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Abstract: The environmental impact of deep underground coal mines using the longwall mining 
method is diverse, e.g., short- and long-term subsidence, damage to surface infrastructure, 
disturbance of the hydrogeological conditions, and the quality of groundwater and surface water. The 
study presented focusses on the long-term surface movements after the closure of an entire coal 
district. Due to the flooding of the underground infrastructure and rock mass, an upward surface 
movement or uplift is observed. For a specific site in the Campine coal district, Belgium results are 
presented of satellite data (radar-interferometry). However, the main aim of the study is to better 
understand the process of uplift and to determine the various mechanisms that are involved. For this 
purpose, an analytical framework was developed recently, and it was applied successfully in a 
relatively easy case. The case study of the paper is more challenging, but the usefulness of the 
analytical framework is clearly confirmed. The most important conclusions are that (i) the uplift is 
induced by an increase in water pressure after the closure, i.e., re-establishing the original hydraulic 
gradient, (ii) the expansion of both the goaf volumes and the volumes of the non-collapsed rock mass 
must be considered, and (iii) the assumption of a linear decrease of water pressure variation from the 
top to the bottom of the mined area at the end of the mining phase provides the most realistic results. 
However, the next step in the analysis should focus on a more advanced hydrogeological model of 
the complex underground environment. 
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1. Introduction 

The impact of the total extraction method of coal longwall mining on subsidence is well 
known [1–4]. One of the environmental issues linked to subsidence is the damage to buildings, 
roads, railway lines, pylons, and other infrastructure [3,5–8]. If the coal seams are situated at shallow 
depth, the infrastructure is sometimes abandoned, e.g., a parallel temporary road, situated outside the 
influence zone, is constructed, and used during the mining phase. Another example is that people are 
moved out of their houses during the mining phase. For deep coal mining, these actions are less 
frequently imposed. However, this does not mean that no damage is induced. In Figure 1, some 
examples above the Campine coal district, Belgium are shown of mining induced damage in 
buildings during the subsidence phase. Another environmental issue of subsidence is the impact on 
the hydrogeological context and on the quality of the surface water and groundwater [9–12]. In the 
Campine coal district, metre-scale subsidence occurred over areas of several 10 to 100 km². Part of 
these areas would be flooded, except if one permanently pumps the surface water and shallow 
groundwater away [13]. Natural waterways and canals need special attention when they cross such 
subsided areas, e.g., dikes must be constructed to restrain the water. 

 

Figure 1. Some examples in the Campine coal district, Belgium of mining induced 
damage in masonry during the subsidence phase. 

Although the largest surface movements occur during the active mining phase, one should not 
neglect the long-term surface movements. After mining, subsidence still occurs over very long time 
periods [14–16]. This movement often is not analyzed, as the monitoring of surface movements stops 
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a few years after mining. The most frequently used criterium to stop monitoring is the comparison of 
the additional movement recorded to the accuracy of the measuring technique. This criterium often 
has led to wrong conclusions on how long surface movement lasts after mining, i.e., one assumes 
that the subsidence did not last longer than a few years. During the past decades, remote sensing data 
by satellite images became available. The main advantages of these datasets are that they cover long 
time periods and large areas, and that their recording is independent of the mine operators. So, the 
surface movement over many years after mining can be analyzed. Such an analysis for the Campine 
coal district, Belgium showed that subsidence was still observed several decades after the end of 
mining in the vicinity of the recorded datapoints [15]. “Vicinity” was defined as a distance of ±1 km 
to the north and to the south, i.e., a distance larger than the depth of mining.  

The same remote sensing data also allowed to characterize a relatively new phenomenon of 
surface movement, i.e., the upward movement or uplift. It clearly is linked to the flooding of the deep 
underground coal mines after their closure and the dismantling of the underground pumping 
installations. This phenomenon has been observed in several European coal districts, but also outside 
Europe. For the Campine coal district, Belgium the phenomenon has been intensively studied by 
using satellite data (radar-interferometry or InSAR (interferometry with synthetic aperture radar)). 
The European C-band ERS1/2 and ENVISAT-ASAR satellite images were made available for 
research through a research proposal of the European Space Agency (ESA) [17]. The various 
studies for the Campine coal district, Belgium can be summarized in a simplified and general way 
as follows ([13] and the references in that reference):  

• The upward movement starts from a few years to about 10 years after the closure of the 
underground mine. 

• The mines were closed in the period between 1988 and 1992, and now 30 years or more later, 
the phenomenon is still observed. 

• The final cumulative amount of uplift will most likely be about an order of magnitude smaller 
than the total amount of subsidence. Overall, the subsidence is several meters (sometimes more than 
10 m), while the uplift will be most likely be several decimeters to maybe a meter. 

• However, there is no fixed ratio between total uplift vs. total subsidence for individual 
locations [16]. In other words, the uplift is not a simple rebound of part of the subsidence, i.e., the 
largest uplift values are not necessarily occurring where the largest subsidence took place. 

• The rate of movement for the residual subsidence is the same order as the uplift rate, but again 
not location per location. In general terms, one is looking at mm- to cm-movements a year. 

