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Abstract

Improving utilization of mine water in underground reservoirs requires determining the hydraulic connectivity between
goafs. In this study, a new method for detecting the hydraulic connectivity between adjacent goafs based on a chemical
tracer was proposed. First, based on the geological and mining conditions of the mine, a FLAC® numerical model was
established to analyze the distribution pattern of plastic zones on both sides of the coal pillar after mining, and the range of
hydraulic connectivity testing in the goaf was preliminarily determined. Also, a tracer mass calculation model considering
the water storage coefficient of goafs was established. The change rates of tracer concentration and water level of the goaf
were used as the evaluation indexes for the hydraulic connectivity. The new detection method was applied to abandoned
goafs in a coal mine and a plan was proposed to construct a coal mine underground reservoir, using the 31,301-31,307
goaf where the main reservoirs were constructed in the 31,303 and 31,305 goafs while the 31,307 goaf served as the

auxiliary one. The 31,301 goaf cannot be utilized from the perspectives of cost and safety.

Keywords Mine water - Chemical tracer method - Coal pillar - Underground reservoir - Water storage coefficient

Introduction

With the depletion of coal resources in eastern mining areas
of China, coal mining activities are rapidly shifting to the
northwest mining areas that are ecologically fragile. This
area, where the average evaporation of surface water is four
times as high as the annual precipitation, is characterized
by typical arid and semi-arid climate. The proven reserves
of coal resources there account for over 70% of the coun-
try’s total amount but the water resources only account for
9% (National Bureau of Statistics 2020). At the same time,
large-scale and high-intensity underground coal mining
compromises the integrity of roof rock structure in these
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areas. The seepage of water from the bedrock aquifer and
the Quaternary aquifer into the goaf causes a decrease in
the groundwater level, which aggravates deterioration of the
ecological environment (Li 2018a). Therefore, clean water
resources with reliable sources and stable quality are needed
for the coordinated development of coal mining and envi-
ronmental protection.

Abundant mine water is generated from coal mining
activities. The mine water typically has high concentra-
tions of suspended solids due to the existence of impuri-
ties such as coal debris and dust. It also contains a certain
amount of potentially toxic elements, organic matter, and
microorganisms. Consequently, its average utilization rate
is only 35% (Gu 2015). The establishment of underground
reservoirs in the large underground goaf can effectively help
treat the mine water, which provides a new way to address
the problem of water shortage in ecologically fragile mining
areas (Fan et al. 2020; Song et al. 2020; Wang et al. 2018)
(Fig. 1). The underground reservoirs in mines are generally
constructed using several adjacent goafs, which jointly per-
form preliminary purification of mine water through physi-
cal sedimentation and partial chemical reactions (Wang
et al. 2018; Yao et al. 2020; Zhu et al. 2023). It should be
noted that the mine water, after preliminary purification,


http://crossmark.crossref.org/dialog/?doi=10.1007/s10230-024-00972-8&domain=pdf&date_stamp=2024-3-6

Mine Water and the Environment (2024) 43:104-116

Fig. 1 Schematic diagram of an
underground reservoir in a coal
mine
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still requires further treatment to meet the standards for use.
However, the remaining coal pillars between adjacent goafs,
which affect the hydraulic connectivity between goafs,
weaken the purification effect of goaf gangue on mine water
(Qiao et al. 2018; Zhao et al. 2019). Therefore, determining
the hydraulic connectivity between goafs on both sides of
the remaining coal pillars is crucial for the evaluation of
mine water purification capacity of underground reservoirs.

It is assumed that groundwater in different aquifers flows
linearly, and two hydraulically connected aquifers share the
same hydrochemical properties. On this basis, the hydro-
chemical method plays an important role in detecting the
hydraulic connectivity between groundwater circulation
systems and between surface water and groundwater. Based
on massive geothermal hydrochemical data, Lin et al. (2007)
analyzed the hydraulic connectivity between adjacent geo-
thermal wells and determined the source of a geothermal
water supply. Wu et al. (2014, 2015) revealed water flow
channels between different confined aquifers by analyzing
the distribution of fluoride in two confined aquifers in the
mining area. Li et al. (2018b) explored the hydraulic con-
nectivity between confined aquifers and lower coal-bearing
aquifers by collecting and analyzing a large number of
groundwater samples from mining areas. Li et al. (2016a, b)
estimated the hydraulic connectivity between surface water
and shallow groundwater using the hydrochemical method,
providing reference for the utilization of water resources in
arid areas. Through a case study, Oyarzun et al. (2014) dem-
onstrated the applicability and effectiveness of the hydro-
chemical method for evaluating the interaction between
surface water and shallow groundwater.

