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Abstract

Direct current (DC) electrical sounding was performed to quickly identify the location of potentially dangerous water hid-
den in burnt rock (formed by spontaneous combustion of the coal). The Fisher discriminant method was used to generate
the functional relationship between borehole water inflow and DC electrical sounding data, and a model was established
to identify the water-enriched burnt rock areas. Based on a reevaluation of the training samples, the accuracy of the water-
rich discrimination model was found to be 89.1%. Finally, the water enrichment in the burnt area was predicted based on
DC sounding data from 576 survey points in five exploration lines, and the predictions were compared with the subsequent
water inflow data from boreholes. We found that the predicted results were highly consistent with the water inflow data in
the boreholes. Thus, the feasibility of using this approach was verified.

Keywords DC sounding - Burnt rock water enrichment property - Fisher discrimination - Mine water management

Introduction

Safe and efficient production in coal mines requires the
application of advanced geophysical technologies to accu-
rately detect the locations of water-rich areas, as well as
concealed water diversion channels (Xue et al. 2018, 2019).
Electrical and electromagnetic methods have become the
main means by which hydrogeological investigations and
deep explorations are conducted in mined-out areas (Chen
et al. 2019a, b).

Spontaneous combustion of coal seams can transform the
rock formation above the coal into burnt rock; the resultant
void space, if filled with water, can seriously threaten safety
during coal mine production (Hou et al. 2017; Yue and Xue
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2016). Hence, the distribution of the water-enriched burnt
rock above a working face must be clearly detected before
extraction.

The traditional detection method involves the use of
electrical resistivity. However, most resistivity inversions
used at present adopt a uniform half-space model to per-
form qualitative interpretation. Furthermore, many initial
input parameters are needed during the inversion of a strati-
fied model, and there are additional model and algorithm
requirements (Chen et al. 2017; Pan and Tang 2014; Thomas
et al. 2006; Wang et al. 2011; Zhang et al. 2016). Also, the
multi-dimensional inversion theory is complex and time-
consuming with respect to computation, and when it is used,
it is often difficult to reflect the real strata, particularly, in
areas for which geological data is lacking. Without a refer-
ence base for the selection and delineation of the range of
the threshold resistivity value in a water-enriched zone, it is
difficult to make a reasonable geological interpretation for
the inverted low resistance anomaly (Cheng and Shi 2013;
Elwaseif et al. 2012; Gao et al. 2018; Liu et al. 2014; Loke
etal. 2013; Lu et al. 2017; Thomas et al. 2006; Yue and Xue
2016). Therefore, based on the application of Fisher discrim-
ination in seismic exploration (Chen et al. 2016; Dong et al.
2016), Fisher discrimination was used in this study to avoid
the above-mentioned complicated theoretical calculations.
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There are several studies on the use of Fisher discrimination
to hydrogeological conditions in China. For example, Dong
and Xie (2016) selected seven hydrochemical indicators that
can be used to distinguish water source types and established
the Fisher discrimination model for the water inrush source
in 32 blocks in the Xu Tuan Mine; the model exhibited high
discrimination accuracy. Hou et al. (2016) using evalua-
tion indices such as thickness and weathering degree of the
bedrock, established a Fisher prediction model for the water
enrichment of the weathered bedrock of Jurassic coalfield in
north Shaanxi, and verified the feasibility of the model. Zhang
et al. (2013) used indicators such as fault transmissibility and
tectonic development to establish a Fisher model for water
inrush risk in the seam floor, and applied and tested the model
in the Panxi Mine. However, these and similar studies are only
mathematical models established based on geological indices.
So far, no study using the Fisher discrimination model based
on geophysical exploration methods has been reported.

In this study, direct current (DC) sounding data, borehole
water inflow data, and the Fisher mathematical model, as well
as normalized voltage reflecting the difference in strata water
enrichment were combined as indices to establish a discrimi-
nation model for burnt rock water enrichment. This study
also provides a reference for the processing of other electrical
exploration data types.

