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Abstract

Purpose. In this paper we present and validate an analytical model of water inflow and rising level in a flooded mine and
examine the model robustness and sensitivity to variations of input data considering the examples of three closed hard-coal
mines in Germany.

Methods. We used the analytical solution to a boundary value problem of radial ground water flow to the shaft, treated as a
big well, and water balance relations for the series of successive stationary positions of a depression cone to simulate a mine
water rebound in the mine taking into account vertical distribution of hydraulic conductivity, residual volume of under-
ground workings, and natural pores.

Findings. The modeling demonstrated very good agreement with the measured data for all the studied mines. The maximum
relative deviation for the mine water level during the measurement period did not exceed 2.1%; the deviation for the inflow
rate to a mine before its flooding did not exceed 0.8%. Sensitivity analysis revealed the higher significance of the residual
working volume and hydraulic conductivity for mine water rebound in the case of thick overburden and the growing signifi-
cance of the infiltration rate and the flooded area size in the case of lower overburden thickness.

Originality. The developed analytical model allows realistic prediction of transient mine water rebound and inflow into a
mine with layered heterogeneity of rocks, irregular form of the drained area, and with the inflow/outflow to a neighboring
mine and the volume of voids as a distributed parameter without gridding the flow domain performed in numerical models.

Practical implications. The study demonstrated the advantages of analytical modeling as a tool for preliminary evaluation
and prediction of flooding indicators and parameters of mined out disturbed rocks. In case of uncertain input data, modeling
can be considered as an attractive alternative to usually applied numerical methods of modeling ground and mine water flow.
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1. Introduction

Extensive closure of hard-coal mines became a common
trend in European countries with developed coal-mining
industry in the last decades [1]-[3]. For example, Belgium
closed its hard-coal mines in 1992; France did it by 2005,
and the United Kingdom by 2016. The last two active hard-
coal mines in Germany, Prosper-Haniel (Ruhr area) and
Ibbenbiiren (Tecklenburg region), have been closed in De-
cember 2018. In 1996 to 2013, 37 hard-coal mines were
closed in Ukraine; according to long-term plans of the gov-
ernment, 29 mines should be closed in the country by 2050.

Closure of the hard-coal mines made topical assessing the
consequences of extensive and large-scale flooding [4] and
sustainable resource utilization in post-mining period [5], [6].
This requires reliable prediction of mine water rebound,
understanding the driven forces and key factors of this pro-
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cess, evaluation and refining flow parameters of disturbed
rocks, which is of growing significance for water manage-
ment in post-mining areas.

Most frequently mine water rebounds and inflows to the
mines are simulated by numerical methods including finite-
difference models [7]-[10], finite elements [11], [12], and
volume balance models (like the box model [13]), which
require, as a rule, many geological data for large mined out
areas with quite heterogeneous rocks. In practice, studying
the process of flooding the mines often runs across the scar-
city and uncertainty of available data, which creates some
difficulties to the application of widely used numerical mod-
els that need detailed parameter distributions on fine grids.
At the same time, many data on spatial distributions of un-
derground workings, especially those old and abandoned, are
often either unavailable or uncertain.
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Under these limitations numerical models may lose their
advantages in comparison to other more simple methods
based on fundamental equations of water balance and seep-
age theory including analytical methods for modeling ground
water flow [14], [15]. Moreover, in many studies, especially
for preliminary assessments, a detailed account for geometry
of underground voids is unnecessary except some specific
cases like inter-mine hydraulic connections or drainage
through underground galleries. But even this case can be
simulated by analytical methods [15], [16].

In this paper we present an updated analytical model of
inflow and rising mine water level in a mine being flooded
that has been presented firstly in [15] and updated in [17].
The aim of this study is to demonstrate the possibilities of
analytical modeling to evaluate and predict flooding indica-
tors and parameters of mined out rocks. To perform a com-
prehensive study we examined the model robustness and
sensitivity to key parameter variations on the examples of
three flooded mines in Germany.

2. Methods

Below we describe an analytical model to analyze floo-
ding a mine applicable under the following assumptions.

1. Generally we simulate an isolated mine; however, hy-
draulic connections to neighboring mines can be taken into
account as additional terms in the water balance equation.

2. The draining effect of a mine is simulated by a single
well located in a geometrical center of the flow domain of
circular form. Thereby we simulate radially symmetrical
ground water flow to the shaft.

3. Underground workings within the mine are intercon-
nected, so if the mine water level rises at a rate up to a few
m/d, horizontal disturbances of flow propagate much faster
than vertical ones; hence, the mine water level rises simulta-
neously in all workings.

