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Abstract: Statistical analysis of German coal mining damages 
on buildings confirm that horizontal ground movements cause 
more damage costs than vertical movements. Therefore, it was 
target of an investigation, to get more knowledge about the 
horizontal component of ground movements and especially 
their time behaviour. For the study GPS measurements of the 
years 1998 to 2000 were available. This measurement 
technique with the special version of the "Differential GPS" 
(DGPS) was carried out every four weeks within the influence 
area of a long wall system. 
The results show that the points on the surface run on a space 
curve in direction to a constantly position changing focal point 
of influence - caused by the moving longwall system. The 
constantly changing position of the dynamic focal point of 
influence in relation to the position of the long wall system 
depends on the mining speed.  
Also the time dependencies of the movement components were 
analysed. It can be noted that the maximum subsidence speed 
and the change of the direction of the displacement in direction 
of working practically takes place at the same. Additional the 
temporal courses of subsidence, horizontal track and space 
track are different depending on the position of the points in 
the mining area. 
Following consequences should be considered to improve the 
ground-movement calculation and to minimize damages on 
buildings: The identification of local values like influence angle 
and time factor are very necessary, because these depend on 
the various local circumstances.  The changings of the mining 
speeds cause an additional dynamic of focal point of influence. 
Thus, there is an additional dynamic in horizontal movements, 
which causes more damages on building. So the daily mining 
speed should be constant. The activation of movement 
potentials from old mining areas should be observed for the 
calculation process. 

I. INTRODUCTION 
For this analysis the hard coal mining areas are 

investigated in the federal state of North-Rhine Westphalia 
(NRW), which is the largest federal state in Germany. 

Coal mining in NRW was the basis of the so-called 
“economic miracle” in Germany after World War II. But the 
production of hard coal began to decline in the 1960s, 
mainly because of the increasing imports of cheap oil and 
gas. 

Due to its non-competitive production costs, Germany’s 
hard coal production depends on subsidies. The European 
Community (EC) Commission does not allow this kind of 
subsidies anymore, which is the reason why the German 
government has decided to cease them in 2018. So German 
hard coal mining will end in two years (31.12.2018). 

The coal mining started about 200 years ago. The impacts 
to the surface occurred over a large area since the mid-19th 
century. The production worked in large-scale underground 
mines. At the beginning of measurements horizontal 
movements were not considered, all mining damages 
seemed to be caused by subsidence. However, around 1900 

the analysis of damages to the surface recognized that 
horizontal movements caused significantly more damages to 
buildings and linear objects. 

Civil engineers fundamentally differ between the 
sensitivity of buildings against horizontal and vertical 
deformations from the subsoil. The shares of these two 
deformations on number of damages at buildings can only 
be estimated.  

German Hard Coal Company RAG AG investigates 
damages and their reasons in 1999 (Hegemann, 2002). 
About 14 000 damage reports of 1999 are rated. The damage 
type "Cracks" represents the largest group, in total 58.9 % of 
all mentions tie to horizontal movements. This movement 
type is involved in another 23.7 %, only 17.4 % are due to 
different ground movement components. 

Prorating the reasons of damage only to the object type 
"Buildings" (85 % of all reports of RAG AG refer to 
buildings), the greater significance of horizontal movements 
for the reason of building damage can be seen. 60 % of all 
damage mentions can be attributed to horizontal 
movements. The author estimates by own experiences the 
cost share due to horizontal ground movement on buildings 
compared to all mining-induced damage to buildings on 60-
70 %, which underscores the financial impact of horizontal 
movements. 

II. MEASUREMENTS OF HORIZONTAL AND 
VERTICAL MOVEMENTS 

Direct measurements of vertical and horizontal movement 
can be done by levelling and traverses, since the 1980s also 
with aerial measurements. These measurements are carried 
out in spite of high costs only in a period of minimum one 
year. 

