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Abstract: Upward surface movement or uplift has been extensively observed above abandoned and
flooded deep coal mines, which used the longwall mining method, i.e., a caving method. Detailed
analysis of satellite measurements indicated that the process of uplift is one of the more complex
phenomena in ground control. The observed uplift is linked to the flooding of the underground
infrastructure and rock mass. This was confirmed by conducting analytical calculations. The distribu-
tion of water pressure at the end of the mining phase and their increase during the flooding is an
important aspect in all estimations. The main objectives of the study are to compare the impact of
various hydrogeological conditions of this distribution at the start of the flooding phase and to select
the most realistic one. They range from a zero-water pressure to a linear decrease from the top to
the bottom longwall panel. Different scenarios of how the water pressures change as a function of
time are also compared, i.e., from filling an open reservoir from bottom to top, to a systematic change
in the linear downward trend. The main conclusion is that a linear trend, i.e., the original assumed
scenario, is the best option in comparison to the other scenarios evaluated. It provides the best fit
between the estimated uplift values and the large amount of remote sensing measurements along
north–south transects in the Belgian Campine coal basin.

Keywords: flooded coal mines; abandoned coal mines; longwall; ground control; surface movement;
uplift; analytical calculations

1. Introduction

Underground mining, and more specifically when using a total extraction mining
method such as longwall mining, has a significant impact on the environment. Above the
deep coal mines in the Campine coal district, Belgium, downward surface movements
or subsidence of the order of several meters occurred, even at some locations more than
10 m. Such large movements have, among others, an impact on the surface water and on
the hydrological situation above and around the mined zones. For example, dikes had to
be constructed and systematically raised to restrain the water within the river and canal
courses [1], and permanent pumping is needed to prevent the flooding of some surface
areas. When applying the longwall mining method in a coal mine, one excavates one or
more coal seams over large areas. The coal seam is divided up in individual longwall
panels. Typical dimensions of the panels in the Campine coal district were 200 m on 800 m.
As in the excavated areas, no support is present, and the first layers of the roof above each
excavated coal seam collapse. Due to the mechanical swelling or expansion of the collapsed
roof blocks, the goaf (i.e., the volume of collapsed blocks) fills the mining height, plus the
height of the collapsed roof layers. Hence, the goaf starts to act as a regional support to the
overlaying coal strata.

At the end of last century, the mining activities in several European coal districts
were stopped, and the underground facilities were abandoned. This was followed by the
flooding of the underground, i.e., both the infrastructure and the rock mass. The latter
comprises goaf material, fractured and damaged rock, and intact but deformed strata.
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The main impact of this flooding was the start of upward surface movement above and
around the mined areas, e.g., [2–9]. In the Campine coal district, the uplift phase of the
surface movement has not stopped yet, about 30 years after the mine closure [10]. However,
the total amount of uplift is estimated to be—generally speaking—an order of magnitude
smaller than the total amount of subsidence. In other words, there are areas where the total
uplift will finally reach half to one meter. It is important to note that the ratio between total
subsidence and total uplift is not a fixed ratio, but it varies over the mined zone and its
surrounding [11]. The study of the uplift is important as also during this phase of surface
movement, damage is induced to buildings and infrastructure [12]. It is also critical to
know how long the impact of underground mining will last [10].

In the period around the mine closure in European coal districts, the remote sensing
technique, based on satellite images, became more accessible for research [4]. This allowed
the observation of surface movements over large areas and over long time periods. Hence,
these techniques have now become an important observation and measurement tool,
e.g., [13–16]. For this study, the European C-band ERS1/2 data and the ENVISAT-ASAR
data were analyzed.

Although the extensive number of measurements clearly quantifies the uplift above
abandoned coal mines, there is a need to understand the complex process of uplift and
the link with the flooding of the underground infrastructure and rock mass. This is a real
challenge, and one should look at various aspects. In 2021, an analytical framework was
published [17], providing a good correlation between measured and calculated values.
In this paper, the focus is on an evaluation of various possible hydrogeological scenarios
and their impact on the estimated uplift above the abandoned and flooded coal mine
of Eisden, Belgium. The distribution of water pressures at the end of the mining phase
and their increase during the flooding are hereby important aspects in all estimations.
Various hydrogeological conditions of this distribution at the start of the flooding phase
are compared using the analytical framework (see further for details). They range from a
zero-water pressure to a linear decrease from the top to the bottom longwall panel. Various
scenarios of how the water pressures change as a function of time are also compared, i.e.,
from filling an open reservoir from bottom to top, to a systematic change in the linear
downward trend.