4. Rocks within the drained area have layered heterogene-
ity because of geological settings and mining operations.

5. The residual volume of voids created by mining opera-
tions is uniformly distributed over each horizontal section
within the mine.

6. The ground water level on the outer boundary of the
flow domain remains stable during flooding the mine.

Under these assumptions we can simulate radial ground
water flow to the shaft with the time-dependent water level at
the inner boundary (Fig. 1). The outer and inner boundaries
of the flow domain in a planar view are replaced with two
circles shown by dashed lines in Figure 2.
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Figure 1. Vertical cross-section of the flow domain
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Figure 2. Approximation of flow domain boundaries. Bold lines
are real contours of drained area boundaries, a point is
a shaft, dot lines are the circle approximation of outer
and inner boundaries, and dash lines are the contours
of underground workings

To keep the maximum conformity between the real flow
domain and the radial flow domain in the model we assume
their areas are equal, with the shaft located in the geometrical
center of the real domain. This can be acceptable under the
assumption nr. 3 on interconnectivity of all underground
workings even if there are irregularities of their locations.
The evaluation of how shaft location influence the mine
water rebound needs a special numerical study.

Ground water flow in a mine being flooded can be gov-
erned by the equation of radial flow to a single well, with the
radial coordinate r in the range r, <r <R:

o(nehgw) 1 o oh o

_ qw

a Fg kf th or +hiw+hnmv (1)
where:

n. —total effective porosity of rocks, dimensionless;
Ne = Nen + Nega,

nen — Natural floodable porosity, dimensionless;

Ne,a — porosity of anthropogenic origin emerged as a result
of mining operations, dimensionless;

hgw — ground water level, m SL;

ki — the hydraulic conductivity of rocks, m/d;

r — the radial coordinate, m;

t—time, d;

hy —specific inflow rate of infiltration water to the
flooded area, m/d;

hnm — specific outflow rate (related to the flooded area) to
neighbouring mines through connective galleries, m/d.

The ground water level hgy at the inner boundary r=rs
changes in time simultaneously with the water level in the
shaft and connected underground workings hmw:

hgw (1s:t) = M (1) (2

The hydraulic radius rs of the shaft can be evaluated as:

I ey
T

where:

®)
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Arv, av — average value of An, (z) which is the horizontal
area of the residual volume all underground workings at the
elevation z, m?. It is calculated as:

V
Afw(z)=( w2 @)

42 _Zl,l)

where:
W, 12 (z) — volume of all underground workings in the layer
limited by two horizontal sections z=z1 and z=1z,
(2.1<2<17,2), Mm%

The ground water head hgy on the outer boundary r =R
remains constant till the mine water level will completely
rebound:

hgw (Rt) =g g - (5)

The radius R of the flow domain is evaluated similar to
Equation 3:

R= A\Nca ’

T

(6)

where:

Auca — surface of the water catchment area drained by the
mine, m2.

At first approximation this area can be represented as the
combination of areas each drained by one of mining zones
located at different depths, with each zone having its individ-
ual area of influence. As a rule, the lowest mining zone has
the largest area of drainage influence. Within each zone we
can discriminate two subzones; the first one envelops the
outer horizontal contour of underground workings (Ae), the
second one is the ring-like area of drainage influence around
the first zone (Aqg). Under this considerations the water
catchment area of the mine can be evaluated as follows:

Avca =P +Ad»

where:

A. —area enclosing the horizontal projections of all un-
derground excavations, m?;

Aq—ring-like area drained by all underground workings, m?.

Converting the actual water catchment area to its circular
equivalent of the same area (Fig. 3), taking into account
Equation 7 and overlapping the different projections of min-
ing zones located at different depths we can suggest:

Ry <R<R, +Ry,

where:

Re — radius of a circle with the area equal to A, m;

Re — distance of drainage influence created by underground
workings concentrated in the circle of the radius Re, m.

Following Equation 6 and the assumption on circular
form we can evaluate R. as:

()

The distance of drainage influence Ry can be evaluated for
each mining zone individually. However, regarding to uncer-
tainties of the data on locations of underground workings and
hydraulic connections, the optimal approach to evaluate Rq is
to calculate the draining influence for the whole mine.
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Figure 3. Conversion of the real area of drainage influence (left)
into the model-confirming shape (right)

The well-known formulae of W. Sichardt and
I. Kusakin [14] valid for a single well in homogenous aquifer
hardly can be applied in case of mined out rocks. In contrast,
the formulae proposed by Ye. Kerkis [18], [19] based on
empirical data on mine drainage took into account the specif-
ics of mined out rocks and are valid for late stages of mine
drainage, which is in good agreement with the conditions of
mines before their flooding. Regarding to overlapping of
drainage influence zones the expected value of the radius R
can be calculated as:

_/ Ry
R= Re+2,

where:
Rq — is calculated by the formulae in [19] and refined in
modeling of mine water rebound.