Since the 1990s such measurements are realized by GPS 
technology at intervals of one month. The special measuring 
method of Differential-GPS (DGPS) is used with a basis 
receiver on a surface point out of the influence area and 
many rover-receiver points inside that area. In several cases 
RAG AG supports mining projects with GPS measurements 
from the beginning of working until 6 months after 
depleting in a four-weeks measuring rhythm (DMT 1999, 
2000). Some practical results were reported several times 
(Ballhaus and Korittke, 1997, 2000; Korittke and Sroka, 
1998). However, only individual aspects such as object 
controls or movement behaviour of single surface points 
were described. But this data material allows to describe and 
to analyse the movement of all measurement points within 
the sphere of influence extensively.  
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A. Works Areas 

1)  Work Area A  
The mine operates the working of this seam since 1988. 

Panel 537 (Figure 1), which is object of investigations here, 
is the 9th longwall in this working field. 

In the northern part panels 531 - 534 operated with 
pneumatic stowing for reasons mining damage, from panel 
535 onwards with the caving method. The direction of 
working was reversed in panel 537, so that the final position 
of panel 536 was located at the rise heading of panel 537. 
The time interval between the panels is 18 months, which is 
to note for the analysis of movements. Three months after 
the end of panel 537 next panel 538 starts more southern. 
Panel 537 is designed as a high-performance longwall with a 
face length of 430 m. This means regarding a seam 

thickness of 2.60 m, a production volume of 1300 to 1400 
tons per meter panel progress. 

The GPS observation net consists of 49 points, which are 
evenly distributed over the area of influence. Striking points 
are situated above edges, panel centre, start and end 
position, together with main strain zones to be expected. 
Additionally, outside the area of influence there are seven 
connecting points and a reference point that is permanently 
occupied with a GPS receiver during a measurement 
(DGPS). A double start measurement is performed prior to 
start of the panel in February 1998. Thirty repeat 
measurements are done until four months after the end of 
working. Thus measurements are available, which should 
not be influenced by other panels in that field. 

 

 

 
Figure 1 Work areas A and B 

2)  Works Area B  
In November 1996 Panel 236 begins and ends in August 

1998 (Figure 1). The peculiarity of this panel is its 
geometric shape as a rotating panel. After 945 m of working 
the panel rotates 180° (length of the outer head line 1016 m) 
and then goes back to the start position. The area of 236 is a 
so-called “island position” that means there are no 
neighbouring panels in the same seam because of 
tectonically reasons. In the roof three workings were 
produced at a distance of + 150 m (in 1990 and 1995). Thus 
the excavation ratio of the deposit is low. The seam 
thickness is 1.05 m, the longwall length 330 m. 

The GPS observation net consists of 50 points, of which 6 
points are marked outside the influence area as not stabile 
connection points. The distribution of points is done 
according to the criteria in work area A. Above the 
turnaround area of the panel a higher density of points is 
made to observe more closely the movement behaviour. 

III. ANALYSIS OF MEASUREMENTS 

A. Spatial Line of Movements of Surface Points 
The horizontal, vertical, and therefore the spatial line of 

movement of a surface point can be presented graphically 
very well due to the short measurement intervals. 

Point 25 of panel 537 is approximately 30 m of beside the 
middle of longwall face so that the horizontal movement 
should move to the left, assuming that the focal point of 
impact is situated in the middle of the panel. The horizontal 
track approaches the longwall up to epoch 13. Then at epoch 
14 and 15 - shortly after undermining - direction changes 
very strong with tendency to the left. Here, movement 
potentials affect from the former neighbouring panel 536. 

Point P 15 of the rotating longwall 236 is positioned near 
the middle axis of the panel and is symmetrical to the two 
partial panels (Figure 2). 
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Figure 2 Exemplary movement of Point 15, Panel 236 

 
Its horizontal movement is nearly symmetrical and period 

10 (50 % of rotation is done) can be regarded almost as axis 
of symmetry. As well balanced the maximum displacements 
(arrows) can be seen. At the end of the measurements P 15 
is almost back on the central axis of the panel, the 
displacement in y - direction are nearly compensated. The 
analysis of movement behaviour of point 15 concludes that 
the focal points of impact of the first and the second part of 
the panel are positioned symmetrically to middle axis of the 
panel. The movement potential from both parts of the panel 
are built off evenly. 