Principles of Fisher Discrimination

Statistical methods usually transform high-dimensional space
data into low-dimensional space data to establish a model.
Fisher discrimination projects multi-dimensional data in a
particular direction (Hu et al. 2010; Pan 2013; Zhao 2012):

y=apx;+ax,+...... +a,x,=w'X (1)

where X represents a selected variable that can reflect the
object under study, w’ expresses a coefficient to be deter-
mined, and y represents the discrimination value.
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where y represents the mean value of all the discrimination
values, y; expresses the mean value of different sets of dis-
crimination values, Y; expresses the ensemble of different
sets, and y, expresses the discrimination value of each set.
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Here, Si2 expresses the dispersion inside a set, i.e. vari-
ance. The system of linear equations is established based
on the known sample types. The difference between differ-
ent sample point types is enlarged as much as possible, and
simultaneously, the difference between similar sample point
types is reduced as much as possible. Thus, the Fisher crite-
rion function is defined as:

Z n [yi - y]z
Je(W) = ——— ®)
55
i=1

To make the maximum coefficient matrix, w, of J (W),
the vector of optimum solution, i.e. the coefficient of the
different variables in the Fisher linear discrimination for-
mula, formulas (1), (2), (3), (4) and (5) are then combined
to construct a Lagrange function. Following establishment
of the discrimination model, training samples are selected
to perform back evaluation to estimate the accuracy of the
model, based on the ratio of the number of the correct sam-
ples from the back evaluation to the total number of samples,
denoted as 1.

Establishment of the Fisher Model
Methods of Data Collection and Research

An uncommon burnt zone, with an area of 1.6 km?, had
developed in seam 1-2 upper at the south wing of a coal
mine in north Shaanxi, in northwest China. Based on the
area’s geological features, it was speculated that it contained
an unevenly distributed amount of water. The drilling data
indicated the presence of a relatively water-enriched weath-
ered layer in the bedrock above the coal seam. The hydraulic
connection formed by the fractures in the burnt rock and the
weathered layer of the bedrock constituted a serious threat
to safe mining of the underlying coal seam. Hence, learn-
ing the distribution of the water enrichment property of the
burnt rock was essential. Figure 1 presents a flow diagram
of the study area. Based on a comprehensive consideration
of various factors, the water enrichment of the study area
was surveyed using a tri-electrode DC electrical sounding
arrangement. The measurement grid was arranged as shown
in Fig. 2. In combination with the actual geological condi-
tions, five survey lines were laid in the burnt area and its
vicinity. The survey points were 15 m apart and a total of
567 survey points were considered. Data were collected in
the depth direction at each survey point, and a total of 20
depth levels were considered, with the maximum theoretical
depth being 300 m.
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Fig.1 Flow diagram of the study

Principle of Index Selection

The location and range of the horizons where the burnt
rock was located were determined based on existing drill-
ing data, in combination with water inflow data from where
the burnt area exposed by hydrological boreholes, and the
area’s actual geological situation. The water enrichment
aspect of the area was artificially divided into three types:
moderate water enrichment (0.1 L/(s m) <q< 1 L/(s m)),
slight water enrichment (q<0.1 L/(s m)), and very slight
water enrichment (q <0.01 L/(s m)). Drilling data in the
study area showed that the burial depth of the burnt area
was 125 m; therefore, the data in the vicinity of the burial
depth of 125 m was selected as a variable for the model. Due
to the volume effect of the DC electrical method, low resist-
ance abnormal bodies usually cause nearby surrounding
areas to show relatively low resistivity. In combination with
the known position of the burnt rock exposed by the bore-
holes, the normalized electromotive force V/I of five sets
of electrical sounding data corresponding to the burnt area
above and below the burial depth of 125 m were selected as
the discrimination indices, i.e. the sounding performed at
90, 105, 120, 135, and 150 m, were marked as X, X,, X,

X4, and X, respectively. 55 DC electrical sounding meas-
urement points, with different water enrichment levels, and
11 existing boreholes (six with medium water enrichment,
three with simple water enrichment, and two with very sim-
ple water enrichment) were selected as training samples to
establish the model. These were divided into sample groups
according to water inflow.

For correction, it is often necessary to multiply the actual
depth obtained using the DC electrical method in the field
by a suitable coefficient, K. In the past, the practice was to
search for a marker bed and use the inversion profile of the
apparent resistivity for the determination of the coefficient,
K.

H=K * OA (6)

where H represents the actual detection depth and OA repre-
sents the interval of the power supply electrode. In this study,
the Fisher discrimination models were set up by selecting
the correction coefficient, K, at different depths; the model
with the highest back evaluation accuracy was selected as
the final model. The accuracy of the back evaluation of dif-
ferent coefficients is shown in Table 1; the accuracy was
highest when K was 0.75. Table 2 shows the results of the
back evaluation for the 55 training samples.