Tracer testing is a well-developed technique in hydroge-
ology to study water flow paths, transport processes, and
water-rock interactions (Benischke 2021; Dogancic et al.
2020; Fuentes-Lopez et al. 2022; Hazen et al. 2002; Kuru-
kulasuriya et al. 2022; Magsoud et al. 2012; Muyiwa et al.
2022; Pauwels et al. 2010; Pu et al. 2016; Schladow et al.
2008; Yi et al. 2018). Yin et al. (2014) identified the hydrau-
lic connectivity between shallow and deep groundwater and
the water outlets of mine tunnels with tracers such as NaCl
and CaCl,, thereby determining the mine water filling condi-
tions. In addition to inorganic salt tracers, isotope tracers are
also popular. Researchers have revealed regional hydrogeo-
logical characteristics and the interaction between surface
water and groundwater using 8D, 5180, 84S, and ¥7Sr/%Sr
as tracers for experiments, providing a scientific basis for
comprehensive management of regional surface water and
groundwater (Dogancic et al. 2020; Guo et al. 2019; He et
al. 2022a; Huang et al. 2018; Jiang et al. 2020; Liu et al.
2021; Zhang et al. 2022). In recent years, the combined use
of multiple testing methods has become a research focus.
Su et al. (2022) determined the sources of recharge for sur-
face reservoirs by comprehensively adopting methods such
as comparative analysis, trend analysis, Pearson correla-
tion analysis, stable isotope analysis, and Morlet wavelet
analysis. He et al. (2022) investigated groundwater quality
and its influencing factors by combining multiple hydro-
chemical indicators and dual NO; ™ isotopes (5'°N-NO; and
3'80-NO;). Maet al. (2016) evaluated the hydraulic connec-
tivity of multiple aquifers in coal mines based on nonlinear
principal component analysis and GIS. Frisbee et al. (2022)
traced the source of salinity in large agricultural basins by
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various isotopes and geochemical tracers, providing a basis
for changing soil properties through underground drainage.

A mine in the Xinjie mining area discharges underground
water at 5,400 m>/d, and the associated 10,000-m> ground
reservoir fails to support the treatment of discharged mine
water due to its limited storage. Therefore, the mine plans
to establish the hydraulic connectivity between abandoned
goafs for the purpose of mine water purification, storage,
and utilization. In view of the advantages of tracer tech-
nology in detecting groundwater flow paths, we proposed
a new detection method using a chemical tracer. Subse-
quently, the proposed method was used to determine the
hydraulic connectivity between abandoned goafs. A tracer
calculation model was established that considered the water
storage coefficient of goafs, and the tracer detection range
was estimated by numerical calculation, which is widely
used in the field of mining. Hence, the testing efficiency and
accuracy of tracer tests were improved. A mine water puri-
fication and storage scheme, based on estimation results for
this area, was formulated to meet the mine water demands
of production, living, and surface ecological restoration in
the mining area.

Methods
Basic Principles

Chemical tracing is typically used for researching under-
ground water flow pathways and their correlation with other
physicochemical parameters (Benischke 2021). The water
flow path can be easily determined by monitoring changes
in tracer ion concentrations. Based on the chemical tracer
method, a new method for evaluating the hydraulic con-
nectivity between goafs of underground coal mines was
proposed. The specific procedure is as follows: after certain
amount of an appropriate chemical tracer is injected into
the underground reservoir at a water injection station, water
samples are collected. The hydraulic connectivity of mine
water between goafs is determined by the changes in tracer
ion concentrations and water levels.

The basic principles of the new detection method are as
follows:

(1) Before the application of the tracer method, the back-
ground value is determined by detecting the concentra-
tions of tracer ions in the mine water of the underground
reservoir;

(2) A certain amount of appropriate chemical tracer is
injected into the underground reservoir at the high-ter-
rain water injection station. Afterwards, water samples
are collected at the low-terrain water drainage station.
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The hydraulic connectivity between goafs of the under-
ground reservoir is determined by the changes in tracer
particle concentration in the water samples;

(3) The changes in water levels of different water drainage
stations can be used as an auxiliary method to deter-
mine the hydraulic connectivity between different goafs
of the underground reservoir.