• Overall, the uplift is characterized by a large time dependent and spatial variation. However, 
the uplift values are distributed very heterogeneously over the mined and neighboring area. Uplift is 
observed at distances equal to several times the depth away from the mined zone. 

• The first signs of uplift are mostly observed in the central mining part and, as a function of 
time, it spreads to the boundaries of the mined area and beyond. 

• When looking at transects, e.g., in the north-south direction, the shape of the curves for the 
(residual) subsidence and for the uplift are different. This is a direct consequence of the earlier 
mentioned finding, i.e., the largest uplift values are not necessarily occurring where the largest 
subsidence took place. 

As the uplift is not a simple rebound of the subsidence, different stresses and strains are induced, 
e.g., in buildings, during the subsidence phase and the uplift phase. This means that the orientation of 
the induced principal stresses and strains can be different between the subsidence and uplift phases. 
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The sign of loading also can be different. For example, a building that underwent a horizontal 
extension during subsidence can undergo a horizontal compression during uplift, or vice versa. 
Therefore, new or additional damage can be induced in infrastructure during the uplift phase, even 
that overall, the amount of total uplift is smaller than the total amount of subsidence. One should not 
forget that the infrastructure has already undergone a significant amount of loading during the mining 
phase. This maybe has not led to macro-fractures or visible damage, but there is certainly a build-up 
of induced stresses and strains in the construction, and most likely a minimum of micro-fracturing or 
-damage. The additional loading during the uplift phase must be added to the stresses and strains, 
induced by the subsidence phase. In other words, the superposition principles must be applied. Again, 
the importance must be pointed out that the uplift is not a simple rebound of part of the earlier 
subsidence. In literature, examples are given of damage during the uplift phase [18,19]. In Figure 2, 
some examples are presented of damage in masonry, observed during the uplift phase above the coal 
mine of Eisden, Belgium. These examples are situated in the zone studied further in the paper. The 
damage was not visible during the subsidence period, but as mentioned above these buildings have 
undergone the loading due to the subsidence. 

2. Scope of research 

The research focusses on the surface movement after closure above the various coal mines of 
the Campine basin in the north-east of Belgium. During the past years the phenomenon of uplift was 
investigated based on two series of InSAR satellite data, covering the periods from August 1992 
through December 2000 (European C-band ERS1/2 data), and from December 2003 through October 
2010 (ENVISAT-ASAR data). These data were extensively analyzed and showed that the 
phenomenon of uplift is a very complex process [13]. A link with the flooding of the underground 
was clearly established by others in different European coal districts [19–23]. However, many 
unknowns remained on the various mechanisms that induce uplift. Therefore, an analytical 
framework was developed to calculate the impact of various scenarios and assumptions. This helped 
to better understand the phenomenon. First, a relatively easy case was studied, providing 
satisfactorily results [24]. Second, more complex mining geometries are being studied. The main aim 
of these additional calculations remains to better understand the phenomenon and to investigate if the 
analytical framework needs to be further adapted or not. In [25,26], a transect was studied covering 
two coal mines, i.e., one closed in 1988 and the other already in 1966. The latter was partly flooded 
after the closure in 1966. 

In this paper, a transect is investigated, which is situated close to the eastern end of the Campine 
coal basin. The mining geometry along this transect also is more complex than in the first study. The 
mined longwall panels in the Campine coal basin forms a narrow east-west band with normally a 
north-south width between 5 to 10 km and a total east-west length of about 60 km. This narrow band 
allows a 2D approach and the calculations are conducted along north-south transects. In this paper, 
the transect studied covers a north-south width of mined panels of 3.5 km. 
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Figure 2. Some examples of post-mining induced damage in masonry during the uplift phase. 
All examples are situated within the study area of this paper (coal mine of Eisden, Belgium). 

3. Uplift measurements 

Figure 3 illustrates well the complexity of the mining geometry with many superimposed 
longwall panels and multiple faults. It represents part of the coal mine of Eisden, Belgium. The blue 
enveloping line presents an approximate contour around these panels. The north-south transect 
studied in this paper is situated at an east-west coordinate of 0.0 km. The north-south width of the 
mined zone along this transect is 3.5 km (from 0.0 to 3.5 km). The mineable seams belong to the 
stratigraphical units of Westphalian A, B, and C [13]. On average, the mining height was composed 
of 85% coal and 15% of thin layers of waste rock. Shale, siltstone, sandstone, and thin (unmined) 
coal layers were observed between the mined coal seams. Overall, the successive strata were 
relatively thin (on the order of decimetres to 10-metres in scale). The overburden has a thickness of 
350 to 475 m and is composed of Quaternary deposits (mainly sand, gravel, and loam), Neogene and 
Paleogene units (mainly sand, marl, and clay), and Cretaceous deposits (mainly calcarenite, chalk 
and marl, with a limited thickness of sand and clay at the bottom) [13]. Over the entire overburden, 
several aquifers and aquitards are present at different depths. The east limit of the concession of 
Eisden borders the Meuse river. In Figure 4, information on the mined panels along this transect are 
provided. Figure 4a presents the depth position of the various panels. A discretization in elements 
with a north-south length of 250 m is applied, as this is the size of the individual elements in the 
analytical model. The dip of the strata towards the north is visible. For example, the deepest panel is 
situated at the southern limit at a depth of −640 m and at the northern limit at a depth of −867 m. The 
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shallowest panel is over the first km situated at a depth of −381 m and at the northern limit at −590 m. 
Between the coordinates 2.25–3.00 km no mining took place underneath this transect. More to the east, 
panels were mined, but not to the west (see Figure 3). For north-south coordinate values less than 0 km, 
mining took place west of the transect line (up to a north-south coordinate of −1.5 km). In the southern 
half of the mined area along the transect the mining is more extensive, i.e., between the coordinates 
0.25–1.75 km, the sums of the mining height of the various longwall panels are more than 5 m (Figure 
4b). The maximum total mining height is situated at 1.125 km (sum equals to 10.9 m). 