Establishment of the Fisher Model Discrimination
Equation

The coefficient of the discrimination function obtained based
on the data corresponding to the selected samples and with
the help of SPSS software (version 19), i.e. the vector coeffi-
cient matrix of the optimum solution, is presented in Table 3.

¥ = 0.563x, + 0.816x, — 1.054x; — 0.448x, +0.959x5 (7)

vy = —0.134x, + 1.334x, — 0.109x3+0.263x, — 1.149x;
®)
These formulas are the discriminant functions for the
three types of water enrichment, where x,—xs represents V/I
at a depth in the range 135-195 m, and y, and y, represent
the Fisher discriminant equations. The above model is the
Fisher model set-up when K=0.75.

Back Evaluation of the Training Samples
of the Fisher Model

According to the Fisher discrimination principle, data cor-
responding to the training samples were substituted into
formulas (7) and (8) of the established Fisher model, y; and
y, were calculated, and the results obtained were compared
with the center position of each group and grouped with
the group’s result closest to the projection position. From
Table 2, it is evident that among the 55 training samples,
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Fig.2 Layout of the survey grid and borehole distribution in the study area

only six samples (samples 20, 36, 38, 44, 45, and 50) had
an incorrect water enrichment type. All the other samples
had water enrichment identical to the actual classification,
with an accuracy up to 89.1%. This illustrates that the estab-
lished model was highly accurate in discriminating water
enrichment in the study area. The incorrect discrimination
observed during the back evaluation of the training samples
could have been caused by the potential difference decreas-
ing rapidly during field data acquisition as the exploration
depth increased, resulting in a decreased signal-to-noise
ratio (SNR). This possibly led to the distortion of the deeper
data.

Figure 3 shows a grouping diagram drawn by applying
the discriminant functions, y; and y,. From this figure, it
can be observed that the water enrichment types overlapped
at some points. This could result in incorrect discrimination
of the samples projected onto the junction during the back
evaluation of the Fisher model. In addition, during the selec-
tion of training samples, hydrological drilling data were used
as a criterion; hence, statistical errors in the drilling depth

Table 1 Accuracy of back

. K n% K n (%)
evaluation of samples for
correction coefficient of 1 81.8 0.9 81.8
different depths 08 836 075 8.1
0.7 87.3 0.65 83.6
0.6 80 0.55 80
0.5 81.8

@ Springer

could have influenced the selection of the training samples.
Nonetheless, the discrimination method used in this study
is simple, was highly accurate, and could discriminate the
water enrichment at the survey point locations as long as the
original electrical sounding record of the different survey
points is known.