Using water level changes to determine hydraulic connec-
tivity in the enclosed space appears to be the simplest and
most convenient method. Based on the geological condi-
tions of the working face, it can be observed that the goaf
areas exhibit uneven topography along the strike direction.
In such specific geological conditions, relying solely on
water level changes to identify the source of mine water is
unreliable, while in the tracer method the tracer ion con-
centration is unique and credible. Therefore, the changes in
water levels of different water drainage stations can be used
as an auxiliary method to determine the hydraulic connec-
tivity between different goafs of the underground reservoir.

Tracer Mass Estimation

Determining the appropriate chemical tracer type and the
necessary tracer mass is the key to the success of a tracer
test (Field 2003). The tracer should be selected in line with
the following principles: (1) it should be non-toxic, envi-
ronmentally friendly, cost-effective, and highly available;
(2) it should be easily soluble in water, and can move syn-
chronously with mine water without changing the density
of groundwater at low concentration; (3) it is unlikely to
be absorbed by the gangue; (4) its background value in
mine water remains low and barely fluctuates; (5) conser-
vative tracers that boast stable properties are unlikely to
trigger chemical reactions with other solutes and geotech-
nical media in groundwater, and can hardly decompose or
deteriorate.

The amount of released tracer mainly depends on the
underground reservoir storage capacity, which can be
affected by a variety of parameters, including the size of the
working face, the mining method, the lithology of coal seam
roof and floor, etc. (Song et al. 2020). As the main parameter
describing the water storage capacity of a coal mine under-
ground reservoir, the water storage coefficient has attracted
the attention of many scholars. Gu (2015) believed that the
water storage coefficient is a time-dependent variable deter-
mined by the void ratio of rock mass. A model to calculate
the underground reservoir storage capacity of coal mine
must consider the mining conditions and period of each goaf
in the underground reservoir:
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where V (h, t) is the volume of underground water storage,
m’; n is the number of goafs constituting the underground
reservoir; 4; is the water storage level of the i" goaf, m; 6 is
coal seam dip angle; s'; (z) is the water storage area of the
i™ goaf, m?; R(z, #) is the water storage coefficient of the i
goaf. Without considering the fracture zone, Chen (2016)
defined the void ratio of the caving zone as the water storage
coefficient. Then, the underground reservoir storage capac-

ity is expressed as:

n
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where ¢(#) is the void ratio of the caving zone.

Based on experience with the tracer method, it is nec-
essary to consider the significance coefficient between the
test value and background value of water samples when
calculating the tracer mass. That is, when the ratio of the
concentration of the tracer ion in water samples to the con-
centration before tracer release exceeds a certain value, that
means that the tracer ion in the mine water has changed sig-
nificantly. Thus, the tracer mass can be calculated according
to Eq. (4):

S fh" cost e (t) s (2)dz
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where Q is the tracer mass, kg; 4 is the significance coef-
ficient; M, is the molar mass of the chemical tracer, mg/mol;
M, is the molar mass of the effective tracer, mg/mol; n is
the mole number of effective tracer substances in each mole
tracer; v, is the tracer compounds concentration in mine
water before tracer release, mg/m®; and v, is the tracer ion
concentration in mine water before tracer release, mg/m>.
In this paper, the coefficient of significance refers to
the amplification factor applied to the background value
when determining the mass of the tracer. In tracer experi-
ments, good hydraulic connectivity between the locations
of tracer injection and sampling collection is generally
assumed when the tracer ion concentration in the collected
water sample exceeds the background value. Unfortunately,
there are no established values in the literature regarding
the degree to which the detected tracer ion concentration
should exceed the background value. It is widely recognized
that the ion concentration in mine water naturally decreases
due to ion adsorption during the flow process (Zhao et al.
2019). Therefore, when calculating the mass of the tracer, it
is necessary to amplify the tracer mass using the coefficient

of significance to avoid testing errors or unscientific con-
clusions caused by the concentration reduction of the tracer
ions in the flow process.

Most formulas for calculating tracer mass are proposed
based on experience, and no formulas can account for all
actual testing conditions. Researchers believe that the tracer
ion concentration should exceed the background concen-
tration by at least 10.0 times to ensure the accuracy of the
results (Field 2003). For example, in a tracer experiment
to detect water filling conditions in a coal mine in Inner
Mongolia, China, the effective concentration of tracer ions
(NaCl) in the water sample was 15 times the background
concentration (Yin et al. 2014). In this study, the proposed
testing method was applied for the first time to assess
hydraulic connectivity between adjacent goaf areas with a
coefficient of significance of 10.0.