These two examples demonstrate that the surface points 
change their horizontal direction very quickly and 
permanently depending on their position to the panel. The 
points follow a focal point of impact, which constantly 
changes its position. 

B. Horizontal Position of the Focal Point of Impact 
The constant change of direction of the horizontal 

movement implies a continuous displacement of the focal 
point of impact. In literature it is defined and discussed 
differently. Strictly model-theoretically the focal point of 
impact exists only for an elemental panel element in a 
homogeneous, isotropic rock mass. Several authors 
described focal point of impact from their practical 
experience (Fläschenträger, 1938; Perz, 1948; Niemczyk, 
1949). Now a distinction is made between the following 
definitions: 

- Focus of an excavation area: It is the geometric centre 
of a panel area and all surface points in the all-over impact 
radius moving towards it. 

- Focus of a surface point: The focus implies from all 
different mining panels within the all-over impact radius to 
this surface point. Each surface point has its own focus and 
moves towards it. 

- Focal point of impact of a mining panel: Looking at the 
horizontal movements of all surface points within the area of 
influence of a panel over a certain period a common 

"vanishing point" of point movements can be recognized 
(Korittke and Sroka 1998). The constant change of direction 
of the horizontal movement implies a continuous 
displacement of the focal point of impact.  

This current focal point of impact of a panel in operation 
is characterized by the movements of all points in the 
changing influence area to this moving focal point. The 
influence area is that zone which generates ground 
movements even with time lag up to a zero line.    

C. Calculation of the focal point of impact 
For evaluation of all focal points all intersections of 

horizontal vectors longer > 15 mm arising from the 
difference between two epochs of measurement are 
calculated and a common point of intersection is determined 
according to the method of least squares. The evaluation of 
the measurements (panel 537) allows to represent the 
horizontal movement vectors of 50 points for every epoch, 
for example movement directions between epoch 0 and 13. 

It is to be seen clearly that all measuring points aim at one 
point, located roughly in the geometric centre of the mined 
area. This calculation can be done for each period for 
example epoch 1-2, epoch 2-3, epoch 3-4 etc. As result we 
have an individual focal points of impacts for each epoch 
and we have different positions for each period. 

Figure 3 shows the horizontal plan with the positions of 
all focal points of impact of panel 537 between epoch 4 and 
27. For example point 14 is the focal point between epoch 
13 and 14. All points 4-27 and the trend line are lying in an 
approximately 140 m wide corridor. This means that during 
the whole production period remaining potentials from the 
northern panel 536 affect continuously to the horizontal 
movements.  
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Figure 3 Positions of focal points of impact in the panel area/ epoch 4 – 27 

 
Now for determining the distances xs of each focal point 

of impact to the front of the face. These distances are 
calculated for the epochs to 26. 

 

 
Figure 4 Position of focal point of impact behind longwall/ longwall speed 

 
The focal points are situated about 70 m to 280 m behind 

the face (Figure 4).  So the distance behind the front of the 
face is not constant, but depends on parameters which have 
to be determined. These could be: 

- change of seam thickness  
- change of panel speed  
- change of the mining depth  
- change of the mining situation near panel 537 e.g. 

by the start of a new panel 
A change of the mining situation occurs after epoch 30 by 

starting the southern panel 538, so this factor is not relevant. 
The development of seam thickness is constant in the first 
two-thirds of area, then a zone of outbreaks follows with 
more thickness. The distance of the focal point of impact to 
the panel face however, varies constantly, so this speaks to a 
dependency. The change of the mining depth is also 
irrelevant, the incline between start and end of the panel is 
only 1.8 gon. 

