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ABSTRACT

Mine water damage is a major threat to the safe production
of coal mines in China, and how to predict mine water surges
scientifically and effectively is an important basis for mine water
damage accident prevention and protection of groundwater
resources. This paper takes a mine field in northwest China as
the research object, comprehensively grasps the geological and
hydrogeological conditions of the mine and analyses the causes
of coal seam water filling; applies Visual MODFLOW to establish
a numerical model of groundwater flow in the study area, and
carries out dynamic prediction of mine water influx under natural
and artificial boundary conditions respectively based on the
method of water conservation and coal mining. The results show
that the water influx is significantly reduced under the modified
boundary conditions, providing a strong basis for the selection of
water-preserving coal mining methods and valuable experience
for the mining of coal seams in areas with similar conditions.
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Introduction

As a major country in the utilization of coal re-
sources, coal resources have always provided
raw material energy for various industries in
China and played a vital role in promoting the de-
velopment of the national economy. However,
due to the complex and variable hydrogeological
conditions and formations in China's coal mines,
the problem of water damage in mines is very
prominent 2. which has seriously threatened
the safe production of mines and sustainable de-
velopment of the environment. The long-term
drainage of groundwater resources in mining ac-
tivities and the lack of integrated planning and
scientific management and other unreasonable
development and utilization have caused re-
gional mining imbalance, ecological and environ-
mental damage, and increasing shortage of
groundwater resources 34, Therefore, how to
predict and reduce mine water surges scientifi-
cally and effectively is of great importance to pre-
vent the occurrence of mine accidents such as
mine water surges and to ensure the safe mining
of coal resources and the harmonization of eco-
logical and environmental protection [,

Since the last century, a large number of domes-
tic and foreign research scholars began to mine
water surge prediction methods to carry out re-
search, has obtained many results -9, At pre-
sent, the main methods of predicting mine water
surges are: (1) deterministic mathematical
model method, which has the representative
method of water balance method, analytical
method, numerical method; (2) statistical analy-
sis methods, such as hydrogeological compari-
son method, water surges - depth reduction
curve method, correlation analysis method, etc.
(10121 Among them, the numerical method can
fully understand and portray the complex hydro-
geological conditions of the mine area, consider-
ing the non-homogeneous anisotropy of the

hydrogeological parameters of the aquifer, and
can calculate the dynamic change process of
water level at different moments at any point. At
the same time numerical simulation method has
the characteristics of convenience, efficiency
and flexibility ['3], so in the simulation of water in-
flux prediction is widely used [14-20],

In decades of concentrated mining of coal re-
sources, the treatment of groundwater resources
is mainly based on sparse drop, high discharge
and low utilization, and some coal bases or prov-
inces and cities have successively experienced
ecological and environmental geological prob-
lems, among which the more significant ones are
the drop of groundwater level, water resources
pollution, subsidence and collapse of mining ar-
eas and ecological environment deterioration,
which have already caused great impact on the
groundwater environment. In response to the
problems, Chinese research scholars have pro-
posed a variety of theories, technologies and
methods for coal mining based on water conser-
vation 2124 and have reached a world-leading
level. In recent years, the focus of coal mining in
China has gradually shifted to the central and
western parts of the country. Coal mining in the
central and western regions with fragile ecologi-
cal environment should pay particular attention
to the protection of the groundwater environment
[25-26] and should not follow the old path of pollu-
tion before treatment and destruction before res-
toration. In terms of the current domestic energy
share, coal resource development and ecologi-
cal environmental protection have formed a
sharp contradiction, and there is an urgent need
to combine coal mining with ecological environ-
mental protection to achieve coordinated and
sustainable development of the energy economy
and ecological environment [27-28 Therefore the
core issue of coal resource development in the
west lies in how to effectively protect and reduce
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groundwater resources in the process of coal
mining.

Whether from a strategic level or from the current
production reality, there is an urgent need to
carry out research on the prediction of water
surges in coal mining situations. In this paper, we
mainly use Visual MODFLOW software to estab-
lish the numerical model of groundwater flow in
the well field, based on the method of water con-
servation and coal mining to transform the
boundary of the study area with curtain grouting,
set different boundary condition schemes and
carry out dynamic prediction of mine water gush-
ing respectively. It will effectively guide the min-
ing of coal resources and ecological environ-
mental protection in ecologically fragile mining
areas and provide valuable experience.