Discrimination of Water Enrichment in the Study
Area

Following categorization of the DC electrical sounding data
acquired in the field and on the basis of the Fisher discri-
minant model established in this study, the levels of water
enrichment at the 567 survey points in the study area were
discriminated. It was observed that 364, 102, and 101 of the
survey points corresponded to Type I, Type II, and Type III
water enrichment types, respectively. Figure 4 shows the
water enrichment distribution based on this prediction.
Based on known hydrogeological data, the groundwater
is mainly derived from runoff that flows into the Luca-
ogou gully on the southwestern side of the study area.
moving to the southwest from the northeast. Therefore,
water enrichment was found to be relatively strong in the
southwestern portion of the study area and relatively weak
in the northeast. Prediction diagram 3 shows that, over-
all, the water enrichment in the southwest of the study
area was stronger than in the northeast, coinciding with
the hydrogeological situation. Notably, during the selec-
tion of the training samples, boreholes K1-2, K3, K9 and
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Table 2 Comparison of training samples for back evaluation of strong/weak water enrichment and the results of self-inspection
Sample  No of survey point  No of borehole  Unit water Normalized electromotive force (mV/A) of dif- Actual Fisher
inflow L/(s m) ferent depth classifica-  Back
120m 135m 150m 165m 180m O evaluation
1 E-69 BK42 0.125 10.533 8.839 7.996 6.949 6279 1 1
2 E-70 BK42 0.125 11.051 9.320 8.054 7.154 6.555 1 I
3 E-71 BK42 0.125 10.924 9.172 7.962 7.194 6285 1 I
4 E-72 BK42 0.125 11.742 9.730 8.506 7.614 6.786 1 I
5 E-73 BK42 0.125 13.288  11.002 9.565 8.571 7816 I I
6 C-86 J16 0.125 10.715 8.982 7.659 6.979 6.128 I I
7 C-87 J16 0.125 11.300 9.396 8.177 7.118 6591 I I
8 C-88 J16 0.125 10.014 8.453 7.237 6.480 5794 1 I
9 C-89 J16 0.125 9.917 8.541 7.419 6.519 6.034 I I
10 C-90 J16 0.125 10.843 9.081 8.012 7.158 6435 1 I
11 C-68 KO 0.004 15.126 12392 10.502 9.157 8.419 1III m
12 C-69 KO 0.004 16.119 13.037 11.380 10.141 8.815 1III 1
13 C-70 KO 0.004 16.001 13.437 11.665 10.288 9.070 III 111
14 C-71 KO 0.004 14278 11961 10.231 8.746 7.895 I 111
15 C-72 KO 0.004 13.803 11.870 10.205 9.087 8.262 1III III
16 D-40 K10 0.038 14937 12367 20450 9.397 8544 1I I
17 D-41 K10 0.038 22257 16584 13.187 11.714 11.806 1I I
18 D-42 K10 0.038 25323 21.062 18.611 15473 13826 1I I
19 D-43 K10 0.038 20473 16207 13.648 11.792 10.791 1II I
20 D-44 K10 0.038 13434  11.367 10.065 8.910 8.000 1II I*
21 A-33 Kl1-1 0.162 9.086 7.724 6.473 5.808 5315 1 I
22 A-34 K1-1 0.162 10.196 8.393 7.022 6.523 5782 1 I
23 A-35 K1-1 0.162 10.121 8.352 7.405 6.382 5754 1 I
24 A-36 K1-1 0.162 7.957 6.829 5.812 5.119 4642 1 I
25 A-37 K1-1 0.162 12.495 10.172 8.796 7.796 6995 I I
26 B-4 K2-1 0.121 10.625 9.160 7.897 7.037 6.423 1 I
27 B-5 K2-1 0.121 7.966 6.485 5.436 4.868 4250 I I
28 B-6 K2-1 0.121 8.101 6.481 5.702 4.876 4475 1 I
29 B-7 K2-1 0.121 12.347 10.335 9.000 7.941 6.892 1 I
30 B-8 K2-1 0.121 12.812  10.994 9.574 8.584 7717 1 I
31 B-100 K2-2 0.241 11.936 9.873 8.239 7.241 6.691 1 I
32 B-101 K2-2 0.241 17.649  12.530 9.750 8.194 7313 1 I
33 B-102 K2-2 0.241 15235 12.568 9.029 7.631 6.763 1 I
34 B-98 K2-2 0.241 13.328 10.780 9.210 7.250 6.065 1 I
35 B-99 K2-2 0.241 11.407 9.097 7.650 6.709 5553 1 I
36 D-21 K4-1 0.004 13.293  21.995 9.499 8.462 7.620 I 1
37 D-22 K4-1 0.004 14977 12.675 10.958 9.608 8.599 1 I
38 D-23 K4-1 0.004 13.590 11.115 9.842 8.816 8.066 III I*
39 D-24 K4-1 0.004 16.083 13.597 11.403 10.446 9.645 1II I
40 D-25 K4-1 0.004 13.565 11.454 9.903 8.629 8.041 1III I
41 D-109 K4-2 0.110 10.563 9.057 7.887 7.073 6.525 1 I
42 D-110 K4-2 0.110 11.841  10.220 8.822 7.611 6.741 1 I
43 D-111 K4-2 0.110 10.885 15.714 19.133 25340 10382 I I
44 D-112 K4-2 0.110 12.572  10.693 9.182 8.149 7.368 1 r*
45 D-113 K4-2 0.110 13.979 12.008 10.343 9.186 8.146 1 r*
46 E-30 K5-1 0.081 19.454 14928 12925 11370 10232 1I I
47 E-31 K5-1 0.081 17.315 13281 11.374 9.614 1242 11 I
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Table 2 (continued)

Sample  No of survey point  No of borehole  Unit water Normalized electromotive force (mV/A) of dif- Actual Fisher
inflow L/(s m) ferent depth classifica-  Back
tion evaluation
120m  135m 150m 165m 180 m

