and inclined length of the 31,114 work-
ing face are 5257.5 m and 369 m, respectively. The coal
seam inclines to the northwest with a dip angle of 1°.

The lithology in the studied area is composed of Quater-
nary Holocene (Q4e°1), Middle Quaternary Lishi Formation
(Q,)), Middle Jurassic Zhiluo Formation (J,,), and Middle
Jurassic Yan’an Formation (JZy)' The weathered bedrock
aquifer of the Zhiluo Formation is the main water inrush
source in the Jinjie coal mine.

We predicted the height of the WCFZ in the study area
with the fitting formula based on the multiple regression
model and information entropy. Initially, using the study
area’s drilling exploration data, basic data such as the
thickness of the coal seam, buried depth of the coal seam,
and inclined length of the working face were statistically
obtained. Then, the kriging method in the geostatistics ana-
lyst of ArcGIS was used to generate the basic layers of the
coal seam thickness, the buried depth of the coal seam, and
the inclined length of the working face. The raster calcula-
tor in the spatial analyst of ArcGIS was used to carry out
the basic layer overlay operation on the multiple regression
model improved with information entropy. Finally, as shown
in Fig. 5, the map for the height prediction of the WCFZ of
the study area was constructed.

The predicted height of the WCFZ in the study area was
49.20-54.54 m and tended to be low in the middle and
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Fig.3 Relationship between
the height of the WCFZ and its
influencing factors in nonlinear
regression models
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Table 4 R? and significance of

- X Model Thickness of coal seam Buried depth of coal seam Inclined length of
nonlinear regression models working face
R? Sig R? Sig R? Sig
Linear 0.546 0.000 0.595 0.000 0.014 0.594
Logarithmic 0.621 0.000 0.605 0.000 0.000 0.939
Inverse 0.639 0.000 0.571 0.000 0.005 0.750
Quadratic 0.672 0.000 0.609 0.000 0.478 0.002
Cubic 0.679 0.000 0.609 0.000 0.495 0.004
Power 0.661 0.000 0.591 0.000 0.014 0.585
Compound 0.558 0.000 0.561 0.000 0.049 0.309
S-curve 0.712 0.000 0.577 0.000 0.001 0.894
Logistic 0.558 0.000 0.561 0.000 0.049 0.309
Growth 0.558 0.000 0.561 0.000 0.049 0.309
Exponent 0.558 0.000 0.561 0.000 0.049 0.309

Table 5 Information entropy and weight coefficient of factors

Factor Thickness of Buried depth  Inclined length

coal seam of coal seam  of working face
Information entropy  0.9834 0.9841 0.9904
Weight coefficient 0.3938 0.3778 0.2284

high on both sides (Fig. 5). From the open-off cut to about
2240 m of mining, the maximum height was predicted to be
52-53 m, and then gradually decreasing to 49—50 m. There
were two reasons for this: one is that the buried depth of the
coal seam in this area was shallower, which also decreased
the mine pressure slightly; the other is that the coal seam
was thinner than earlier. Due to these factors, it is estimated
that the development height of the WCFZ, which has been
mined for about 4170 m, will gradually increase to 53-55 m.

To determine the development of the WCFZ in the study
area, the height of the WCFZ was measured by borehole
TV during coal mining at the 31,114 working face of the
Jinjie mine from October to December 2019. A yygd-TGS50
downhole drilling TV detection system directly displayed
the development of the overburden rock fractures as a video
recording (Lai et al. 2006; Xu et al. 2017). We used the
measured maximum mining-induced fracture development
height on October 21, 2019, when the working face was
143 m from the observation drillhole, as an example, and
then calculated the maximum possible development height
of the WCFZ.

The layout of the observation drillhole was carried out as
mining progressed. As shown in Fig. 6, the field observa-
tion drillhole was at the 30th joint of the 31,115 ventilation
roadway. The lithology of the observation drillhole section
is shown in Fig. 7.
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As the working face advance from November 21 to 24,
the number of large mining-induced fractures from the roof
of the coal seam significantly increased at a distance of
39.1-42.4 m. On December 12, 2019, it was 36.15 m from
the drillhole, the opening and dislocation of the rock forma-
tion was very obvious, and the falling of broken rock blocks
was very common. According to the observed data, it is clear
that the developed height of the WCFZ at the observation
drillhole is at least 42.4 m. Since the predicted value of the
WCFZ using the multiple regression model and GIS method
at this location was 49.6 m, this verified the applicability of
the method in the northern Ordos Basin.

Conclusions

Based on the multiple regression model and information
entropy, a method was proposed for predicting the height
of the WCFZ in the northern Ordos Basin. Standard error
analysis was used to determine the reliability of the pre-
dictive model and once the appropriate factor of safety of
1.33 was applied to the model, it met the 95.8% reliability
requirements.