The calculated uplift values for the various scenarios are compared to the satellite
data. The original assumed scenario, i.e., a linear trend, remains the most likely option.
It provides the best fit between the estimated uplift values and the large amount of remote
sensing measurements along north–south transects in the Belgian Campine coal basin.

2. Overview of Past Studies on the Surface Uplift in the Campine Coal District, Belgium

One cannot overestimate the complexity of the process of uplift and the link between
the flooding and the uplift of the earth surface. Numerous mining, geotechnical, geological,
and hydrological conditions determine, in one way or another, the amount of uplift at a
specific location. Hence, one must always work site specific. Due to the complexity of the
process of uplift, the main aim of the studies rather is to better understand the process than
to predict the amount of uplift. Of course, the latter should be the final aim.

At the end of 2021, a double paper was published on the surface movement above
one coal mine of the Campine coal district in Belgium, i.e., the Eisden coal mine [1,17]. The
Part A paper discusses in detail the remote sensing measurements by satellites (InSAR,
Interferometry with Synthetic Aperture Radar data), while the companion Part B paper
presents a framework to calculate analytically the amount of uplift. The latter allows
an easy comparison of various scenarios and assumptions, which helps to understand
the phenomenon. For details on the analysis of the measurements and on the proposed
analytical framework, I refer the reader to this double paper, including references to research
by others.

The main conclusion of the analysis of the InSAR data was that a large variation is
observed both as a function of space and of time [1]. In other words, one cannot summarize
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the uplift by a single value or trend. The coal mine was closed in 1988 and, from October
1992 onwards, uplift was clearly visible above the mined zone. However, uplift also is
observed away from the mined zone. The extent of uplift is at the start of the uplift phase
situated in the central part and not at the boundaries of the mined zone. In Figure 1, the
amount of uplift in two observation periods along a north–south transect is presented.
North–south transects are well suited to study the surface movement in the Campine
coal district, as the mined area forms a relatively narrow band orientated in the east–west
direction [18]. Data were acquired for research through a European Space Agency (ESA)
research proposal [4], i.e., the European C-band ERS1/2 data and the ENVISAT-ASAR
data, respectively. Figure 1a presents the total uplift occurring in the period from October
1992 (i.e., moment that uplift was clearly visible) through December 2000 (i.e., end of the
monitoring period). Figure 1b covers the period from December 2003 through September
2010. Along this transect, the longwall panels were mined between the north–south
coordinates of 0.0 km and 5.25 km (indicated by blue square dotted lines), and the central
shafts were situated around 4.1 km (shown by purple square). During the first 8 years of
uplift (Figure 1a), the overall shape of the uplift curve is an inverse trough, with the largest
values between north–south coordinates of 2.5 to 4.0 km. This zone is situated south of the
central shafts position. It is situated more to the north than the middle of the mined zone.
During this period, the maximum amount of uplift measured is about 175 mm (average
maximum uplift rate of about 22 mm/year). Both to the north and to the south of the
mined zone, uplift clearly is observed. At the southern and northern limit, about 75 mm
and 125 mm are measured during the 8-year period, respectively. The extent of the zone
with clear uplift is about 3 km to the north and south of the mined boundaries.
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Figure 1. Variation of the uplift along a north–south transect, above the coal mine of Eisden, Belgium:
(a) From October 1992 through December 2000; (b) From December 2003 through September 2010.
Along this transect, the mining took place between 0 and 5.25 km (blue square dotted lines). The
position of the central shafts is indicated by purple square (north–south coordinate of 4.1 km).

During the second observation period (Figure 1b), the additional uplift curve has
also an inverse trough shape. The maximum values occur approximately at the same
north–south coordinates. However, the maximum average uplift rate is smaller, i.e., about
10 mm/year (a total maximum additional uplift of about 70 mm over 6 years and 9 months).
The uplift zone also is further extended to the south and the north, and it covers now a
zone of 4 to 5 km.