The term h_ in Equation 1 can be calculated as:

(®)

(®)

where:

Vym —outflow rate to neighboring mines through con-

nective galleries, m%/d.

The boundary value problem defined by Equations 1, 2,
and 5 is non-linear because rock transmissivity T = Ks-hin, gw
depends on the groundwater-filled thickness hw, gv. Besides,
the mine water level hmy (t) in Equation 2 depends on the
inflows governed by ground water head gradient. For these
reasons Equation 1 cannot be solved in an integral form,
therefore we divide the total period of flooding tr on a num-
ber N of equal time steps of duration 4t, so:

(10)

and the mine water level before flooding hmw (0) = hmw, o.

Instead of solving the non-steady flow problem defined
by Equations 1, 2, and 5 we solve a series of N successive
steady-state flow problems that differ each from other by the
mine water level at the inner boundary r =rs. For each j-th
steady-state flow problem we calculate the water balance
defined by the Equation:

. . P\
)
Vin,j _Vnm,j =T

T (11)

where:
Vin,j ZVQW,j +ViW,j s m3/d,
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V'ngj — the ground water inflow rate, m%d;

Viw,j — infiltration water inflow rate (or vertical seepage
rate), m%/d;

Vim,j — outflow rate to the neighboring mine(s); all are

calculated for j-th time interval, m¥d;

AVs ; — change of water volume in the flow domain dur-
ing the period At, m®.

Ground water inflow rate to the mine is calculated based
on Dupuit-Thiem formula for radial free surface flow [14]:

h2y g —h2u i
p ~ lgw,R mw, j
ng,j :ﬂ-kf,J —_—

( Rj |
In| —

s
where:

Ef,j — average hydraulic conductivity of rocks within the
minimum and maximum water levels during the time interval
from tjto tj+1, m/d; ki j can be evaluated by the formula:

(12)

hgw, R

[ k¢(z)dz. (13)

Equation 13 enables taking into account layered hetero-
geneity of rocks due to geological settings and mining opera-
tions. Because of the raising mine water level the hydraulic

conductivity k¢, j changes in time. The average natural

porosity is calculated by analogy to Equation 13.

Infiltration rate (or vertical seepage rate) can be calculat-
ed depending on the mine water level position over the bot-
tom of the low-permeable layer z, 1:

kfyb'ﬂ"Rz, th SZL]_,

Viw,j = (14)

hiw’ hmw 2 211,
where:

ki b — hydraulic conductivity of a low-permeable layer of
the overburden, m/d.

Equation 14 means that the hydraulic conductivity of
low-permeable layer controls the infiltration rate to under-
ground workings until the mine water level is lower than the

layer bottom. In practice ks, and h, are quite often evalua-
ted based on the water balance before flooding.
The outflow rate to neighboring mines V'nm,j is calculat-

ed for each case individually. In case if the hydraulic pa-
rameters of a connective inter-mine gallery are available, the
method proposed and tested in [15] can be applied. If two
mines, one is being flooded, the other is drained, are contact-
ed through low-permeable barrier, the inflow rate to the
drained mine can be calculated as shown below in the next
section on the example of the colliery Kénigsborn.

The volume of water that flows in the mine AVy ; during

the time interval 4t is distributed between residual man-made
voids including underground workings of the volume AV, j
and floodable natural pores of the volume Ane, s :

sz,j = AVI’W,] +Ane,n’j . (15)
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Assuming the interconnectivity of all underground work-
ings the volume AV, j under relatively slow mine water
rebound (i.e. small Ahmw, j during At) can be calculated as:

AV i = A j - A j (16)

where:

Ahmw, j — increment of the mine water level during the
time interval 4t, m.

The volume 4ne n j is the volume of rocks limited by two
curves in Figure 1 that are the surfaces of ground water head
within the depression cone at the beginning and the end of the
time interval 4t multiplied by natural floodable porosity ne,n.
The value 4ne nj is calculated based on the ground water head
for free surface flow at the discharge defined by Equation 10.

Using Equations 15 and 16 we can rewrite Equation 11:
AVZ,j = A’WJ 'Ath,j +Vnm,j ‘At-i-AVe’n’j , (17)
and calculate the rise of the mine water level during the time
interval At as follows:

AVs j —Viom,j - At=AVgp
Arw,j

Because of non-linearity of Equation 18 (AVe,n j depends
on the mine water level increment Ahmw, j) We solve it nume-
rically using an iterative procedure.