To determine the coefficient of significance more scien-
tifically, laboratory percolation experiments were conducted
on the gangue of the goaf area, attempting to analyze the
attenuation characteristics of tracer ions during mine water
flows through the goaf area and to provide a reasonable
coefficient of significance. However, there is a great differ-
ence in sizes between the gangue used in the lab tests and
the actual blockiness of the gangue in the goaf area, and
thus the experimental results cannot provide a reference for
determining the coefficient of significance in tracer experi-
ments. Based on this study, the next step will be experiments
on the ion adsorption capabilities of gangue at different
scales, to offer guidance for the widespread application of
this approach.

Estimation of the Detection Range

Although coal pillars block the connection between mine
waters of adjacent goafs, after being disturbed by mining
twice, the plastic failure zones formed on both sides of coal
pillars can provide channels for mine water flow within coal
pillars (Xia et al. 2021). Variable mining conditions inevi-
tably result in coal pillars with different widths in goafs.
Under mining disturbance, narrow coal pillars can easily
form a connected plastic failure zone, while wide coal pil-
lars may form an unconnected plastic failure zone on both
sides; a stable zone with a certain width exists in the middle
of wide coal pillars, unfavorable for mine water flow. A rea-
sonable arrangement of measurement stations can be deter-
mined in advance using numerical simulation methods and
the application scope of tracer methods can be preliminarily
determined as the detection range. FLAC3P numerical cal-
culation is a basic method to obtain the range of the plastic
failure zones on both sides of coal pillars under complex
conditions in the mining field (Liu et al. 2021). Since the
parameters of coal and rock seams in numerical models are
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mainly determined by indoor experiments and their values
are conservative, they are effective in evaluating the hydrau-
lic connectivity between goafs on both sides of narrow coal
pillars and have been widely used. However, this method
fails to accurately determine the hydraulic connectivity of
the stable zone in the middle of wide coal pillars. Despite
the addition of a fluid model, the simulation results are not
convincing (Yao et al. 2019). Further validation of connec-
tivity by tracer testing is required.

Due to the undulating underground terrain of coal mines,
the complex layout of roadways and chambers, and the
development of many engineering rock fractures, water
drainage stations cannot be arranged in an ideal state in
tracing tests. Therefore, it is necessary to estimate the detec-
tion range through numerical simulation before tracing tests
to minimize the testing range. The coal pillars that have
undergone complete plastic failure can be excluded from
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Fig. 2 Numerical simulation procedure
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hydraulic connectivity detection, which can save workload
and improve test efficiency. For example, Liu et al. (2021)
estimated the detection range by FLAC?P numerical simu-
lation before assessing the range of the fracture zone above
the working face by the isotope tracing method. The esti-
mation determines the location of the tracer-adding aquifer,
and improves testing efficiency and accuracy. In conclusion,
the hydraulic connectivity testing method for adjacent goafs
proposed in this study is based on on-site tests within the
evaluation range of the numerical model.

The formation of a plastic failure zone during mining
disturbance is a mechanical calculation process. The basic
process of analyzing the distribution of plastic failure zones
in coal pillars with the FLAC?P numerical model is as fol-
lows (Fig. 2):

(1) A numerical model was established based on geological
and mining conditions; the coal seam model and param-
eters were defined; stress and boundary conditions were
applied; and calculation continued until the initial stress
equilibrium state was reached.

(2) Coal pillars were reserved according to the on-site proj-
ect design; the working face on both sides of the pillars
was excavated; and iterations lasted until a stress equi-
librium state was reached.

(3) The range of the plastic failure zone on both sides of
the coal pillars was analyzed and the hydraulic connec-
tivity between goafs on both sides of coal pillars was
determined.

Injection and Sampling of Tracers

Water injection and drainage are parts of the normal opera-
tion of a coal mine underground reservoir, and mine water
flows slowly in the reservoir all the time. Considering
this, a high-concentration tracer solution was injected via
a high-terrain water injection station into the underground
reservoir as quickly as possible in a single dose. Driven
by pump-induced constant flow, the tracer forms a ‘high-
concentration slug’ in the vicinity of the release point and
migrates with the mine water. In this way, the tracer main-
tains a high concentration that can be easily detected when
reaching the water drainage station. It is noteworthy that
mine water should be continuously injected at a constant
flow rate during the test to ensure water flow in the under-
ground reservoir.