In [17], an analytical framework is presented and applied. (See reference for all details
and a systematic discussion of the various parameters selected and their values chosen.)
It shows a good correlation with the measurements along the north–south transect, which
is also discussed in this paper. This framework was also applied successfully for other case
studies [12,19,20]. The basic reasoning is that mining results in a drainage of pore water in
all strata with mining activities, i.e., in and around the mine infrastructure and the goaf
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volumes, but also in the fractured and deformed rock mass, e.g., between the different
seams mined. Note that at a specific location, five to 10 seams are sometimes mined within
a depth interval of several hundred meters (see further). Once the underground pumping
is stopped, the hydraulic pressure starts to increase until the original hydraulic gradient is
re-established. The latter is on average a linear increase in the pore pressure as a function of
depth, with a zero pressure at or close to the surface (see further for details). The increase in
the water pressure during the flooding leads to a decrease in the effective stresses as the total
stresses remain constant. This leads to an expansion of the rock material, and this expansion
is transferred to the surface. The analytical approach allows the investigation of the impact
of different parameters and parameter values on the uplift values in a comparatively easy
way. For example, the impact of the expansion of the goaf volume only can be investigated
without considering the expansion of other rock volumes (and vice versa). In a similar easy
way, the hydraulic pressure distribution at the end of the mining phase can be changed,
or only the stiffness values of the intact strata can be increased, etc. By analyzing many
different options, it is possible to gain an understanding of how the various parameters
impact the uplift. Satisfactory results are obtained when (i) the changes in pore pressure or
water pressure, due to drainage, in the entire mined volume and in the surrounding rock
mass are considered, and (ii) not only the expansion of the goaf volumes due to the fluid
pressure being restored is considered but also the expansion of the rest of the strata layers,
i.e., the non-collapsed strata layers. The complex mining geometry in the Campine coal
district is an advantage to evaluate the impact of the various components.

As for the measurements, 2D transects (north–south oriented) are considered. The
proposed framework is an analytical approach, whereby the entire 2D north–south vertical
section is divided in elements with a height of 50 m and a north–south length of 250 m. The
depth of the entire model is extended just below the deepest longwall panel. Each element
expands when the pore pressure is increased. This expansion is assumed to take place at
the center of each element. A transfer function based on the Boussinesq formula for a line
load is applied to translate the expansion of an underground element on the movement
of the earth surface. Here, an angle of influence of 45◦ is applied. The vertical stiffness of
each element takes the real composition of each element into account, i.e., the thickness
of the goaf volume of each longwall panel in an element and the thickness of the other
non-collapsed strata within the element height of 50 m. By an increase in fluid pressure
and considering the average vertical stiffness, the expansion of each element is estimated.
Basic elastic equations are used that consider the impact of a change in effective stress on
the vertical expansion. For each node at the surface, the sum is made of the impact of all
elements in the underground. Each element with one or more longwall panels is composed
of goaf volume(s) and of broken and/or deformed strata, i.e., the non-collapsed strata
layers. The average stiffness ratio of the latter vs. the goaf material is assumed to be 10 to 1
for the basic case. The absolute values are 2 and 0.2 GPa, respectively (Poisson’s ratio equal
to 0.25). In the approach described in [17], there was no attempt to try to determine the
various values by back-analysis. Rather, the values were determined by logical reasoning.

3. Framework for Different Hydrogeological Conditions
3.1. Original Applied Framework

The basic approach in the original applied framework [17] is that the end of the mining
phase is characterized by a lower water pressure within an envelope around all mined
longwall panels along a 2D north–south transect (Figure 2). Each longwall panel along
the north–south transect studied is indicated by a short black line. The largest number of
panels was mined between the north–south coordinates of 2.50 to 3.75 km. The dip to the
north of the strata is clearly visible in this figure. The best results, in comparison to the
measurements, are obtained when the drained zone is extended over 1 km to the north and
to the south of the mined zone [12,17,19]. The good correlation with the measurements is
observed for both the shape of the calculated uplift variation along a north–south transect
and for the absolute maximum uplift value. The proposed water pressure distribution
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assumes that the excavations and the goaf volumes induce a drainage in all the strata layers
within the entire volume with mining activities, i.e., in the excavations and goaf, but also
outside the goaf volumes. However, it is not assumed that full drainage (i.e., zero water
pressure) occurs over the entire height of the drained strata. Some rock volumes, e.g., very
low permeable strata, are not subjected to full drainage and at the end of the mine life,
the pore pressure is, at least partly, re-established in the oldest part of the mine, which is
situated at the top of the volume with mining activities. This reasoning, supported by the
measurements of [21,22], results in a linear decrease in the average water pressure from
the top to the bottom of the enveloping line (Figure 3a). The thick blue line is the original
hydraulic gradient. It is also the final situation, i.e., when the underground is again fully
flooded. The hydraulic pressure at the end of the mining phase is presented by the thick
brown line. At the top, it is assumed that the original hydraulic pressure already has been
re-established at the end of the mining phase. Above this depth, the original hydraulic
gradient also is observed. At the bottom, where the most recent mining took place, the
water pressure is assumed to be zero. Note that this linear decrease presents the average
variation as a function of depth over discretized elements of 50 m on 250 m.
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The red dotted line follows the average dip of the strata. The gray shaded area is the discretization
of the envelope, taking the dimensions of each element into account, i.e., a height of 50 m and a
north–south length of 250 m.
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Although a variation as a function of time was observed, this variation was not studied
in the original analytical framework published in 2021 [17]. The conditions at the start of
the flooding (or at the end of the mining phase) were compared to the final situation (i.e.,
rock volume fully saturated again). For this paper, the increase in water pressure over time
is presented in Figure 3a by the thinner lines. Over time, the change from the top panel
depth downwards remains linear.