The transect studied in [13,24] was situated at an east-west coordinate of −2.5 km for the scale 
of Figure 3. The mine of Eisden was producing coal between 1922 and 1987. In 1988, access to the 
underground infrastructure was sealed off. In [13], more details are given about this mine and its 
geological context. 

 

Figure 3. View on superimposed longwall panels, mined in the mine of Eisden, Belgium 
(based on [13]). The blue enveloping line presents an approximate contour around these 
panels. North-south transect studied in paper is situated at an east-west coordinate of 0.0 km. 

(a)   (b)  

Figure 4. Mining characteristics along the north-south transect studied (east-west 
coordinate of 0.0 km in Figure 3): (a) Depth of the longwall panels; (b) total mining height. 
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The spatial distribution of surface movement for a 5-year period (i.e., period from December 
1995 through December 2000) above and around the coal mine of Eisden is presented in Figure 5 
(based on [13]). All recorded reflectors are divided in two groups. A first group represents the 
reflectors with a significant amount of uplift, i.e., with an average uplift rate over the 5-year period of 
more than 1 mm/year (Figure 5a). The second group represents reflectors with a residual subsidence 
of less than −1 mm/year, or with an average annual rate of ±1 mm/year, i.e., the often-assumed 
accuracy of the monitoring method over long time periods (Figure 5b). The latter spatial distribution 
clearly shows that within the mined area (blue enveloping line) no reflectors are observed that 
undergo a small surface movement or subsidence. Except for a few data points, this second group of 
movement types is situated 2 km or more away from the mined area. For a maximum depth of about 
−650 m (in the southern part) to −875 m (close to the northern limit), this means a distance—depth 
ratio of more than 2 to 3. For the measurements prior to 1995, these types of movement rates are 
closer to the mined area, but not within the mined area [13]. 

(a) (b)  

Figure 5. Spatial distribution of surface movement for a 5-year period (i.e., period from 
December 1995 through December 2000) above and around the coal mine of Eisden, 
Belgium (based on [13]): (a) additional uplift, corresponding to a rate larger than 1 
mm/year; (b) residual subsidence corresponding to a rate larger than −1 mm/year (minus 
signs) or a movement with a rate of ±1 mm/year (grey blocks). Blue enveloping line 
presents the contour around the mined longwall panels.  

Figure 5a clearly shows that away from the mined zone, i.e., at distances larger than 2 km, 
reflectors are also observed undergoing clear uplift (green color with average annual rates between 1 to 
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5 mm). Around the mine limits, these rates are mainly situated between 5 and 15 mm/year (yellow and 
brown color). In the more central zone, the average rates go as high as 25 mm/year (purple and black 
color) and for some reflectors even above (red color). A more detailed analysis and discussion of the 
spatial distributions of average rates are provided in [13], also including two other time periods. 

As mentioned above, the analytical calculations are conducted for 2D-transects and their main 
purpose is to try to understand the various mechanisms involved in the uplift process and to quantify 
the impact of different parameters. Figure 6 presents the north-south transect for an east-west 
coordinate equal to 0.0 km. The individual reflectors within an east-west width of 750 m are 
presented for the two InSAR datasets, i.e., from August 1992 through December 2000 (European 
C-band ERS1/2 data; Figure 6a) and from December 2003 through October 2010 (ENVISAT-ASAR 
data; Figure 6b). The total amount of uplift, occurring during each period, is presented. If at least five 
reflectors are present in a 250-m interval, the average value of the intervals is calculated and 
presented by triangles. 

(a) (b)  

Figure 6. Surface movement along the 12.5-km long north-south transect at an east-west 
coordinate of 0.0 km of all reflectors within an east-west width of 750 m for the two 
InSAR datasets: (a) from August 1992 through December 2000 (European C-band 
ERS1/2 data); (b) from December 2003 through October 2010 (ENVISAT-ASAR data). 
The values for the individual reflectors are presented by dots and the average values over 
250-m intervals by triangles (if at least five reflectors are present in the interval). The 
northern limit of the mined area is indicated by black dashed line at 3.5 km (southern 
limit corresponds to 0.0 km along this transect).  