The mine water level at the moment t;. 1 is calculated by
adding Ahm, j to the mine water level at t;:

Ath' J = (18)

hmw,j+1 = hmw,j +Ahmw,j : (19)
Equations 11-19 define the time-dependent cycle; after its
completion we obtain the mine water level and water balance
components for all moments t; during the flooding period.
To validate the model we have first to minimize the de-
viation AV,, between the calculated and measured initial

inflow rate to the mine, which allows balancing inflows of
ground water and infiltration water before flooding. Then we
have to minimize the deviation 4hy, between the calculated
and measured mine water level for the period [0, ti]:

tg

Afy = J% j [N (7)Mo (7)]

2

dr (20)

where:

Ahmw, ¢ and Ahmw, m — measured and calculated mine water
level, respectively, m SL.

The deviation in Equation 20 is the function depending
on model parameters; those minimizing 4A4mw can be inter-
preted as optimal model parameters for the measured mine
water rebound. Regarding to low accuracy of geological data
the task has to be evaluation of not only the optimal values of
parameters but also their plausible intervals and model sensi-
tivity to parameters variation.

The model sensitivity can be evaluated as the change of
Ahmw caused by parameter variations. To evaluate the model
sensitivity we used the relative deviation Ahmw, r (Equation 20):

Ahp

Ahypy ¢ = :100%, (1)

mw, dif



D. Rudakov, S. Westermann. (2021). Mining of Mineral Deposits, 15(3), 22-30

where:

Ahmw — the deviation calculated by Equation 20, m;

Nmw, dit = Nmw, max — Nmw, min, hmw, ait — difference between the
highest hmw, max and lowest hmw, min Water levels during mine
water rebound, m.

In this paper we examine the influence of four parameters
on model sensitivity that are the radius of the flooded area R,
the specific inflow rate of infiltration water to the flooded

area h., the volume of residual underground workings Vi,

iw !
and hydraulic conductivity k; the last two parameters depend
on the vertical coordinate z. Model validation and parameter
identification are performed in the following steps:

— evaluation of the guessed parameters (R, h,,) for which

the calculated initial inflow rate is the closest to the initial
measured inflow rate;

— variation of the distributions of underground workings
and hydraulic conductivity of rocks within estimated inter-
vals in order to achieve the best coincidence with the meas-
ured mine water level;

— analysis of model sensitivity to parameter variations.

The algorithm has been implemented and tested by
D.V. Rudakov in the Turbo-Pascal programming environment.

3. Results and discussion

The analytical model was used for modeling of mine wa-
ter rebounds in three selected German mines (Fig. 4, Ta-
ble 1) [20]. The collieries Westfalen (in Ahlen [North Rhine-
Westphalia]) and Konigsborn (in Unna [North Rhine-
Westphalia]) are located in the south-east of the former Ruhr
hard-coal mining area. The colliery Ibbenbiiren is located in
the Tecklenburg region (North Rhine-Westphalia). These
three collieries have been closed and flooded for many years
ago. They differ in their thickness of the overburden strata
that consist of the less permeable strata of the Emscher for-
mation (claystone) and the fissured and water-bearing strata
of the Upper Cretaceous (marl limestone).

‘b

Saar briicken

Figure 4. Location map of studied mines in Germany. Red
squares: | —colliery lbbenbiiren; K — colliery Kinigs-
born; W — colliery Westfalen. Numbers: last active hard-
coal mines; 1-colliery Prosper-Haniel; 2 - colliery
Ibbenbiiren) [21]

Vertical distribution of the residual volume of under-
ground workings for the studies mines is shown in Figure 5.
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Table 1. Basic data on flooding the selected mines

Colliery Westfalen  Konigsborn  Ibbenbiiren
Day when 04.09.2000 15.09.1996 01.01.1980
flooding began
Measured mine 1178 -894 496
water level, m SL
Measured _InﬂOV\; rate 3600 4608 21 744
into the mine, m3/d
Day of lastavailable o 11 5016+ 30.11.2016" 28.12.1982
measurement
Measured mine water
level in the shaft, m SL -481 301 66
Area occupied
by the mine, km? 140 16 37
Residual volume 102107  1.0110"  5.54.10°

created by mining, m?
" flooding is still continuing

The colliery Westfalen has the biggest thickness of over-
burden rocks that varies between 795 and 889 m. The thick-
ness of the less permeable strata of the Emscher formation is
between 475 and 600 m.

Compared to the colliery Westfalen the colliery Konigs-
born has a lower overburden thickness. It varies between 180
and 300 m. The average layer thickness of the fissured marl
limestones is about 130 m.