3.2. Alternative Hydrogeological Conditions

At the end of 2021, two papers were published, covering the same topic [23,24].
Their estimations are based on numerical simulations (using the FLAC3D-code). The
pore pressure distribution at the end of mining and the increase in pore pressure during
flooding are different from the one applied in [17]. As mentioned above, the proposed
analytical framework allows in a relatively easy way the calculation of the impact of a
change in a single parameter. Therefore, the hydrogeological assumptions, applied by
Zhao and Konietzky [23,24], are integrated into the case study of Eisden colliery. All other
properties and assumptions of the original framework [17] remain the same. The mining
geometry of the simulations by Zhao and Konietzky was not used as input in the analytical
framework, as their mining geometry only consisted of one or of two mined longwall
panels in their fictitious abandoned coal mine. The latter is very different from the complex
mining geometry of a real deep coal mine, such as for example the coal mine of Eisden.

The aim of introducing different hydraulic variations over the strata with mining
activities is to evaluate if they could provide better results for the case study of the coal
mine of Eisden. As the variations, presented in [23,24], are only applied on a simplified
mining configuration of one or two longwall panels, some extrapolation is needed between
their configuration and a real mine.

First, the authors [23,24] make a distinction between confined and unconfined mine
water. Confined means that the volume above the goaf is impermeable, while unconfined
means that the volume above the goaf is considered as permeable. Earlier research clearly
showed that the expansion of the goaf volume only due to a change in water pressure does
not provide realistic estimations of the uplift in the Campine coal basin [17]. This is in fact
the reason why the shapes of the variations of (residual) subsidence vs. of uplift along
north–south transects are different [11,18]. Subsidence is mainly triggered and induced by
the roof collapse in the goaf volume, while the process of uplift is more complex. So, except
to illustrate this point (see further), the expansion of the goaf volumes only is not considered
in this paper.

Second, the authors [23,24] assume that the entire coal-bearing strata volume is com-
pletely drained and is characterized by a zero-water pressure at the end of the mining
phase. The authors assume that underground pumping facilities create this condition. This
is implemented into the analytical framework for evaluation and comparison purposes (see
Figure 3b, thick brown line). However, I have my doubts if this scheme is realistic. In all
deep coal mines that I have visited, there is always some water seepage and water flow,
which means that there is some water and water pressure differences in the surrounding
volume. It is not because for example in the shaft or tunnel, there is a zero-water pressure
that further away from these openings there also is no water pressure. It is only in very
extreme geological and hydrogeological circumstances that I can imagine such a zero-water
pressure in the entire coal-bearing strata volume, e.g., for shallow mining, seams and coal
strata outcropping in hills, no shale (or other low permeable) strata, etc. In [24], one of the
models (confined) presents an impermeable layer of 50 m thick above the goaf, which is
characterized by a zero-pore pressure. Again, in general terms, this seems to be unrealistic.
An impermeable layer does not mean that it does not contain water and, hence, that it
is characterized by a zero-pore pressure. This is clearly illustrated by measurements in
the deep and thick layer of the Boom clay, which is a possible host rock for nuclear waste
disposal [25,26]. Hence, the zero-pore pressure in impermeable layers is not integrated into
the analytical calculations presented in this paper.
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Third, the authors [23,24] assume that the entire volume fills up like an open reservoir.
I have translated this by the successive thin colored lines in Figure 3b. They also consider
various sources for the water inflow (from bottom, from sides and from above). In this
and previous approaches, I have not really made this difference. For the Campine basin,
I assume that there is water flow (i) from the south following the permeable strata layers,
(ii) from above along permeable faults, induced fractures, and openings, and (iii) from
below, as there is a pore pressure difference (e.g., between the deeper strata and the lowest
mine level). However, this is not implicitly integrated in the proposed framework.

Fourth, the authors [23] consider two situations for the horizontal connections between
the two goaf volumes considered, i.e., isolated vs. connected ponds. Furthermore, I only
present results for the latter. For these so-called connected ponds, I assume that first (e.g.,
the first 50 m of water column), all elements situated between 725 and 775 m are filled.
These elements are situated in the northern part only of the mined volume (north of 3.5 km
in Figure 2). For the next 50 m of water, all elements between 675 and 725 m are filled
additionally, and the water pressure below 725 m is further increased (see thin lines in
Figure 3b). So, in this step, only the element columns south of the 1.25 km coordinate are
still completely dry. The situation, which Zhao and Konietzky [23] call isolated ponds,
is similar to the original analytical framework [17], but the reasoning behind the latter
scheme is not that these columns would be isolated from each other, but that the flow along
the dip of the strata plays a role.