As is typical for the Campine coal district [13,16,27,28], an inverse trough shape curve is 
observed. The largest values are situated at north-south coordinates from 0.75 km to 1.75 km for the 
first observation period (Figure 6a) and from 0.5 km to 2.0 km for the second period. For both periods, 
the maximum per period is about 100 mm (average maxima between 97 mm and 101 mm) and about 
50 mm (average maxima between 48 mm and 51 mm), respectively. Note that the second observation 
period is shorter than the first. Within the mined zone (north-south coordinates 0.0 to 3.5 km), the 
largest uplift values are observed. However, outside the mined zone, the uplift values are still 
significant. As mentioned earlier, to the west of the central transect for north-south coordinates from 
0.0 to −1.5 km, some panels were mined (Figure 3). This is most likely an explanation for the plateau 
in uplift values, south of the mined limit. The spreading of the uplift over time is also visible when 
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comparing both transects. To the south of the mined zone, the average uplift is about one fourth of 
the maximum uplift in the first observation period and more than half in the second period. The 
extent of uplift, north of the mined zone, is up to a north-south coordinate of about 5 km in the first 
time period and up to about 7 km for the second period. So, the uplift clearly spreads out over time.  

Around north-south coordinates between 0.0 km and −0.75 km, and between 2.0 km and 3.25 km, 
no or very few reflectors are identified.  

4. Presentation of analytical framework 

The proposed analytical framework with the aim to get a better understanding of the process of 
uplift was first presented in [24]. For more detailed information and background, the reader is 
referred to that paper. However, the most relevant aspects are summarized below, and in Figure 7. 

During the mining phase, drainage occurs, resulting in a lower hydraulic pressure. After mine 
closure, the hydraulic pressure is increased again up to the original hydraulic gradient. An increase in 
pore pressure leads first to an expansion of the in-situ rock material, and this expansion is transferred 
to the surface. The analytical model considers drainage in both the goaf volumes and the strata 
surrounding them, i.e., the non-collapsed rock mass. For the mined zone, satisfactorily results were 
obtained in earlier analysis when an enveloping line was drawn around all longwall panels [24,26]. 
In Figure 7a, a first enveloping line is drawn in blue covering the north-south coordinates 0.0–3.5 km. 
However, by considering a drained zone only in the mined area, the uplift outside the mined zone 
was underestimated [24,26]. Therefore, the drained zone was extended over 1 km to both the north 
and the south. For the transect studied in this paper, longwall panels were also mined to the west of 
the central transect over north-south coordinates of 0.0 to −1.5 km (see Figure 3). Hence, the drained 
zone is extended over 2.5 km (1.5 km + 1 km), south of the mined limit along the central transect. 
This extension is drawn by a purple dashed line in Figure 7a. 

(a)  (b)  

Figure 7. Illustration of the drained zone at the end of the mining phase. (a) Along the 
2D north-south transect, two closed enveloping lines (in blue and in purple) are drawn 
around the longwall panels (Figure 4a), representing the area with a lower hydraulic 
pressure at the end of the mining phase; (b) Illustration of change in water pressure for 
the fourth column of elements (0.75–1.0 km), with in blue, the original (and final) 
hydrostatic gradient and in red, the lower water pressure at the end of the mining phase.  
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In the analytical framework, it is not assumed that full drainage (i.e., zero water pressure) 
occurred over the entire height of the drained strata. A linear decrease of the average water pressure 
from the top to the bottom of the mined area is assumed. This is illustrated in Figure 7b for an 
example, i.e., the fourth column of elements between north-south coordinated 0.75–1.0 km. At the 
top, it is assumed that the original hydraulic pressure already has been re-established at the end of the 
mining phase. At the bottom, where the most recent mining took place, the water pressure is assumed 
to be zero. For the fourth column of elements (0.75–1.0 km), the initial (and final) hydraulic pressure 
at top and bottom was 3.75 MPa and 6.75 MPa, respectively (blue line). At the end of the mining 
phase, the average water pressure varies between 3.75 MPa and 0.0 MPa (red line). For each depth, 
the difference between both lines corresponds to the potential of water pressure increase (green arrow) 
after closure till a new equilibrium is reached. Note that the lines represent the average change as a 
function of depth and that the pore pressure in individual points varies around these average lines. 

The north-south model is discretized in elements of 50 m (depth) on 250 m (N-S length). The 
expansion of each element takes place at the center of the element. The composition of each element 
(i.e., goaf volume vs. the non-collapsed strata) determines the average stiffness of the element, and 
thus the amount of expansion. The stiffness values for both materials are 0.2 and 2 GPa, respectively 
(Poisson’s ratio equal to 0.25). This gives a ratio of 1 on 10. The goaf height is taken equal to four 
times the mining height. These assumptions resulted in satisfactorily correlations between 
measurements and calculations [24,26]. Physicochemical swelling of the clay minerals in a coal mine 
after flooding is not considered separately in the calculations. The main reason is that there are still 
many unknows. However, the impact of the physicochemical swelling could be incorporated by 
decreasing the stiffness of the mechanical swelling. 