Due to close location of the shaft to low-permeable barri-
er to the neighboring colliery Heinrich Robert/Ost the area of
colliery Konigsborn is approximated as the half-circle. In
calculations we took into account that the hydraulic conduc-
tivity of the Turonium + Cenomanium aquifer (Upper Creta-
ceous) is three orders higher than the hydraulic conductivity
of the intact Carboniferous rocks.

Outflow rate to the neighboring mine at the mine water
level Ahmw, ko in the colliery Konigsborn below the bottom of
the Turonium + Cenomanium aquifer at zr.c,1=-217.8m
(position “1” in Figure 6) is calculated assuming unconfined
ground water flow through a vertical wall of the length 4 km
with the hydraulic conductivity of intact Carboniferous rocks
of 105 m/d and the mine water level in the colliery Heinrich
Robert/Ost maintained at -900 m SL:

h2., kb — N
v —k mw,Kb — "'mw,HRO
nml="fb" 2|
b

(22)

'Inmv

where:

hmw, ko and hmw, Hro — Mine water level in the collieries
Konigsborn and Heinrich Robert/Ost, m SL;

I, — thickness of the low-permeable barrier between the
mines, m;

lnm — horizontal length of this barrier with the neighboring
mine, m;

ki, b — its hydraulic conductivity, m/d.

For the mine water level over the bottom of the Turonium +
Cenomanium aquifer (Nmw, ko > z7+c, 1) and below than its top
(hmw, kb < ZT+¢, 2) at position “2” in Figure 6 the additional out-
flow rate from the colliery Kénigsborn can be calculated as:

h2 — 72
i -V k mw,Kb ~ T+C,1
nm,2 = Vnm1 t K¢ 74C

0 (23)

'Inmv

where:
k, 7 + c — hydraulic conductivity of the Turonium + Ceno-
manium aquifer, m/d.
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Figure 5. Vertical distribution of the residual volume of underground
workings expressed as the surface of a horizontal cross-
section of the mine workings Am(z): (a) colliery Westfalen;
(b) colliery Konigsborn; (c) colliery Ibbenbiiren (Westfeld)

For the mine water level higher than the top of the Tu-
ronium + Cenomanium aquifer zr+c 2 (Nmw,kb>Z7+c 2) the
additional outflow rate from the colliery Kénigsborn is calcu-
lated as confined flow (position “3” in Figure 6) by Equa-
tion 22 replacing its second term in the right hand side with:

Nmw,kb —2Zr4C1 ZT4+C,2 ~2T+C |

k .
f T+C 2 Ib

nm -

The colliery Ibbenbiiren is divided into a western and
eastern mining field. While the mining field “Westfeld” was
flooded in the 1970s, hard-coal mining was carried out in the
mining field “Ostfeld” until 2018.

colliery colliery Konigsborn
Heinrich Robert/Ost hmm Xb
. E Y
Emscher formation (clay) | = - 3
Z1+C2 — - v
Turonium and Cenomanium z 2
(aquifer) Zr+C1 : k4

Carboniferous rocks
(hard-coal bearing)

d

I -."-.."""2: FARCN

hmu;HRO

|

-~
o

Figure 6. Sketch to calculate water flow through the low-
permeable barrier between two mines: 1, 2, 3 — the water
levels in the flooded mine and ground water heads in
the low-permeable barrier. Notations see in text

The hard-coal deposit of the colliery Ibbenbiiren (in the
following, only the mining field “Westfeld” is considered)
emerges morphologically from the surrounding area as a
horst structure of the Carboniferous strata. Therefore, the
hard coal-bearing strata are not covered by any overburden
and crops out at the surface. Due to the missing of an over-
burden, the rainwater enters the mine directly.

Using the available data on geology, hydrogeology, and
mining we evaluated the optimal model parameters (Table 2)
that minimize the deviation Ahmw between measured and
calculated mine water level in Equation 20.

Table 2. Parameters evaluated by inverse modeling

Colliery Westfalen Konigsborn Ibbenbiiren
R, m 5700 3000 2800
V', m® 1.02-107 1.01-107 5.5-108
ﬁiw , m/d 8.0-10° 1.39-10% 6.35-10*
ktav™, m/s 4.65-10°8 8.32:108 1.29-10°

“total value distributed over the flooded thickness of rocks;
**average value distributed over the flooded thickness of rocks.

The calculations demonstrated very good agreement with
the measured data for all mines (Fig. 7, Table 3). The maxi-
mum relative deviation for the mine water level during the
measurement period did not exceed 2.1%; the deviation for the
inflow rate to a mine before its flooding did not exceed 0.8%.