4. Comparison of Impact of Hydrogeological Conditions and Their Variation as a
Function of Time

All estimations are compared to the individual InSAR measurements along a north–
south transect (see [1]). The time series of the European C-band ERS1/2 and of the
ENVISAT-ASAR satellites are used. Past analyses have shown that these data are ac-
curate (e.g., [1,3]) and that they provide an important source of information, which can
never be realized by conventional leveling techniques. Both the spatial frequency, as the
frequency as a function of time, are some orders larger than for the conventional leveling
techniques. There is a spatial variation in the uplift and a variation of the uplift rate as a
function of time, as illustrated in Figure 1. Therefore, three periods are selected, and the
uplift occurring per time period is presented along the same north–south transect (Figure 4).
The first time period (Figure 4, left column; from October 1992 through April 1995) is only
2.5 years long and covers the beginning of the uplift phenomenon. The coal mine was
abandoned in 1988, which was followed by a short period of residual subsidence. The
second and third time periods are 5 years long (Figure 4, middle and right column; from
December 1995 through December 2000, and from September 2005 through September
2010, respectively). They both are situated at the end of each time series.

On the various graphs, the limits of the mined zone for this north–south transect are
again indicated by blue square dotted lines, respectively, at a north–south coordinate of 0.0
and 5.25 km. The three rows of graphs in Figure 4 represent three different moments of
additional water pressure in the rock mass, referring to the pressure at the bottom (a depth
of 775 m). The top row represents the start of the flooding, i.e., the increase in water pressure
from 0 to 1 MPa at the bottom. The middle row represents the increase from 2 to 3 MPa, and
the bottom row rather is the situation at the end of flooding, i.e., from 5 to 6 MPa.

In the approach applied in [17], there was no attempt to try to determine the various
values by back-analysis; rather, these values were determined by following a logical
reasoning and by verifying afterwards whether a reasonable match is observed. For the
latter, two criteria are used. First, the shape of the measured uplift is compared to the
shape of the calculated uplift along a north–south transect. This is completed by presenting
the values as a percentage of the maximum value. For the measured data, the maximum
average value for the 250 m intervals is taken and not the individual maximum value.
Second, the same order of magnitude of uplift should be obtained. As the process of uplift
still carries on, the final uplift is unknown and can only approximately be estimated.
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4.1. Results for Framework Developed by Vervoort [17]

In Figure 4, the first set of calculations is based on all assumptions and property values
presented in [17]. The situation, including the extension over 1 km to the north and to
the south, as illustrated by the envelope in Figure 2, is presented by the purple diamond
shapes. The change in hydraulic pressure as a function of time (or stage of flooding) is as
illustrated in Figure 3a. The variation between the top and the bottom of the mined volume
remains linear. As the values are presented as a function of the maximum additional uplift,
this linear change results in the same shape of the calculated uplift curves for the three
different moments in the flooding of the underground infrastructure and rock mass. Hence,
as the shape of the measured values changes as a function of the moment in flooding, the
estimated values for this type of variation is not optimal for the three increments of water
pressure considered.

In [17], the results for the second time period (middle column in Figure 4) were pre-
sented and discussed in detail (purple diamond shapes only). As can be seen in Figure 4,
in the middle column, a more than satisfactorily correlation is observed between the indi-
vidual measurements, presented by the black dots, and the calculations, presented by the
diamond shapes. In absolute terms, the maximum calculated uplift is 531 mm at 3.375 km,
when comparing the initial water pressure distribution at mine closure with completely
flooded situation (i.e., difference between thick brown and blue lines in Figure 3a). This
value is slightly larger than the amount of uplift, which has been recorded to date, but the
latter value is not the final value, as uplift still takes place. For the measurements, the largest
values rather occur between north–south coordinates of 2.5 to 4.0 km. In other words,
the calculated maximum is certainly situated within this zone. South of the maximum,
the correlation with the individual measurements is very good above the mined zone.
North of the maximum, the calculated values slightly underestimate the measured values.
Further away than 1 to 2 km from the mined limits, the calculations still underestimate the
measured values.