Based on the detection range estimated as detailed above,
water samples were strategically collected from different
low-terrain water drainage stations to assess the hydrau-
lic connectivity between the various goafs. Each sampling
involved all of the water drainage stations, and the sampling
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frequency was determined according to the scale and water
storage capacity of the reservoir. During the test, mine water
in the reservoir was discharged at a constant flow rate via all
of the water drainage stations, so that the tracer maintained
a steady flow state. The collected water samples were imme-
diately sent to the laboratory to determine the tracer ion con-
centration. Meanwhile, the water level data of each water
drainage station in the underground reservoir were obtained
to assist the analysis on hydraulic connectivity between dif-
ferent goafs in the underground reservoir.

Determination of Hydraulic Connectivity.

The concentrations of trace ions in water samples from
the water drainage stations were compared with their back-
ground values. The relative increase of trace ion concentra-
tion can be calculated by Eq. (5):

0 in
Abpin = )
5TB

where Adr;, is the relative increase in tracer ion concen-

tration of the n™ water sample at the i water drainage sta-

tion; 7y, is the tracer ion concentration of the n™ water

sample at the ith water drainage station, mg/m?; and drp is

the background value of tracer ion concentration, mg/m>.

The change rate of water level can be calculated by Eq. (6):
Zin

AZi ) (6)

where AZ, is the change rate of water level at the i water
drainage station; Z,, is the water level of the ' water sam-
ple at the i water drainage station, m; and Z; is the back-
ground value of water level at the i™ water drainage station.

If Ady; is greater than the preset significance coefficient
A, the tracer ions have flowed with the mine water to the
i water drainage station, meaning that the i water drain-
age station and the water injection station are hydraulically
connected. However, if Ady; is smaller than 4, the two sta-
tions are poorly hydraulically connected. In addition, if AZ;
is greater than 1.0 and grows with the amount of test time,
the goaf at the i water drainage station is directly hydrauli-
cally connected with the goaf at the i water drainage sta-
tion. However, if AZ; is less than 1.0, no direct hydraulic
connectivity exists between the two goafs.

Study Area
Location and Geology

The Xinjie mining area is located in the eastern Ordos Pla-
teau, Inner Mongolia Autonomous Region, China. In the

hope of realizing the recycling of mine water, a coal mine in
this mining area plans to establish an underground reservoir
in the abandoned 31,301-31,305 goafs. Since the adjacent
goafs have sectional coal pillars of different widths (Fig. 3),
it is necessary to test the hydraulic connectivity between
goafs in the region to put forward a reasonable construc-
tion scheme for the underground reservoir. The mine field
covers an area of 196.7 km?, 12.8 km from north to south
and 16.2 km from west to east. The highest elevation is
1,451.8 m and the lowest elevation is 1225.9 m.

The mine field contains 14 minable coal seams, among
which the 3 —1 seam is the main mined coal seam. Specifi-
cally, the burial depth is 397.1-431.4 m, 430.7 m on average;
the thickness is 2.1-7.2 m, 5.3 m on average; the dip angle
is 1°-3°. The immediate roof is composed of mudstone and
sandy mudstone, about 5.2 m thick, and the main roof is
dominated by medium sandstone, about 25.0 m thick. All
working faces were recovered by the one-time full-height
mining method, and the roof is controlled by the natural cav-
ing method. The caving zone used for water storage in the
goaf is about 6.8 m high. The void ratio of caving gangue
is about 0.2. Affected by mining conditions, the remaining
coal pillars between the abandoned 31,301-31,305 goafs
are 38 m, 18 m, and 43 m wide, respectively.

Climate and Hydrology

The mine field is a typical accumulation landform where
most of the land is covered by aeolian sand. The climate
is a semi-arid temperate plateau continental climate, char-
acterized by sparse vegetation, dry air, and rare rain. The
annual precipitation is 194.7-531.6 mm, 396.0 mm on
average, which is mainly concentrated in July, August and
September. The annual evaporation is 2297.4-2833.0 mm,
2534.2 mm on average.

The water system in the mining area is poorly developed
and there are no lakes. The northern valleys are distributed
in a southwest-northeast direction, with water flowing out
of the mining area from south to north. The southern val-
leys are distributed in a northwest-southeast direction, with
water flowing out of the mining area from northwest to
southeast. The surface valleys are intermittent rivers. These
rivers are mostly dry or have little streams in the dry season,
yet they can converge into floods after rainstorm, featuring
a large water volume and a short duration.