Two main criteria were used to evaluate the comparison: it is important that the calculated 
maximum uplift value is the correct order of magnitude, but even more important is that the shapes 
of the calculated and measured uplift curves along the north-south transects are similar. The latter is 
evaluated by presenting the curves as a percentage of their corresponding maximum value (see 
further). The evaluation of the absolute maximum uplift value is not straightforward, as the final 
in-situ uplift value is unknown. One can only estimate it, as the process of uplift still carries on. Most 
likely, along the transect studied the final maximum uplift will be situated between 0.3 m and 0.6 m. 

In the fourth column of elements (Figure 7b), four longwall panels were mined between a depth 
of −381 m and −639 m. Taking the discretization into account, the top element starts at a depth of 
−375 m and the bottom element stops at a depth of −675 m. Four of these 6 elements contain a single 
longwall panel; the two remaining ones are only composed of non-collapsed strata. For example, the 
element situated between −525 m and −575 m is composed of 4.04 m goaf material (4 times the 
mining height of 1.01 m) and 45.96 m of non-collapsed material. The equivalent vertical stiffness of 
this element is equal to 1.16 GPa (50 m, divided by the sum of 45.96 m/2.0 GPa and 4.04 m/0.2 GPa). 
At its center, the change in water pressure is 3.94 MPa (difference between original/final water 
pressure at central depth of −550 m, i.e., 5.50 MPa, and reduced pressure of 1.56 MPa). The 
calculated underground expansion of this element is 85 mm. About 40 mm is due to the expansion of 
the goaf volume and about 45 mm due to the expansion of the non-collapsed strata. For this element, 
both contributions are similar, as the ratio of the height of both material types is also about 1 on 10 
(similar, but the other way, as the stiffness). Based on the information for this element, one should 
not conclude that the contribution of both components is always the same. For example, for the 
elements below and above it, the contribution by the goaf volume is 0%, as no longwall panel is 
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present in these elements. On the other hand, for the element to the north (i.e., at 1.125 km and depth 
between −525 m and −575 m), the expansion of only the goaf volume is 149.5 mm, and it is 27.2 mm 
for the remaining non-collapsed strata. The height of each material type is 17.72 m (total mining 
height is 4.43 m) and 32.28 m, respectively. 

A transfer function, based on the Boussinesq theory, translates the underground expansion into 
surface movement. Directly above the center of the element taken as example (i.e., at 0.875 km), its 
contribution to the uplift of the surface node is about 21 mm. For the surface nodes at distances of 
750 m to the north and to the south, the surface nodes move about 3.2 mm due to the expansion of 
that single element. Similar calculations are conducted for all underground elements in the drained 
area. The final or total uplift of a surface node is the sum of the contributions from all elements 
within its zone of influence. The contribution of a single element is relatively small. For the basic 
assumptions the total uplift at a north-south coordinate of 0.875 km is 442 mm (see further). 

5. Results of the analytical calculations 

5.1. Approach and assumptions, based on [24] 

The analytical calculations along the north-south transect are compared to the two datasets of the 
InSAR-observations. The increase in uplift over the entire observation period is considered, and a 
comparison is made with the individual measurements (i.e., individual dots in Figure 6). As mentioned 
above, the main criterium to evaluate the analytical framework is the shape of the uplift curve along the 
transect. Therefore, the data are presented as a percentage of the maximum value. For the calculations, 
the maximum is well defined, i.e., the largest calculated uplift of all surface nodes, situated at a 250-m 
spacing. For the measurements, the largest average uplift over 250-m intervals is used. Hence, some 
individual measurements have a relative uplift value larger than 100%. In second instance, the absolute 
uplift values are evaluated, but the aim is only to obtain the correct order of magnitude. The reason for 
this is that the final cumulative uplift is unknown. Also, if the shape is acceptable, the calculated 
absolute value can be changed easily, by changing the parameters values. Thereby, it is important that 
the various ratios remain the same. For example, by increasing the stiffness values of both material 
types with 10%, the uplift values are decreased by 10% (and vice versa). 

Two basic scenarios are considered: only the strata within the mined area are drained at the end 
of the mining phase (blue enveloping line in Figure 7a), and the situation whereby the strata to the 
south and the north are also drained (purple enveloping line in Figure 7a). Figure 8 presents the four 
combinations, i.e., the two datasets and the two scenarios. The same colors are used as in Figures 6 
and 7. As mentioned earlier, one observes above the Campine coal mines that as a function of time 
the uplift spreads from the central area to the mine borders and beyond. This would mean that the 
increase in water pressure at the beginning of the uplift process is mainly concentrated in the drained 
mined area (blue enveloping line), and that at a later phase the water pressure also starts to increase 
in the extended drained zone. Unfortunately, no data is available for the Campine coal basin on the 
evolution of the water pressure as a function of time and spatial coordinates. 
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(a1) (a2)  

(b1) (b2)  

Figure 8. Comparison between the individual measured values, presented by green (left 
column) and brown (right column) dots (from August 1992 through December 2000 
(European C-band ERS1/2 data) and from December 2003 through October 2010 
(ENVISAT-ASAR data), respectively), and calculated uplift values, presented by blue 
(top row) and purple (bottom row) diamonds (for the blue and purple enveloping lines in 
Figure 7a, respectively). All data are presented as a percentage of their corresponding 
maximum value.  