Changing of the infiltration rate Hiw up to +10% does not

deviate significantly the calculated values from those meas-
ured during the most part of flooding interval; changing of
other parameters has similar effect.

The results of sensitivity analysis (Fig. 8) confirmed that
the parameters in Table 3 are optimal for Equation 20 be-
cause they minimize the deviation 4hmw whereas changing all
four varied parameters increase Ahmu.

Table 3. Minimum relative deviations between measured and
calculated data, %

Colliery Westfalen Konigsborn  Ibbenbiiren
Mine water level 2.1 1.2 1.0
Initial inflow rate 0.8 0.1 0.1
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Figure 7. Mine water level hmw versus time t in the collieries West-

falen (a), Konigsborn (b), Ibbenbiiren (C) at the parame-
ters from Table 3 and different infiltration rates: 1.0 &
(black line); 0.9 £ (blue line); 1.1 & (red line); black dots
show the measured mine water level

For the colliery Westfalen with higher thickness of over-
burden the most influential parameters in terms of model
sensitivity were found the residual volume of underground
workings Vi and hydraulic permeability of rocks ks, which
means domination of the factors of deep water inflow. In
contrast, for the collieries Konigsborn and Ibbenbiiren with
lower and insignificant thickness of overburden the most
influential parameters are the flooded area radius R and the

infiltration rate Hiw; this is fully in line with growing signifi-
cance of parameters that characterize vertical recharge of the
flooded area.

28

(@)

25 7

w

-

k t t t y
60 70 80 90 100 110
Parameter value (%)

T T 1
120 130 140

60 70 80 90 100 110 120 130 140
Parameter value (%)

(©

9 100 110
Parameter value (%)

Figure 8. Relative deviation dhmw, between calculated and mea-
sured mine water level (Equation 21) versus change of
input parameters for the collieries Westfalen (a);
Kénigsborn (b); Ibbenbiiren (C)

4. Conclusions

The mathematical model based on analytical relations of
ground water flow theory and adapted to the availability of
critical hydrogeological and mining parameters has been
developed to simulate flooding the underground workings.
The model has been tested for the examples of three closed
hard-coal mines in Germany selected as case studies.

We used the analytical solution describing radial ground
water flow to the shaft and water balance relations for the
series of successive stationary depression cones. It takes into
account layered heterogeneity of hydraulic conductivity,
porosity, vertical distribution of underground workings,
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irregular form of the drained area, the inflow/outflow to
neighboring mines without gridding the flow domain as it is
performed in numerical models.

The modeling demonstrated very good agreement with
the measured data for all studied mines. The maximum rela-
tive deviation for mine water level during the measurement
period did not exceed 2.1% and the deviation for the inflow
rate before flooding did not exceed 0.8%. Sensitivity analysis
revealed the higher role of the residual working volume and
hydraulic conductivity for mine water rebound in case of
thick overburden above underground workings like colliery
Westfalen. Along with this, lowering thickness of overbur-
den increases the influence the infiltration rate and the flood-
ed area size in terms of model sensitivity for collieries
Konigsborn and Ibbenbiiren.

The study demonstrated the advantages of analytical
modeling as a tool for preliminary evaluation and prediction
of flooding indicators and parameters of mined out disturbed
rocks. In case of uncertain input data it can be considered as
an attractive alternative to usually applied numerical methods
of modeling ground and mine water flow.
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HA NPHUKJIAA] TPhOX 3aKPUTHX KaM’AHOBYTiNIbHUX maxTax y Himeuunni

J. Pynakos, C. Bectepman

Merta. ¥ po6oTi npeacTaBieHa Ta MPOTECTOBaHA aHAIITHYHA MOJAENb NMPUILIMBY BOJY Ta MMiJHOMY HOTO PiBHS B 3aTOILTIOBAHII IMIAXTi.
HocnimpkeHo criiikicts Moneni Ta ii 4yTAMBICTh 10 3MiH BUXIZHHMX JaHHX Ha MPHKIaAax TPbOX 3aKPHTHX IIAXT 3 BUAOOYTKY KaM’SHOTO

Byriyunst B Himeuuusi.