Mesozoic continental clastic rock is mainly developed in
the mining area, followed by Cenozoic semi-cemented and
loose rock. The water-bearing rock formations in the mining
area fall into three categories: loose porous rock formations,
semi-cemented porous rock formations, and fractured-
porous clastic rock formations. The surface water in the min-
ing area is undeveloped. Meanwhile, the hydrogeological
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condition is characterized by underdeveloped fault struc-
tures leading to limited hydraulic connectivity, along with
the inherently low permeability of the sedimentary rocks in
the mining area, which together restrict groundwater flow
in the area. The Quaternary loose phreatic aquifers directly
receive atmospheric precipitation, while the bedrock aqui-
fers receive atmospheric precipitation and groundwater sup-
ply in the shallow area.

Detection Scheme

According to the geological conditions of the test area, three
numerical calculation models were established for the three
coal pillars that were 18, 38, and 43 m wide, respectively.
The working faces on both sides of the coal pillar were
300 m wide. Research revealed that as the working face
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advanced, the lateral roof behind the working face broke,
rotated, and sank synchronously. Consequently, the plastic
failure zones on the sides of the coal pillar expanded to the
interior and then reached a limit equilibrium position (Yu
et al. 2016). The size of the model was defined to be 880 m
long, 400 m wide, and 190 m high. When the working face
advanced by 100 m, the development characteristics of the
plastic failure zones on both sides of the coal pillar were
analyzed (Fig. 4a).

The numerical model had a fixed bottom boundary and
a free top boundary. The lateral surfaces of the model were
fixed to prevent any horizontal displacement, thereby sim-
ulating the natural constraints imposed by the surround-
ing rock masses. The weight of the rock layer above the
model was applied to the upper boundary as a uniform
load (6 MPa). The Mohr-Coulomb constitutive model
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was selected as the unit material. Based on the laboratory
test results of the coal rock samples, their physical and
mechanical parameters were determined according to the
Hoek-Brown empirical formula. Furthermore, the mechani-
cal parameters of the coal rock mass were corrected by the
trial-and-error method. The mechanical parameters of each
rock layer in the numerical model are shown in Table 1. The
numerical simulation process is as follows:

(a) Inthe absence of any excavation activity, the model was
calculated to the initial stress equilibrium state.

(b) The mining roadways on both sides of the coal pillar
were excavated, and calculation was conducted to the
corresponding stress equilibrium state. The simulated
range of the plastic zone around the roadway and the
field test results of the destressed zone were compara-
tively analyzed.

(c) Working faces 1 and 2 were sequentially excavated, and
calculations were conducted to reach the stress equilib-
rium state.

(d) Under a changed width of the coal pillar, the above
steps were repeated. The distributions of failure zones
on both sides of coal pillars with different widths are
illustrated in Fig. 4b.

Figure 4b exhibits the distributions of the failure zones that
were disturbed by mining activities twice. It can be observed
from Fig. 4b that for the 18-m wide coal pillar, the failure
zones become connected after the recovery of working faces
1 and 2. The whole coal pillar dam has failed over a large
range and lost its bearing capacity. Consequently, the goafs
on both sides are connected by failure zones. In contrast, for
the 38-m wide coal pillar, the failure zones on both sides are
not connected, and an elastic zone of about 7.5 m is retained
in the central part. The failure zones on both sides of the
43-m wide coal pillar are not connected, and an elastic zone
of about 20.0 m is retained in the central part. However,

Table 1 Mechanical properties of coal rock strata in the model

since the numerical calculation does not consider the expan-
sion of the failure zone under the long-term action of rock
weathering, it is necessary to conduct a tracer test on the
connectivity between goafs on both sides of the latter two
coal pillars.

The three-dimensional elevation map of the 3—1 coal
seam is depicted based on the relevant wireframe of point
elevation data. As presented in Fig. 5, the test area is gen-
erally high in the northeast and low in the southwest. The
hydraulic connectivity test was conducted in the northwest
of the abandoned 31,301-31,307 goafs with a strike length
of 1,140 m and a dip length of 932 m. Among them, the
highest elevation is 956.5 m and the lowest elevation is
931.7 m, the difference between the two being 24.7 m.