Looking at the mined area for north-south coordinates 0.0–3.5 km, the calculated values for 
both scenarios are relatively close to the individual data points of both observation periods. The 
maximum calculated values are situated around 1 km (between 0.75 km and 1.25 km). In the first 
observation period, the larger measured values are observed at coordinate values of 0.75 km to 1.75 
km. In the second period, this width is slightly larger, i.e., between 0.5 km and 2.0 km. Between the 
southern limit of mining and the maximum area, the correlation with the observations is more than 
satisfactorily. North of the maximum, the calculations clearly show a clear dip in the curve around 
2.5 to 3.0 km. The reason for it is the absence of mining between 2.25 and 3.0 km. Unfortunately, no 
to very few reflectors are available within this zone. So, it is difficult to conclude if the calculations 
confirm the observations. North of the mined area, the limited drained area results in a good 
correlation with the data of the first time period (Figure 8a1) and the extended drained area results in 
a good correlation for the second period (Figure 8b2), at least over a distance of 1.5 km. More to the 
north, i.e., for coordinate values larger than 5 km, there is still an underestimation. This is further 
discussed in the paragraph “Discussion and conclusions”. The other two combinations result, north 
of the mined limit, in an underestimation (Figure 8a2) and an overestimation (Figure 8b1) of the 
measured values. South of the mined limit, the presence close to the west of the central transect line 
of mined panels has a significant effect. Re-establishing the water pressure in the mined area only 
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does not give acceptable results. For both observation periods, the uplift is heavily underestimated 
for negative coordinate values. By extending the drained zone over 2.5 km to the south, the increase 
of water pressure leads to a good correlation over this distance in the first observation period (Figure 
8b1). The large uplift values in the second observation period, i.e., 50 to 70% of the maximum 
average value, are not confirmed by the models. (See also paragraph “Discussion and conclusions”) 

The total calculated uplift is composed of three components: the expansion of the goaf volume, 
the expansion of the non-collapsed strata within the mined area, and the expansion of the strata 
below the mined area. For the latter, a thickness of 25 m is assumed [24]. Its contribution to the total 
uplift is very small. The maximum total calculated uplift is 447 mm and 450 mm, for blue and purple 
scenarios (Figure 7a), respectively. These values fit well into the range of expected maximum uplift, 
once an equilibrium will be reached. As mentioned above, the expected range is 0.3 m to 0.6 m. In 
other words, the chosen parameters values in [24] are again confirmed to be realistic values. In [24], 
the various values were not determined by back-analysis; rather, these values were determined by 
following logical reasoning and a verification afterwards whether a reasonable match is observed. 

At first glance, the shapes of the curve of the absolute total uplift by the three components 
(purple scenario) and of the curve corresponding to the goaf expansion only might seem to be similar, 
but that is not the case (Figure 9). For the expansion of only the goaf volumes, there is, logically, no 
expansion of the strata outside the mined area (to the north and to the south). On the other hand, the 
maximum uplift is for both curves situated at the same north-south coordinate, i.e., around 1.125 km. 
The dip around 2.625 km is also present in both curves. However, the ratio between the uplift value 
at a certain position and the maximum is mostly smaller for the goaf contribution only. For example, 
for the dip location (at 2.625 km), the ratio for goaf volume only is 21% (52 mm vs. maximum of 
246 mm) and for all contributions the ratio is 57% (257 mm vs. 450 mm). Looking at the values at 
the borders of the mined zone, the ratios at the southern border (0.125 km) are 45% (goaf only, 
111/246 mm) and 61% (all components, 273/450 mm), and, at the northern border (3.375 km), 22% 
(goaf only, 55/246 mm) and 64% (all contributions, 288/450 mm). 

 

Figure 9. Absolute calculated uplift along the north-south transect for the extended 
drained zone (purple enveloping line in Figure 7a). Both the sum of all three components 
(purple dashed line) and of the goaf volume only (grey dotted line) are presented. 

In Figure 10, the relative curve of the goaf contribution only is plotted on top of the relative 
measured values for both periods. These curves confirm earlier findings, i.e., considering the 
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expansion of the goaf volumes only cannot result in a satisfactorily correlation. The fact that the 
maximum value occurs at the correct north-south coordinate does not change this conclusion. 

(a) (b)  

Figure 10. Comparison between the individual measured values and calculated uplift 
values for the expansion of the goaf volumes only (grey diamonds): (a) first observation 
period (green dots, from August 1992 through December 2000 (European C-band 
ERS1/2 data)); (b) second observation period (brown dots, from December 2003 through 
October 2010 (ENVISAT-ASAR data)). All data are presented as a percentage of their 
corresponding maximum value. 