At the start of the uplift phase (Figure 4, left column), there is an underestimation of the
measured values between the southern border of mining and the maximum of uplift (i.e.,
between a coordinate of 0 and 3 km). Outside the mined zone, there is an overestimation
of the measured values toward the south but not toward the north. This is most likely
linked to the spreading of the uplift process over time from the central area toward the
mine borders and beyond, as illustrated in [1].

For the third time period corresponding to the later phase of the flooding (right
column in Figure 4), there is an overall (small) underestimation over the entire length of
the north–south transect.

In conclusion, the estimations based on a linear change of the water pressure as a
function of depth provide a satisfactorily correlation with the measurements for the central
period of the uplift process and thus of the flooding. At the start and toward the end
of the flooding, the overall correlation remains acceptable, but the difference between
measurements and calculations is larger. Most likely, this is rather linked to a change in
extension to the north and to the south of the flooded area than to the assumed linear
variation of the water pressure as a function of depth. For example, if at the start of the
flooding, one would not already consider an extension to the south for the increase in water
pressure, the overestimation to the south of the mined zone would be much smaller. In a
similar way, a further extension of the envelope to the south, further than 1 km beyond the
mined border, would decrease the underestimation in the last phase of flooding. These
conclusions and reflections again indicate that the process of uplift is complex and that one
is still in the phase of understanding this process. Therefore, it is worthwhile to consider
other hydraulic assumptions.

4.2. Impact of Filling up Open Reservoir, Starting from Zero Water Pressure in Reservoir

One of the suggestions by [23,24] is that there is a zero-water pressure at the end
of the mining phase in the mined volume (goaf volume only, or goaf, plus surrounding
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strata). One of the problems I was confronted with is how to best extrapolate the approach
by [23], which was explained for a fictitious and unrealistic mine geometry (a total of
one, or maximum two mining panels in the entire mine), to a real mine lay-out. Here,
the decision has been made to consider the same volume with a lower water pressure as
applied in [17] (see envelope in Figure 2), but that this volume has a zero-water pressure
at the end of the mining phase (Figure 3b). It is also assumed that the scenario is applied,
which Zhao and Konietzky [23] call a connected situation. In other words, we assume
that during the filling of this open reservoir, first, the volume between a depth of 775 and
725 m is filled, second between 725 and 675 m, etc. (see thin lines in Figure 3b). For the
calculations presented in Figure 4 (green circles), all other parameters are the same as for
the purple diamonds, e.g., extension of drained zone to the north and to the south over
1 km, the same ratio goaf vs. coal-bearing strata, same moduli, etc.

In Figure 4, the additional uplift of both the surrounding strata and the goaf volumes
is presented by green circles, while the component of the goaf volumes only is presented
by red crosses. In addition, the latter is presented as a percentage of the maximum uplift
due to the goaf volumes only. For the initial increase in water height (from a depth of
675 to 775 m; top row in Figure 4), the estimated uplift values show an extremely skewed
shape along the north–south transect. This case should give the best correlation with the
measurements of the first time period (from October 1992 through April 1995; left column in
Figure 4). It is clear that over the entire length south of the maximum, the calculated values
heavily underestimate the measurements. The calculated skewed shape is far from realistic.
However, north of the maximum, the estimation is closer to the measurements. For a further
increase in the water level from 200 to 300 m (middle row in Figure 4), in comparison to the
deepest point at 775 m, the estimated curve for the open reservoir approaches the results
in [17] and thus the measured values. The underestimation in the southern half is still
present, but it is much smaller. For the last increase in water level presented (from 500 to
600 m; Figure 4 (bottom row)), the differences, south of the maximum, are similar between
both estimations. However, now, the values for the open reservoir are larger than for the
proposed conditions in [17].

If one would consider the expansion of the goaf volumes only (see curves with the
red crosses in Figure 4), the differences between the measurements and the estimations are
extremely large. It shows that integrating the goaf volumes only into a model cannot lead to
realistic results. A change in the values of the goaf properties (i.e., height, stiffness, etc.) does
not improve the estimated shape. It only influences the absolute values (e.g., the maximum).
This confirms earlier findings [1,11,18,27,28], i.e., the process of subsidence, triggered by
the roof collapses and correlated to the goaf height and composition, is different from the
process of uplift, whereby re-establishing the hydraulic gradient in the non-collapsed coal-
bearing strata plays a role, too. That is the reason why there is no direct correlation between
the (residual) subsidence and the uplift [11,18] (see also Discussion and Conclusions below).