This method comprehensively considers the thickness of
the coal seam, the buried depth of the coal seam, and the
inclined length of the working face as influencing factors
on the development height of the WCFZ in the northern
Ordos Basin. Using the information entropy to calculate the
weights of these three factors, we found that the thickness of
the coal seam in this area has the greatest weight, the buried
depth of the coal seam is second, and the inclined length of
the working face has the least weight.

Taking the 31,114 working face of the Jinjie coal mine
as a case study, the spatial characteristics of the WCFZ in
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Table 6 Predictive height and measured height of the WCFZ

Coal mine Working face Measured Code Eq. (1) Code Eq. (2) Equation (10)—paper
height of the B B . -
Calcu- Relative error/% Calcu- Relative error/% Predictive Relative error/%
WCFZ/m
lated lated value/m
value/m value/m
Cuncaota 43,115 252 31.59 25.37 30.76 22.05 42.34 68.01
Wulanmulun 12,403 35.7 29.41 17.61 27.03 24.29 54.75 53.37
Wulanmulun 12,403 62.9 32.89 47.70 32.20 47.22 60.76 3.40
Huoluowan 22,101 37.8 32.26 14.66 31.98 15.39 41.00 8.47
Zhuanlongwan 23,103 92.1 41.67 54.76 55.90 39.30 88.00 4.45
Bulianta 12,406 74.0 41.35 44.12 54.84 25.90 88.30 19.32
Bulianta 12,406 89.5 41.35 53.80 54.84 38.73 88.62 0.98
Bulianta 12,511 104.5 48.22 53.85 85.82 17.88 115.62 10.64
Jinjie 31,104 45.7 37.61 17.70 43.79 4.18 53.34 16.71
Yushuwan 10,204 117.8 43.10 63.41 61.12 48.11 116.38 1.21
Yushuwan 10,204 130.5 43.10 66.97 61.12 53.16 116.90 10.42
Yushuwan 10,204 138.9 43.10 68.97 61.12 55.99 118.52 14.67
Yushuwan 10,203 137.3 43.10 68.61 61.12 55.48 113.39 17.41
Hanglaiwan 30,101 108.3 41.67 61.53 55.90 48.38 102.62 5.25
Longde 205 76.9 40.00 47.98 50.51 34.32 93.51 21.59
Jinjitan 101 108.6 44.35 59.16 66.19 39.06 114.17 5.13
Yuyang 1307 68.6 34.65 49.48 36.80 46.35 61.51 10.34
Yuyang 2301 70.0 38.46 45.05 46.06 34.20 68.31 2.42
Yuyang 2304 84.8 38.04 55.14 44.93 47.02 86.69 2.23
Yuyang 2304 96.3 38.04 60.49 44.93 53.34 90.48 6.04
Zhangjiamao 15,204 69.2 45.45 3431 71.09 2.73 83.18 20.20
Zhangjiamao  N15203 108.0 44.35 58.93 66.19 38.72 94.89 12.14
Niingtiaota N1114 145.2 44.35 69.45 66.19 54.42 103.04 29.04
Daliuta 52,306 137.3 46.96 65.80 78.63 42.73 103.53 24.60
e Table 7 Error analysis of the predictive model for the height of the
®  Code Equation (1) WCFZ
140 - ® Code Equation (2)
_ A Equation (10)-Paper ) _
B -~ Computed=Measured Code Eq. (1) Code Eq. (2) Equa
N 120 - A tion (10)-
= A, &4 a4}
@) Paper
= 100 - LA Al
§ e A“'X .A ME/m —50.00 —36.46 -2.72
S s OVER-PREDICTED |4 .- . MAE/m 50.53 37.08 11.93
3 X ° ° MAPE/% 50.20 37.04 15.34
T 60 1A A ) o @
3 Al 7 o o ° SEE/m 61.07 46.03 16.47
2 =
é 40 4 A A: ;.. :-‘ s she RMSE/m 59.72 45.02 16.10
S '.' . NRMSE/% 49.77 37.52 13.42
20 4 UNDER-PREDICTED
0 : T T T T T T
0 20 40 60 80 100 120 160

Measured Height of the WCFZ (m)

Fig.4 The standard form of presentation for the error analysis of the

predictive equation for the height of the WCFZ

the study area were examined using GIS technology; the
predicted height of the WCFZ in the study area was deter-
mined to be 49.20-54.54 m, and the development height of
the WCFZ was expected to be low in the middle and high

@ Springer
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Thus, the proposed predictive method provides a basis
for predicting mine water hazards control in in the northern
Ordos Basin area and should greatly aid coal mining and the
conservation of groundwater resources.

on both sides. The height of the WCFZ was measured with a
borehole TV, and the measured value was 42.4 m, while the
predicted value was 49.6 m, which verifies the applicability

of the method in this area.

@ Springer
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Fig.7 Schematic diagram of the lithology of the observation drill hole section
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