5.2. Impact of assuming an open reservoir 

Figure 7b illustrates the water pressure distribution along a vertical line at the end of the mining 
phase, i.e., the distribution assumed in the basic analytical framework [24]. The linear decrease from 
top to bottom is based on measurements conducted in other coal districts [29–31]. This assumption 
provides realistic results and more than acceptable correlations with the measurements. It is also 
assumed that the linear variation remains during the increase of the water pressure after closure. 
Therefore, the shape of the calculated curves of the relative uplift values does not change over time. 
However, Figure 6 clearly shows an evolution as a function of time, i.e., a change between the first 
and the second observation period. Rather, this is explained by an extension of the north-south width 
where the increase in water pressure starts, than that the linear trend needs further adaption. Of 
course, the hydrogeological context is complex and detailed measuring campaigns are needed to 
better define the hydrological parameters values and their variation as a function of time and of 
spatial coordinates. 

Other scenarios are certainly possible and should be evaluated. The advantage of the analytical 
framework is that one can analyze different scenarios in a quick and easy way. Plus, one can analyze 
the impact by only changing one aspect of the model. Another scenario is presented by [32,33]. I 
interpret their approach as that they first assume that the entire coal strata are completely drained at 
the end of the mining phase, i.e., a zero-water pressure. Second, they assume that the fully drained 
underground rock mass is filled over time with water like an open reservoir, i.e., from bottom to top. 
Third, they consider two possibilities, one, whereby the vertical columns are connected, and a second, 
whereby the vertical columns are independent of each other. For the connected columns, I have 
translated this in the analytical framework, as that first the bottom part between a depth of, e.g., from 
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−857 m to −775 m is filled with water. This means only the part north of the 3-km coordinate. This is 
followed by an increase in water level between, e.g., −875 m and −675 m (so, north of 1.75 km), and 
so on. The last step would be that, at the north-south coordinate equal to 3.375 km, the water 
pressure has reached 8.75 MPa at the depth of −875 m. For the independent columns, I have assumed 
that, at the start of the filling process, the water level increases over, e.g., 100 m in the various 
columns from the bottom of the drained area. However, only columns with longwall panels are 
considered. In a second step, an additional 100 m is further filled, and so on. 

In Figures 11 and 12, the results for these two alternative scenarios are presented. Apart from 
the hydrological situation at the end of the mining phase, i.e., a zero-water pressure in the drained 
area, and the way that the drained area is filled with water, i.e., like an open reservoir, all other 
assumptions and parameter values are the same as in the basic framework, presented above. 

The variation in shape of the cumulative uplift curves as a function of the water pressure is 
for the dependent or connected columns significant (Figure 11a). For low water pressure values, 
the uplift is situated in the northern part of the mined area, i.e., the deepest part of the mine. The 
maximum of the curves moves slowly more to the south, as the water pressure increases. For 6 
and 8 MPa water pressure (at 3.375 km), the maximum cumulative uplift is situated at a 
north-south coordinate equal to 1.125 km. For 4 and 2 MPa, the maximum is situated at 3.125 km. 
In none of the north-south transects, this change in uplift curve was ever observed in the Campine 
coal district [13,16,27,28]. For a water pressure equal to 8 MPa at the bottom (a depth of −875 m), 
the calculated value at 3.375 km (northern limit of the mined area) is equal to 305 mm. This value 
corresponds to 51% of the maximum calculated value (i.e., 600 mm). 

The variation in shape of the cumulative uplift curves as a function of the water pressure is for 
the independent columns smaller (Figure 11b). The maximum of the four cumulative curves 
presented are 31 mm (for 1 MPa), 106 mm (2 MPa), 342 mm (4 MPa) and 592 mm (6 MPa), 
respectively. The maxima for the two lowest values are situated at a coordinate of 1.375 km and for 
the two largest at 1.125 km. In the northern part of the mined area, the measured uplift is 
significantly underestimated. 

Several researchers have monitored the relation between the increase in water pressure and the 
uplift. They observed a linear trend, e.g., [21]. Of course, the water pressure does not necessarily 
increase linearly as a function of time. As discussed above, for the basic framework assumptions, 
such a linear correlation between both parameters is valid. In Figure 12, the calculated cumulative 
uplift for both sets of assumptions (i.e., an open reservoir with connected and independent columns, 
respectively) are presented as a function of the water pressure increase. Data for four locations are 
presented. All curves are non-linear for the first half of the water level increase. Afterwards the 
variations become linear. 
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(a) (b)    

Figure 11. Calculated cumulative uplift curves along the north-south transect as a 
function of the increase in water pressure at the bottom of the drained area, assuming a 
zero-water pressure at the end of the mining phase and the filling of the drained area like 
the filling of an open reservoir: (a) Connected columns; (b) Independent columns. (See 
text for more detailed description.)  

(a) (b)  

Figure 12. Calculated cumulative uplift at four locations as a function of the increase in 
water pressure at the bottom of the drained area, assuming a zero-water pressure at the 
end of the mining phase and the filling of the drained area like the filling of an open 
reservoir: (a) Connected columns; (b) Independent columns. (See text for more detailed 
description.)  