The water injection station was arranged at a position
about 1,184 m away from the entry of the auxiliary trans-
portation roadway in the 31 panel. The 1# water drainage
station was arranged at a position 69.0 m from the entry of
the 31,305 auxiliary transportation roadway. The 2# water
drainage station, which was aimed to detect the hydraulic
connectivity between goafs on both sides of the 43-m wide
coal pillar, was arranged at a position 197.0 m away from
the entry of the 31,301 auxiliary transportation roadway.
The 3# water drainage station, which was used to detect the
hydraulic connectivity between the goafs on both sides of
the 38-m wide coal pillar, was arranged in the storage road-
way. The specific locations are displayed in Figs. 3 and 5.

Considering the chemical composition of the mine water
and the solubility, mobility, and cost of tracers, KI was
selected as the tracer for this test. Before the test, water sam-
ples were collected and analyzed at the water drainage sta-
tions. The background values of iodine ion concentrations at
1#, 2#, and 3# water drainage stations were 39.3, 55.7, and
38.0 mg/m®, respectively, with an average of 44.3 mg/m’>.
To ensure the effectiveness of the tracer test, the significance
coefficient (4) in Eq. (4) was determined to be 10 (Liu et
al. 2021; Yin et al. 2014). According to Eq. (4), the mass of

Coal rock strata Thickness (m) Density (kg.m™?) Elastic modulus ~ Poisson’s Cohesion Friction angle  Tensile
(GPa) ratio (MPa) © strength
(MPa)
Siltstone 34.0 2,440 3.51 0.17 5.16 34.58 1.50
Fine sandstone 8.0 2,269 1.61 0.17 4.37 31.83 0.51
Siltstone 34.0 2,327 5.86 0.15 5.66 36.00 0.89
Medium sandstone 6.0 2,480 3.45 0.09 4.24 31.34 0.48
Sandy mudstone 26.0 2,222 5.35 0.19 6.26 37.44 1.08
Mudstone 2.0 2,428 6.30 0.19 4.92 33.83 0.67
3 —1 coal seam 6.0 1,387 0.99 0.21 3.05 26.09 0.61
Mudstone 6.0 2,408 6.75 0.18 5.80 31.77 0.68
Siltstone 26.0 2,350 4.69 0.17 6.46 33.58 0.86
Fine sandstone 16.0 2,154 5.49 0.21 5.10 29.48 0.50
Siltstone 6.0 2,410 6.89 0.24 5.85 31.90 0.69
Fine sandstone 20.0 2,549 5.58 0.19 6.66 34.06 1.50
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Fig.5 Three-dimensional elevation map of the 3 —1 coal seam

potassium iodide tracer was calculated to be 820 kg. Con-
sidering the adsorption effect of the goaf gangue, the actual
release of potassium iodide tracer was 1,000 kg in this test.
The new measurement method was applied to the aban-
doned 31,301-31,307 goafs, and one metric ton of potassium
iodide was injected into the goaf for tracing. According to
the principle of tracer preparation and injection, potassium
iodide was dissolved in the coal mine’s underground clean
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water tank in two batches (each with a volume of 12 m?), for
a total volume of 24 m*. Then, the prepared tracer solution
was pumped into the underground reservoir at a flow rate of
50 m>/h for 4.5 h. During the test, mine water was continu-
ously injected into the underground reservoir from the clean
water tank. It should be noted that to ensure the continu-
ity of water injection, the external water delivery pipe will
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continue to inject mine water into the pool until the tracer
experiment is completed.

Considering the scope of the experiment and with refer-
ence to the experience of successful cases, water samples
were collected at each water drainage station after five days
of tracer release. After being labeled with relevant informa-
tion such as time and location, the water samples were sent
to the water quality laboratory. Water samples were col-
lected every two days and the water level at the sampling
points were recorded. The variations of iodine ion concen-
tration and water level at each water drainage station are
illustrated in Fig. 7.