Metoauka. Bukopucrane aHaniTH4He pillleHHs KpaioBoi 3a/1adi paJiaJbHOr0 MOTOKY MiJ3€MHHX BOJA Y LIAXTHOMY CTBOJI, SIKHH pO3T-
JSITAETHCS SIK BEMUKHIA KOJIO/I3b, @ TAKOXK CITiBBIiTHOILICHHS BOJHOTO OajaHCy JUIsl MOCITiZOBHOCTI CTalliOHApHHX IMOJI0KeHb KOHyca Aenpecii
TIpH MOJICTFOBaHHI BiTHOBJICHHS PIBHA BOJM B IIAXTi 3 ypaxXyBaHHSIM BEPTHKAJIBHOTO PO3MOJILTYy Koe(illieHTy (iIbTpalii, 3aIHUIIKOBOTO

00’eMy MiI3eMHUX TiPHAYUX BUPOOOK Ta MPUPOTHUX TIOP.

PesyabTaTi. MosienOBaHHs POAEMOHCTPYBAJIO JOCHTh JOOPY Y3rOJDKEHICTh IS BCIX AOCHI/UKYBaHUX LIaXxT. MakcuMalbHe BiJHOCHE
BIIXWJICHHS PiBHS MAXTHHUX BOJ MPOTSTOM Mepioay BUMIpIOBaHb He mepeButmwio 2.1%, a mais npurumBy B miaxty ao ii 3aroruieHHs — 0.8%.
AHalni3 4yTIMBOCTI BUSBHUB O1JIbII BUCOKY 3HAYyILIiCTh 3aJUIIKOBOr0 00’eMy BUPOOOK Ta KoedilieHTy dinbTpanii s BiJHOBICHHS PiBH
MIAXTHUX BOJI y BHIAJKY MOTY)XHHX TEPEKPUBAIOYMX MOPIJ Ta 3pOCTal0dy 3HAYYIIICTh IIBHIKOCTI iHGIIBTpaLil Ta po3mipy obiacti 3aTom-

JICHHS Y BHITAJKY MEHIIOI TOBLIMHH IAX TOPIiJ.

HayxoBa HoBH3HA. P0o3po0iicHa aHANIITHYHA MOJIENb JIO3BOJISIE PEATiCTUYHO NPOTHO3YBATH HECTaLliOHAPHE BiJHOBJICHHS W NPUILINB BO-
I B IIAaXTy 3 MIapyBaTOI0 HEOMHOPIAHICTIO TIPCHKUX HOPif, HEMPABWIEHOIO (OpMOIO NPEHOBAHOI NUISHKHU, MPUILIMBOM a0 BiITOKOM IO
CyCiIHBOI IIaXTH, a TaKOXX 00’€MOM ITyCTOT SIK PO3HOAITIEHHM HapaMeTpoM Oe3 CITKOBOi JuCKpeTn3anii obsacTi GinbTpariii, BHKOHYBaHOI B

YUCCIIBHUX MOJCIIAX.
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IMpakTuna 3HAYUMIicTh. JIOCIIDKEHHSI IPOAEMOHCTPYBAJIO MEPEeBark aHaJIITHYHOTO MOJCNIIOBAHHS SK IHCTPYMEHTY IONEPEIHbOrO
OLIIHIOBaHHS Ta MPOTHO3yBAaHHS MOKA3HHUKIB 3aTOIUICHHS Ta MapaMeTpiB MiApOOICHOTO MOPYIICHOTO MIOPOJHOTO MacuBy. B pasi HeBu3Haue-
HOCTI BXIIHHUX JaHUX LI€ MOKHA PO3IJIAJAaTU K NPUBAOJIMBY aJbTEPHATHBY 3a3BHYai 3aCTOCOBYBAHMM YHCEIbHHUM METOIAM MOICTIOBAHHS
TeUii MJ3EMHMX Ta IIaXTHUX BOJI.

Knrwwuosi cnosa: 3amonnenns wiaxm, 6I0HOGNEHHs PI6HA WAXMHUX 600, PIGeHb 800U, THMEHCUGHICMb NPUNIUGY, AHATIMUYHA MOOeb,
aHaniz Yymaueocmi

AHaJIHTHYECKOE MOA€CJIHPOBAHUEC BOCCTAHOBJICHUS YPOBHS INAXTHBIX BOI
Ha NMpuMepe TpeX 3aKPbITBIX KAMEHHOYTOJIBHBIX IIAXT B FepMaHnn

J. Pynakos, C. Bectepman

Henw. B cratse nmpeacTaBneHa U NPOTECTUPOBAaHA aHATUTHYECKAs MOJIETb MPUTOKA BOJBI M MOJbEMA €€ YPOBHS B 3aTallJIMBacMO IIax-
Te. MccnenoBana HaJIeXKHOCTh MOZIENHU U €€ UyBCTBUTEIBHOCTh K M3MEHEHUSIM HCXOMAHBIX JaHHBIX Ha IMPHMepax TPeX 3aKPBITBIX KaMEHHO-
YTOJBHBIX IIAaXT B ['epMaHum.