1. Overview of the study area

The mine is located in the northeastern part of
Shaanxi Province, bounded by a fault to the
south, the Yellow River to the north and east, and
the man-made boundary to the west, with a
length of about 19km from north to south, a width
of about 2.8 to 5.6km from east to west, and a
mine area of 78.42km?. The area is an earth and
rocky hilly and gully landscape, with fragmented
terrain, gullies, complex topography and large
undulations. The overall west is high and east is
low, with elevations mostly between 700 and
950m. It has a warm temperate continental mon-
soon climate, with an average annual precipita-
tion of 277.1-625.3mm, mostly concentrated in
July, August and September; annual evaporation
of 1674.4-2320.3mm.

According to the geological mapping results and
the borehole exposures in and around the mine,
the stratigraphy from old to new is as follows:
Middle Ordovician Majiagou Formation, Middle

Carboniferous Benxi Formation, Upper Taiyuan
Formation, Lower Permian Shanxi Formation,
Lower Permian-Superior Shi Box Formation, Up-
per Permian-Lower Triassic Sunjiagou For-
mation, Lower Triassic Liujiagou Formation The
Permian-Sub-Triassic Sunjiagou Formation, the
Lower Triassic Liujiagou Formation, the Lower
Triassic He Shanggou Formation and the Fourth
Series. The groundwater types are basically the
same as those in the region, i.e. pore and fissure
diving in the Quaternary loose rock type, bed-
rock weathering fissure diving, fissure bearing
water in the Permian and Triassic clastic rocks,
fissure lacustrine bearing water in the Carbonif-
erous carbonate clastic rocks and karst water in
the Ordovician carbonate rocks. The mudstone
section of the Lower Permian Shanxi Formation
and the mudstone of the Middle Carboniferous
Benxi Formation are the main water traps.

2. Numerical model of water inflow

2.1 Hydrogeological conceptual model

The boundary conditions are dealt with accord-
ing to the characteristics of the groundwater ag-
uifer system in the study area, the characteristics
of the hydraulic connection between the aquifers
and the characteristics of the drainage of the
coal mine. The numerical groundwater model
should adopt natural boundaries as far as possi-
ble. Through the regional geological information
already available, the mine boundary conditions
are initially generalised to the northern and east-
ern boundaries as general head boundaries,
which can be automatically calculated by water
level changes to adjust the boundary flow mag-
nitude, and the western and southern bounda-
ries as water separation boundaries, as shown
in Figure 3-1(a).
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According to the type of water-bearing medium
and its storage space, the groundwater in the
area is divided into four major types, namely
loose rock-like pore water, clastic rock-like pore
fracture water, clastic rock interspersed with car-
bonate rock-like karst fracture water and car-
bonate rock-like karst water. Based on the avail-
able hydrogeological data, the stratigraphy in the
simulation area is vertically generalised into five
layers, i.e. micro-compressed sandstone water
at the top of the coal seam, upper water barrier,
S-group coal seam, lower water barrier and com-
pressed tuff water at the bottom of the coal seam,
as shown in (b) in Figure 3-1. Due to the exist-
ence of the relative water barrier, the aquifer has
no direct hydraulic connection with the overlying
diving aquifer and atmospheric precipitation, so
the coal seam mining influx of water has no di-
rect relationship with the overlying diving and at-
mospheric precipitation.

The lithology of the aquifers in the zone is rela-
tively homogeneous and permeability varies with
space, with significant changes in each direction,
so the water-bearing media are generalised as

(a)

(b)
Figure 3-1 Conceptual hydrogeological model of the study area

homogeneous and anisotropic. Although the wa-
ter-bearing medium in the zone is pore and frac-
ture medium, the hydraulic gradient is small and
the aquifer range is large, groundwater move-
ment can still be described by Darcy's law. Both
input and output elements of the groundwater
system vary with time, and are therefore un-
steady flows. After the coal seam is mined, the
groundwater is concentrated into the pit and
there is a vertical hydraulic connection, and the
three-dimensional flow characteristics are obvi-
ous, so it is generalised to three-dimensional un-
steady flow. In summary, the groundwater sys-
tem in the study area is generalised as a homo-
anisotropic, three-dimensional
steady groundwater flow system.