Result Analysis

It can be seen from Fig. 6 that after the release of the potas-
sium iodide tracer, the trends of I ~ concentrations at differ-
ent water drainage stations differ. For water samples from the
1# water drainage station, the I” concentration first remains
unchanged and then increases notably on the 12th day after
the release of the tracer, with the maximum of 615.7 mg/m>.
The change rate of I” concentration is about 15.0, greater
than the significance coefficient 10.0, which suggests that
the water injection position is hydraulically connected with
the water drainage position. Since the 1# water drainage sta-
tion and the water injection station are located in the same
goaf, we did not continue to monitor the water sample and
water level of the 1# water drainage station. In contrast, for
the samples from the 2# and 3# water drainage stations,
within 129 days of tracer test, the I ~ concentration does
not present significant changes, with maxima of 67.1 mg/m’
and 54.5 mg/m®, respectively. The concentration change
rates are about 1.2 and 1.1, much less than the significance
coefficient 10.0. It is concluded that the I~ concentrations
of the 2# and 3# water drainage stations fluctuate around
the background value during the test, which is indicative of

poor or no direct hydraulic connectivity between goafs on
both sides of the 43 and 38 m wide coal pillars.

A goafis a relatively enclosed space, and the variation of
its internal water level is always important for monitoring
mine safety. Accumulated water in goafs generally comes
from roof water. Engineering practice found that the water
level in the goafs hardly rises in a short time unless there
is massive external water supply. Therefore, during tracing
tests, it is helpful to monitor water level variations in adja-
cent goafs to determine the hydraulic connectivity between
them. The water volume variations of the underground res-
ervoir and water level of the 2# and 3# water drainage sta-
tions are shown in Fig. 7. As exhibited in Fig. 7, the water
injection volume exceeds the water-drainage volume in
the test area throughout the test. However, the water level
change rates of the 2# and 3# water drainage stations are
less than 1, and decrease with the increase of test times,
that is, the water level continuously falls. Especially for the
3# water drainage station, after the 85th day of the test, the
water level is reduced to 0, which further verifies that the
goafs on both sides of the 43 and 38 m wide coal pillars are
not directly hydraulically connected.

Based on the hydraulic connectivity test results and the
production and geological conditions, underground reser-
voirs were established in the 31,303-31,307 goafs where the
main reservoir were constructed in the 31,303 and 31,305
goafs while the 31,307 goaf served as the auxiliary one. The
classification, purification, storage, and utilization of mine
water in the two underground reservoirs were realized with
the aid of the 43-m wide coal pillar between goafs. Con-
sidering no direct connectivity between the goafs on both
sides of the 38-m wide coal pillar and the short distance
between the 31,301 goaf and the 33,301 working face, the
31,301 goaf cannot be utilized from the perspective of cost
and safety.

Fig. 6 Tracer test results: a Injec-
tion of tracer, and b Sampling of
tracer
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Conclusions

This paper aims to provide a convenient, direct, and accurate
method for detecting the hydraulic connectivity between
adjacent goafs for field application. The specific procedure
of this method is as follows: First, FLAC3P software was
used to determine the test range. Afterwards, the chemical
tracer mass was determined through the calculation formula
considering the water storage coefficient of the goaf and
then it was injected into the underground reservoir at the
high-terrain water injection station. Finally, the hydraulic
connectivity between goafs on both sides of the remaining
coal pillar in the underground reservoir was determined by
comparing the changes in tracer ion concentration of drain-
age water and water level at each water drainage station.

The test results demonstrate that the maximum value of
the I” concentration in the water samples at the 1# water
drainage station is 615.7 mg/m?> and the change rate is about
15. In contrast, those in the water samples at the 2# and 3#
water drainage stations were 67.1 mg/m® and 54.5 mg/m’
without significant changes, and the change rates were about
1.2 and 1.1, respectively. Such results are indicative of poor
or no direct hydraulic connectivity between goafs on both
sides of the 43 and 38 m wide coal pillars. Based on the
test results, we proposed to use goafs to classify and store
mine water for the purpose of meeting water demands for
production, living, and surface ecological restoration in the
mining area.

The stable chemical tracer method is superior to the
physical reverse detection method for its simple data acqui-
sition, high detection accuracy, easy construction and oper-
ation, small workload, and low comprehensive cost (Field
2002). Furthermore, this method is free from the interfer-
ence of working face recovery and underground equipment
operation, thus showing strong engineering adaptability. All
of these factors should favor its future popularization and
application. It should be noted though that this new method
fails to give effective and accurate results under complex
mining geological conditions, such as close multi-seam min-
ing and fault development. Besides, the test results of this

@ Springer
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method represent the macroscopic hydraulic connectivity
between adjacent goafs in the underground reservoir instead
of the microscopic seepage state in coal pillars at any time.
In future work, we will further optimize the construction
technology and process flow of this method to improve the
efficiency of water sample collection and detection rate.
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