6. Discussion and conclusions 

The main aim of the study is to improve our knowledge about the mechanisms involved in the 
process of surface uplift after the dismantling of the pumping stations, the closure of the underground 
access and the subsequent flooding of the underground infrastructure and rock mass. The study is 
based both on detailed measurements of surface movements over long time periods and large areas, 
and on the analysis of the phenomenon using an analytical framework. Over the past years, several 
studies were conducted above different closed mines of the Campine coal district, Belgium. In this 
study, a more complex mining geometry was chosen, so that all earlier observed findings could be 
evaluated on their merits. Like earlier studies, a 2D-approach was applied, i.e., a north-south transect. 

The analysis of the satellite data (radar-interferometry or InSAR (interferometry with synthetic 
aperture radar)) confirms that the uplift curve along the north-south transect can be approximated by 
an inverse trough shape. The north-south length of the mined area along this transect is 3.5 km. The 
observed shape is not fully symmetrical. The largest values are situated over a relatively wide length 
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(i.e., at north-south coordinates from 0.75 km to 1.75 km for the first observation period, and from 
0.5 km to 2.0 km for the second period). As for other coal mines in the Campine basin, the uplift 
spreads as a function of time from the central area to the mine borders and beyond. This would mean 
that the increase in water pressure at the beginning of the uplift process is mainly concentrated in the 
drained mined area (blue enveloping line in Figure 7a), and that at a later phase the water pressure 
also starts to increase in the extended drained zone. There is a significant variation in annual uplift 
rates. Around the mine limits, these rates are mainly situated between 5 and 15 mm/year. In the more 
central zone, the average rates go as high as 25 mm/year and for some reflectors even above. Within 
the mined area no reflectors are observed that undergo small surface movements (rates of ±1 
mm/year) or subsidence. These types of movements are only observed at 2 km or more away from 
the mined area, which corresponds to a distance—depth ratio of more than 2 to 3. 

Overall, the earlier developed analytical framework and basic assumptions for the various 
parameters values also result in satisfactorily correlations with the measured values. Note that the 
various values were not determined by back-analysis. Rather, these values were determined by 
following logical reasoning and a verification afterwards whether a reasonable match is observed [24]. 
There is no discussion that within the mined area the correlation is good. The maximum total 
calculated uplift is about 0.45 m. It fits well into the range of expected maximum uplift, once an 
equilibrium will be reached, i.e., a range between 0.3 m and 0.6 m. In other words, the chosen 
parameters values in [24] are again confirmed to be realistic values. The new case study also 
confirms that considering the expansion of the goaf volumes only cannot result in a satisfactorily 
correlation with the measurements. The fact that the maximum value occurs at the correct 
north-south coordinate does not change this finding. 

Outside the mined area, the findings need to be nuanced, i.e., they need to be critically 
examined. In comparison to earlier studies, this is the most valuable contribution of the research 
presented in the paper. North of the mined area, a good correlation with the data is observed for the 
first time period without considering the expansion of the drained area to the north. A good 
correlation, at least over a north-south length of 1.5 km, is observed for the second period, if the 
drained area is extended over 1 km, north of the mined area. Further to the north, there is an 
underestimation. South of the mined limit, the presence of mined panels close to the west of the 
central transect line has a significant effect. Re-establishing the water pressure in the mined area only, 
i.e., from 0.0 km to 3.5 km, does not give acceptable results. For both observation periods, the uplift 
is heavily underestimated south of the mined limit. By extending the drained zone over 2.5 km to the 
south, the increase of water pressure leads to a good correlation over this distance in the first 
observation period. The large observed uplift values in the second observation period, i.e., 50 to 70% 
of the maximum average value, are not confirmed by the models. 

The lack of knowledge of the hydrogeological conditions and of the evolution of the water 
pressure as a function of time and the spatial coordinates is an obstacle to the further improvement of 
the analytical model. Advanced hydrogeological modelling could help to learn more about the 
distribution of the water pressure at the end of the mining phase and, more specifically, the extent of 
the drained area. Now, this task should not be underestimated. The presence of many faults makes 
the task complex. Also, at a north-south coordinate of about −0.5 km, the river Meuse crosses the 
north-south transect. 

Although the hydrogeological knowledge around the mined area needs further improvement, the 
assumed variation as a function of depth of the water pressure at the end of the mining phase seems 



343 

AIMS Geosciences Volume 8, Issue 3, 326–345. 

to be an acceptable assumption. A linear decrease of the average water pressure from the top to the 
bottom of the mined area is assumed. At the top, it is assumed that the original hydraulic pressure 
already has been re-established at the end of the mining phase. At the bottom, where the most recent 
mining took place, the water pressure is assumed to be zero. After mine closure, the water pressure 
increases systematically till the original hydraulic gradient is reached. Two alternatives to this linear 
variation are evaluated, but they do not provide acceptable results. The alternatives assume a 
zero-water pressure at the end of the mining phase and the filling of the drained area like the filling 
of an open reservoir, whereby the vertical columns are either connected with each other, or react 
independently of each other. 
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