2.2 Mathematical models

According to the above conceptual hydrogeolog-
ical model, the groundwater movement in the
study area basically satisfies Darcy's law and
can be described by the following differential

geneous, un-

equations and the corresponding definite solu-
tion conditions.
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Type in the: Ky, Kyy and Kz; are the components
of the permeability coefficient in the x, y and z
directions, respectively (m/d); his the head value
(m) at point (x, y, z) at time t; W is the source-
sink term, i.e. the volume of water flowing in or
out per unit volume (L/d); Ss is the unit water
storage coefficient of the pore medium (1/m); tis
the time (d); Q is the computational domain;S: is
the type Il boundary; q is the lateral recharge
(m3/d); nx is the unit vector along the X-axis of
the outer normal line of boundary Sz; ny is the
unit vector along the Y-axis of the outer normal
line of boundary S2; n; is the unit vector along the

Z-axis of the outer normal line of boundary Sz,

2.3 Numerical simulation of groundwater
2.3.1 Spatial and temporal discretization of
the calculation area

The groundwater numerical simulation software
Visual MODFLOW was applied to the study area
using the rectangular finite difference method to
dissect the calculation area, the plane was first
divided into 40 rows and 20 columns at equal in-
tervals, and the grid was encrypted for the key
areas, the whole area was divided into a total of
1550 cells grid, set the grid outside the bounda-
ries to inactive cells, as shown in Figures 3-2 to
3-4. Based on the statistics collected from the
geological exploration holes and hydrogeologi-
cal holes in the mine area, the top and bottom
plate elevations of each aquifer were interpo-
lated and the data were imported into the model
to generate a 3D structural model of the aquifer
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in the study area, as shown in Figure 3-5. Ac-
cording to the relevant information collected in
this study, combined with the actual needs of the
mine area, the simulation prediction time of this
numerical model is 2021-2032, the stress period
is set to 144 months, the time step is 30 days,
and the step factor is taken as 1.2.

2.3.2 Source sink item processing

By analysing the recharge, runoff and discharge
conditions of the groundwater system in the
study area, it is concluded that the main source
of recharge of pressurised water in the area is
lateral runoff recharge, and infiltration recharge
of precipitation is not considered. As the ground-
water in the study area is deeper, evaporation is
neglected. The discharge term is mainly set to
the amount of water gushing from coal seam
mining. In the software, the well flow package is
used to simulate the water discharge point in the
mining area, and the amount of water gushing is
replaced by the amount of water pumped from
the pumping wells. According to the require-
ments of the Visual MODFLOW software, the re-
charge and discharge conditions of the ground-
water system are processed accordingly and in-
put into the model. Based on the groundwater
level data in the study area, there was little hy-
drogeological information available due to the
limitations of collecting information, so the
groundwater flow field at the end of 2020 was
determined as the initial flow field for the model,
as shown in Figure 3-6.
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Figure 3-2 Model mesh profile

Figure 3-4 Section of model column 15
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Figure 3-5 Schematic diagram of the three-dimensional model
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Figure 3.6 Initial flow field diagram of the aquifer

2.3.3 Parametric partitioning

Combining the collected information and the field
pumping test data, as shown in Table 3-1, the
natural inverse ratio method was used in the
software to interpolate and divide the permeabil-
ity coefficients measured by the pumping tests to
determine the initial values of the relevant
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hydrogeological parameters. After assigning val-
ues to the hydrogeological parameters in the
study area based on the lithological characteris-
tics of the stratigraphy and geological formations
of the well field, as shown in Figure 3-7 and Table
3-2, the hydrogeological parameters were zoned.
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Table 3-1 Summary of permeability coefficients for pumping tests

Drilling X Y Permeability coefficient (m-s™)
G2 37479336 4161442 8.68E-8
G4 37479791 4160798 3.82E-8
G1 37480115 4158387 1.62E-7
C1 37480099 4158420 8.10E-8
C3 37479018 4159310 7.87E-8
G5 37478983 4159311 9.14E-8

( 800 160( 2400 20 400( 4200

Figure 3-7 Aquifer permeability coefficient zoning map
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Table 3-2 Table of zonal assignment of permeability coefficients

Parameters Permeability coefficient (m-s')
Regionalization o Ko e
1 9.00E-8 9.00E-8 9.00E-9
2 7.00E-7 7.00E-7 7.00E-8
3 4.00E-7 4.00E-7 4.00E-8
4 1.00E-6 1.00E-6 1.00E-7
5 1.30E-6 1.30E-6 1.30E-7

2.3.4 Model identification and validation

This study is based on the water level dynamic
observation data of the hydrological observation
boreholes in 2020, and adopts the trial estima-
tion-correction method. By analysing the pat-
terns of the calculated water level and the ob-
served water level and their causes, the model
boundary conditions, hydrogeological parame-
ters and other contents are continuously ad-
justed and trial calculated on the basis of the ex-
isting model, so that the water level calculated
by the model and the actual observed water level
curve are basically fitted. The model was verified
by using the water level dynamic data at different
times. The accuracy of the water level fitting of

Calculated vs. Observed Head : Time = 180 days

some boreholes is detailed in Figures 3-8 to 3-9,
and the average water level error is around 1m.
As can be seen from the figure, in the model
identification verification period, the absolute er-
ror between the calculated water level and the
measured water level between the two mostly
meet the requirements, the individual point error
is larger, but the overall basic match, to achieve
the model identification and verification require-
ments, the numerical model established this time
basically reflects the simulation area of the
groundwater movement law, can be applied to
the subsequent coal seam mining dynamic pre-
diction study.