To illustrate that the difference between the framework developed in [17] and the
open reservoir assumptions, based on [23,24], is not due to the different stiffness values
in both models, a calculation is made for the stiffness values in [23,24]. As example, the
combination of the second time period (from December 1995 through December 2000) with
an increase in water height from 200 to 300 m is studied. This comparison is presented in
Figure 5. Their elastic bulk (K) and shear (G) moduli for goaf (i.e., 0.83 GPa and 0.18 GPa,
respectively) and for strata (i.e., 15.6 GPa and 7.6 GPa, respectively) correspond to a Young’s
moduli of 1.25 GPa and 23.33 GPa, respectively (if one assumes a Poisson’s ratio of 0.25).
The values applied in Figure 4 are 0.2 and 2 GPa, respectively. The way that the latter
values were determined is discussed in detail in [17]. It was not by back-analysis, but,
rather, determined by following a logical reasoning and basic rock mechanical knowledge.
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Note that the combination presented in Figure 5 corresponds to one of the combina-
tions closest to the measurements in Figure 4. While this combination for an open reservoir
still provided a reasonable approximation of the measurements, the change in stiffness val-
ues certainly does not improve the approximation. There is now a larger under-estimation
of the measured values over most of the mined zone. The reason is not so much linked to
the absolute values of the stiffness but to the relative increase in the moduli ratio strata
vs. goaf (from 10 on 1, to 18.7 on 1). In other words, the relative impact of the goaf has
become larger and, as illustrated above, the contribution by only the goaf component is not
a good approach. The total additional uplift in this phase is only 11.4 mm for the changed
stiffness properties. For the original framework, an increase in the water pressure from 2 to
3 MPa resulted in an additional uplift of 68.5 mm. For the situation presented in Figure 4
(central graph), i.e., an open reservoir with same properties as in the original framework,
the additional uplift is 94.9 mm. The contribution by the goaf volumes only is less than
half, i.e., 44.3 mm.

4.3. Relation between Increase Water Pressure and Uplift

Various researchers have observed that there is a linear relation between the observed
water level and the measured uplift (e.g., [3]). Note that the increase as a function of time
is not linear, both for the water level, as the uplift. After a certain time, the rate decreases.
This is also observed in the case study discussed in this paper (Figure 6). The variation
of the uplift is presented as a function of time from August 1992 onwards over a period
of 20 years based on InSAR data. The mean curves are presented for 10 reflectors closest
to a central point. Three points are considered, i.e., at a north–south coordinate equal to
0.625 km, to 3.375 km (close to the maximum uplift) and to 4.625 km. The two outside
locations are approximately at the same distance from the mined limits. Note that the
values for 20 years are not the final values of uplift, as today (again 10 years later), the earth
surface is still moving upwards. As mentioned above, there is no data for the change in
water level in the Campine coal basin.
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Figure 6. Variation of the uplift as a function of time from August 1992 onwards over a period of
20 years based on InSAR data. The mean curves are presented for 10 reflectors closest to a central
point: green curve around a north–south coordinate equal to 0.625 km, burgundy curve around
3.375 km, and blue curve around 4.625 km.

In Figure 7, the relation between water level and uplift is presented for both sets of
calculations. The increase in uplift at a north–south coordinate of 3.375 km (the location of
the maximum uplift) is expressed as a percentage of the maximum calculated value at that
location. For the framework developed by [17], the increase in water pressure corresponds
to the change in pressure at a coordinate of 3.375 km. At that location, the depth of the
bottom element is 725 m. In other words, the maximum (100%) is reached for 7.25 MPa.
For the situation corresponding to an open reservoir, the increase in water pressure refers
to the deepest point of the reservoir, i.e., a depth of 775 m in the northern part of the mined
area. In other words, the maximum (100%) is reached for 7.75 MPa. As mentioned earlier,
the relation for the original framework is linear (Figure 7, purple diamonds). The one
corresponding to an open reservoir is not linear (Figure 7, green circles).
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Figure 7. Relation between the amount of uplift at a north–south coordinate of 3.375 km and the
increase in water pressure. The uplift is presented as a percentage of the maximum calculated
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For both cases, the variation of the calculated uplift (absolute values) as a function of
the increase in water pressure is presented in Figure 8. The movements at the three locations
of Figure 6 are provided. For the original framework (Figure 8a), a linear relationship is
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observed as a function of the increase in water pressure. For the situation of an open
reservoir (Figure 8b), the relation is not linear, also for a location (e.g., at 4.625 km) in the
deepest part of the mine.
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5. Discussion and Conclusions

The least one can conclude is that these additional calculations confirm that the process
of uplift is an extremely complex process. There are still many unknowns, and one should
not underestimate the process. I remain critical to researchers who are over-enthusiastic
over the results of a numerical model and over the capability to predict future movements.
I consider the analytical framework developed earlier [17] as a step in trying to better
understand the full process and not yet a tool to predict uplift values in future projects.
In addition, many years were spent to interpret in detail real and numerous measurements
of this phenomenon, above several coal mines in the Belgian Campine coal district. These
interpretations show the complexity of the process, with a variation of uplift values in time
and space (e.g., [1]). The large number of InSAR measurements formed the basis to evaluate
the results of the analytical framework. The frequency of measurements as a function of
time is high, as is the amount of data points in an area with buildings and infrastructure.
The analysis of these data needs of course the necessary experience and knowledge, and a
good analysis is time consuming.