Metoauxka. Vcnions30BaHO aHAIUTUYECKOE PELICHUE KPaeBO 3a7a4i O paJlabHOM IOTOKE MOA3EMHBIX BOJ B IIaXTHOM CTBOJIE, KOTO-
pBIA paccMaTpuBaeTcsl Kak OOJNBIION KOJIOZEI, a TaKKe COOTHOLIEHWs BOJHOTO OajaHca Ul CEpUH IIOCIEIOBATENBHBIX CTAIlMOHApPHBIX
TIOJIOXKEHUH JEIIPECCHOHHOr0 KOHyca MPHU MOJEIMPOBAaHUU BOCCTAHOBJICHHS YPOBHS BOJBI B IIAXTE C YYETOM BEPTHKAIBHOI'O paclperelie-
HUA KodddurmenTta GUIbTpaIvy, OCTaTOYHOT0 00beMa IT0I3eMHBIX TOPHBIX BBIPA0OTOK M €CTECTBEHHBIX I10P.

Pe3yabTaTsl. MogenupoBaHue IpoJeMOHCTPHUPOBAIO JOCTATOYHO XOPOIIYIO COTJIACOBAHHOCTH C M3MEPEHHBIMH JAHHBIMU JUIS BCEX HC-
CJICIOBAaHHBIX IIaXT. MaKCHMaIbHOE OTHOCHTEIbHOE OTKIOHEHHE 3a MEepPHO]] U3MEPeHHil YPOBHS MIaXTHBIX BOJ HE mpeBbickiio 2.1%, a mms
NPUTOKA B IIAaXTy 10 ee 3aroruieHus — 0.8%. AHanM3 4yBCTBUTEIBHOCTH BBIBHI 60Jiee BBICOKYIO 3HAUHMOCTh OCTaTOYHOTO 00beMa BBIpa-
60TOK 1 Kod(pdunrenTa GpuipTpanuy U BOCCTAHOBICHHUS YPOBHS IMIAXTHBIX BOJ B CIy4ae MOIIHBIX IEPEKPBIBAIOLINX ITOPO, U BO3pacTa-
IOIIYI0 3HAYMMOCTh CKOPOCTH MH(WIBTPALK U pa3Mepa 00JIacTH 3aTOIUICHHUS B CIIydae MEHBIIEH TOJIMHBI STHX HOPO/I.

Hayunas noBu3Ha. Pa3spaGoraHHas aHaIMTHYECKass MOJIENb HO3BOJISET PEAUTHCTHYECKH MPOTHO3HPOBATH HECTAIMOHAPHOE BOCCTAHOB-
JICHHE YPOBHS LIAXTHBIX BOJ M NPHUTOK B IIAXTY NP CIOMCTON HEOTHOPOAHOCTH TOPHBIX IOPOJ, HENPABHIBHOH (OpPMOH ApeHHpYyeMOon
o0J1acTH, IPUTOKOM WII OTTOKOM B COCEIHIOIO IIAXTY, a TAaKKe 00BEMOM ITyCTOT KaK PaclpeaeIeHHbIM ITapaMeTpoM 0e3 CEeTOUHOH JucKpe-
TU3aLUH 00JaCTH (QHUIBTPALUH, BBITOIHIEMOH B YHCICHHBIX MOJIEIISX.

IIpakTHyeckasi 3HAYMMOCTb. VccaenoBaHue MPOJEMOHCTPUPOBANIO MIPEUMYIIECTBA AHATUTHYECKOTO MOAEIUPOBAHNS KaK HHCTPYMEH-
Ta MpeIBapUTEIBHON OLEHKH M IPOTHO3a MOKa3aTeslel U MapaMeTpoB 3aTOIUIEHHS MOApab0TaHHOTO HapyIIEHHOTO MOPOAHOTO MaccuBa. B
Cllydqae HeompeaeaéHHOCTeH HCXOMHBIX JaHHBIX 3TO MOXKHO PAcCMaTpHBAaTh KaK MPHUBICKATEIbHYIO adbTEPHATHBY OOBIYHO IIPUMEHIEMBIM
YHCJICHHBIM METOJJaM MOJIEIMPOBAHMS TEICHHUH MOJ3EMHBIX U IIAXTHBIX BOJ.

Knioueswvie cnosa: samonnenue waxmul, 60CCMAHOBNIEHUE YPOGHS WAXMHBIX 800, YPOGEHb 800bl, UHMEHCUSHOCHb NPUMOKA, AHATUMUYe-
cKasi MOOeNb, AHANU3 4YECMBUMENbHOCU
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