] Layer #1
95% confidence interval
o == 95% interval

Calculated Head (m)

o
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-
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| |
120 130
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Figure 3-8 Fitting curve of water level in recognition period
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Calculated vs. Observed Head : Time = 365 days
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Figure 3-9 Water-level verification curve during verification period

3. Simulated predictions of water surges
Considering the need to protect groundwater re-
sources, the safety of mine production and the
degree of data possession, the numerical model
based on the above identification and verification,
design different schemes: the first scheme to
maintain natural conditions for the prediction of
water influx. The second programme uses cur-
tain grouting methods to grout in the direction of
incoming groundwater at the mine boundary,
forming a water retaining wall and changing the
nature of the boundary for water influx prediction.
3.1 Prediction of water surges under natural
conditions

In keeping with the natural conditions, coal mine
S coal mining process, hydraulic conductivity
fracture zone fully developed to the water barrier,
coal seam direct water-filled aquifer water di-
rectly into the pit, in order to ensure safe produc-
tion, the need for direct coal seam water-filled
aquifer for water evacuation, so the need for wa-
ter inflow prediction. The flow field at the end of
the model identification as the initial flow field of

the prediction model, take the average monthly
precipitation for many years as the model predic-
tion period monthly precipitation, rainfall infiltra-
tion coefficient zoning and take the same value
with the identification model, boundary condi-
tions, hydrogeological parameters and zoning
with the identification of the validated model, ac-
cording to the mine mining program in the con-
tinuous adjustment of the mining range, the sim-
ulation of the amount of water gushing virtual
mining wells laid in the mining lot, by repeatedly
Adjust the virtual well mining volume, with the
passage of time, the cumulative virtual well min-
ing volume increases, the aquifer groundwater
level decreases, so that the aquifer groundwater
level above the S group coal seam decreases
and stabilizes below the bottom of the aquifer, at
this time the total mining volume of the virtual
mining wells is the mine mine water influx. After
the model calculation, mining lot S group coal
seam above the aquifer flow field as shown in
Figure 3-10, mining lot S group coal seam mine
water gush is about 2700m?/d.
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Figure 3-10 Flow field diagram of water-bearing layer under natural conditions

4.2 Prediction of water surges under man- of water barrier boundary, other conditions are
made conditions the same with the first program for the simulation
Based on water conservation coal mining to take of water influx prediction. Man-made conditions
the curtain grouting way in the mine boundary under the aquifer flow field diagram as shown in
groundwater in the direction of the incoming Figure 3-11, mining lot S group coal seam mine
grouting, the formation of a water retaining wall, water influx is about 470m3/d.

change the boundary conditions, the formation
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Figure 3-11 Flow field diagram of water-bearing layer under artificial conditions

5. Conclusions and shortcomings

(1) By using the method of numerical simulation,
the conceptual model and mathematical model
of the hydrogeology of the study area were es-
tablished, and the numerical model of the
groundwater flow in the study area was con-
structed using the finite difference method by us-
ing the Visual MODFLOW numerical simulation

software to simulate and predict the water influx
of coal seam mining.

(2) Based on the concept of water conservation
coal mining, a scheme to change the boundary
conditions was designed. By comparing and an-
alysing the change in water influx before and af-
ter the change in boundary properties, it is
shown that the amount of water influx becomes
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less under curtain grouting conditions, so that
the groundwater that would have flowed into the
area is partially blocked by the water retaining
wall formed by the grouting.

(3) Although the results of the simulation
reached the accuracy requirements of this work,
but must recognize the shortcomings of the sim-
ulation work. For example, the lack of long-term
groundwater level observation data in the study
area has led to a short identification and verifica-
tion time, which to a certain extent affects the ac-
curacy and precision of the simulation. It is there-
fore necessary to continue to strengthen the col-
lection of the required data and optimise and im-
prove the model for the study area in the next
few years.
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