A first practical conclusion of the calculations presented in this paper is a confirmation
that considering the expansion of the goaf volumes only does not lead to realistic results.
If only the expansion of the goaf is included in the model, a change in stiffness of the goaf
material or a change of the height of the collapsed volumes does not improve the results.
The complex mining geometry in the Belgian Campine coal district allows a correct analysis
of various contributions and their impact on the uplift. However, if the geometry would
be limited to single seam mining or that everywhere, the same seams would be mined at
the same depth and with the same thickness, a model incorporating the goaf volumes only
could lead to the impression that reasonable results are obtained, but it would mean that
the other aspects of the uplift process are not considered. This is the reason why there is
no direct correlation between (residual) subsidence and uplift [11,18]. In addition, there is
no direct link between the uplift and the mining characteristics. The total thickness of the
strata with mining activities (i.e., between top and bottom longwall panel) is also important,
and the expansion of this volume due to a change of pore pressure is an important part in
the total uplift. Hence, the shape of the uplift curve along a north–south transect is the sum
of the shapes of the expansion of the volume of the strata between goaf volumes and of
the goaf volumes. As clearly illustrated by the transects above (i.e., Figures 4 and 5), it is
not so that when the maximum of the contribution by the goaf only vs. the contribution by
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the rest of the strata are situated at about the same location, the full shape over the entire
transect is the same for both contributions.

A second conclusion is related to the different possible distributions of the hydraulic
pressures at the end of the mining phase. In the framework developed in [17], a linear
trend is assumed for the average water pressure between the top longwall panel and the
bottom one along a vertical line (Figure 3a). The suggestion by [23,24] is different, and
they assume that there is a zero-pore pressure in the volume surrounding the mining
activities at the end of the mining phase. This would be correct if one investigates open
excavations, but I have my doubts if a zero-water pressure would ever be observed in the
entire rock mass surrounding longwall panels. It would mean that there is no water at all
and no water flow in that rock mass. Except maybe for a very particular geological and
hydrogeological mining environment, it is not typical for the deep coal mining environment
in Europe. The fact that they assume a zero-water pressure in the impermeable layers
creates doubt that their starting hydraulic properties are correct, even that they are realistic.
To be able to analyze their assumptions, I have assumed that the same volume of lower
pore pressure (see envelope in Figure 2) has a zero-water pressure, and that this volume is
filled by water as an open reservoir would be filled (Figure 3b). When starting to fill from
the deepest part upwards, similar to an open reservoir, the induced uplift values result
in a very skewed shape along north–south transects, which is significantly different from
measured shapes at the start of the uplift phase. Note that all other characteristics and
assumptions were the same as in the original developed framework [17]. This observation
should be sufficient to put a question mark next to the scenario, which is called by [23]
the connected case. At least, this question mark is justified for most deep coal mining
conditions. For this scenario, the relation between uplift and water pressure increase is
non-linear, while several researchers have measured a linear relationship (e.g., [3]). The
latter is observed for the original framework developed in [17]. Zhao and Konietzky [23]
also consider a scenario which they call isolated longwall panels, whereby the filling up of
each mined and collapsed volume occurs independent of the neighboring volumes. The
difference with the results of the original framework is smaller, but a non-linear relationship
remains between uplift and water pressure. So, the least one could conclude is that the
hydrogeological assumptions and their variation, as suggested by Zhao and Konietzky [23],
are not better alternatives for the assumptions in the original framework. As mentioned
above, I have my doubts if these alternatives are realistic for most deep coal mines. At the
end, I want to stress that, more important than the choice between a modeling method (e.g.,
elastic equations, analytical calculations, finite element and finite difference method), one
should make correct assumptions which form the input of all these methods.

For the final conclusion of this paper, I would like to repeat a quote out of [17]:
“Although a reasonable match is realized between measurements and calculations, the de-
veloped framework cannot be considered to be final. Advanced hydrogeological modeling
could lead to some more information about the distribution of the water pressure at the
end of the mining period and, more specifically, the extent of the drained area.” However,
the latter will not be simple, as very little information is available on the state of the entire
rock mass and on the hydrogeological conditions.
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