48 E-32 K5-1 0.081 22204 18308 14.856 12.096 10470 1II II

49 E-33 K5-1 0.081 20.776 15535 12.815 11.301 10.153 1II II

50 E-34 K5-1 0.081 16.028 13350 11.389 10.113 9255 1I 1r*
51 E-89 K5-2 0.084 20.649 16496 13.868 12.333 11.122 1I I

52 E-90 K5-2 0.084 25.325 19.146  15.840 13.759 12426 1I I

53 E-91 K5-2 0.084 22481 16215 13.052 11.270 10.009 1II I

54 E-92 K5-2 0.084 20489 16.003 12.276  10.275 9.162 1I I

55 E-93 K5-2 0.084 23.776  17.622 14473 11.756 10.256 1I I

*The classification with asterisk represents that it did not coincide to the actual classification, in the table, I is medium water enrichment, II is
simple water enrichment and III is very simple water enrichment

Table 3 Standardized

canonical discriminant function

Discriminant function of y2

Variable  Function

coefficients \2 D
X 0.563 —-0.134
X, 0.816 1.334
X3 -1.054 -0.109
Xy —0.448 0.263
X5 0959 —-1.149
Type of water enrichment
| ® Medium water enrichment =
507 m Simple water enrichment
A Very simple water groups
* Centroid of different groups
2.5 [
0.0 L a4 T
- ,io.}l "
A
n
-2.57
A
-5.0
T T T T T
-5.0 -2.5 0.0 2.5 5.0

Discriminant function of y1

Fig.3 Grouping of discriminant function of y1 and y2
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BK38, were not selected, and of these, K9 was located
in the burnt area. The results of the pumping test of the
four boreholes were as follows: K1-2 showed slight water
enrichment, K9 showed moderate water enrichment, and
BK38 and K3 showed very slight water enrichment (the
columnar sections of the boreholes are shown in Fig. 5).
The water enrichment of the above boreholes was con-
sistent with the discrimination in the prediction diagram.
This indicated that the original DC electrical sounding
data could be practically and effectively applied to estab-
lish the Fisher discriminant model and accurately predict
the water enrichment in the entire area.

Conclusions

In this study, we established a Fisher discriminant model
to discriminate the water enrichment in a coal mine, based
on selected data samples. The accuracy of the back evalua-
tion of the samples using the model reached 89.1%, show-
ing that the model could be applied to discriminate the
water enrichment types in the study area.

Additional training samples for subsequent drilling ver-
ification could be added to improve the model. This could
be done by comparing and selecting the back-estimation
accuracy, 1, of the discrimination model established based
on different depth coefficients, K, to correct the explora-
tion depth of the DC sounding method.

The Fisher discriminant model was established based
on DC electric sounding data and borehole water inflow



Mine Water and the Environment (2021) 40:539-546 545
33 34 35 36 37
16 16
El
15 @ Check Medium water |;5
borehole enrichment
-Simple water Very simple
enrichment water enrichment
33 34 35 36 37
Fig.4 Prediction of distribution of water enrichment types in the study area
k9 K1-2 K3 BK38 Borehole No
Q 322 Q 15 Q 22 Q 6.7 Stratum Stratum
age thickness
55
Now| [[1111140.1 Now| 111111111186 Nowl LI Now|[[]111111l90.54 o
e o8 | — e — e —| . T [ eees  eees | - mt water mitiow
2 (were Jy, |=a= 22864 | 13 Jyy [t 7.01 (L(sm))
bgmt rock o oo 000" 000 ece 3 000" 000" 000 933 o
12 upper L 41.5 JZZ oos  o0e oss 00 -
5 — S el B T P R e (I
y J o o . o Siltstone Red soil
e 10 B o, ove oo
J2y 1-2 upper 2}’ 1 2 upper *e’e?’ |"-“'o~
Corse Fine
<>\/ O\/ sandstone sandstone
“““:“
0.10508 0.0472 0.0085 0.00035 ‘Medium Sandy
sandstone mudstone
Fig.5 Histogram of pumping test boreholes
data. This method can be used elsewhere for water dis-  from other electromagnetic exploration methods can also

aster prevention and control in coal mines. Original data  be used for interpretations. Considering that the accuracy
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of the model requires original geophysical data of high
quality, this discriminant method is suitable for study areas
with simple geological conditions and little interference.
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