The panel speed is the essential dynamic parameter of the 
working activities. For a periodic evaluation of the 
measurements it is sensible to look at the same periodic 
panel speed. Therefore, the panel speed during the epochs 
was averaged out. As a result, the average speed per epoch 
fluctuate strongly between 0.80 m/d and 6.50 m/d. The 
relation between the daily speed rate of the panel and the 
distance of the focal points to the face shows a qualitative 
similarity of the two graphs, if a trend line is added (Figure 
4). 

It is obvious that the distance of the focal point behind the 
longwall face is smaller with low speed rate than with 
higher speeds. Changes of the speed have a very short effect 
on the position of the focal point of impact. Clearly, this 
effect occurs at about epoch 11; at this time the panel 
advanced 600 m (30 %). The curve of the two trend lines in 
the Figure 4 is very similar, the arrows in the diagram 
illustrate that. Reasons why this effect did not occur 
previously may be due to the behaviour of the roof strata 
after starting the panel or the very large differences of the 
panel speed. 

 

 
Figure 5 Influence of longwall speed to position of focal point of impact 

 
If the focal point of impact changes very often its position 

relative to the front of the face, this affects significant to the 
direction of horizontal movements. This can be seen in the 
model of Figure 5, in which the speed rate is low (above) 
and the distance of the focal point behind the face is about 
50 m. In the other case (below) the speed rate is high and so 
the distance of the focal point is about 280 m. So changing 
speed means changing between these two situations as a 
negative effect the surface point move very unregularly with 
stronger changes of directions. While an additional dynamic 
is brought to the horizontal movements (stop- and -go 
effect), this can cause further damage to buildings. 

D. Analysis of the time delay of the horizontal movement 
According to the theory of subsidence trough the fastest 

subsidence speed s´ and the change of direction of the 
displacements vx in panel direction occur simultaneously, so 
that all components of the movement to apply is the same 
delay factor c. If these two components appear in the nearly 
same interval (in days) after undermining the surface point, 
this part of the theory would be proved by time dense 
measurements. As an example, the results for the point P 25 
graph are represented.  

It is apparent that the maximum subsidence speed occurs 
after about 240 days, just as the reversing of the direction of 
the displacements. The different bar widths of the 
displacements indicate large intervals of measuring periods. 
In the middle of the panel, the time interval is 57 and 83 
days. Following table gives an overview of the time 
intervals of maximum subsidence speed and reverse of the 
displacement direction of more points of panel 537. 
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Figure 6 Panel 537 - Point 25: Subsidence speed and the change of 
direction of the displacements vx in panel direction 

 
TABLE 1: PANEL 537: OCCURRENCE OF MAXIMAL SUBSIDENCE SPEED AND 
CHANGE OF DIRECTION OF DISPLACEMENTS IN DAYS AFTER UNDERMINING 

Point-	
No.	

	Max.	subsidence	speed	
s´	after	days	after	
undermining	[d]	

	Change	of	direction	of	
displacements	vx	in	days	
after	undermining	[d]	

36	 11	 16	
37	 71	 33	
27	 14	 28	
26	 43	 23	
25	 17	 17	
16	 77	 104	
11	 18	 44	
10	 2	 58	

Average	 31,6	 40,4	
 

The temporal occurrence of the operations can be 
described as similar, in one case even as equal; the 
correlation coefficient between the two rows is s = 0.49. It 
should be noted that the time interval between 
measurements is usually 28 days but also 57 and 83 days, so 
that determining the value of the delay d is at least ±28 days 
inaccurate.  

The same evaluation was conducted also for ten points on 
the surface of panel 236, of which point 1 is to be seen in 
Figure 7. First of all, it should be noted, that all points on the 
panel 236 due to the low thickness of m = 1.03 m exhibit a 
low subsidence speed (maximal 2.5 - 3.0 mm/d). At Point 1, 
43 days after the 1st undermining and 40 days after the 2nd 
undermining the largest subsidence speed s´ and the change 
of direction of the displacements vx in direction of the 
panel. The time delays of 7 points of panel 236 are to be 
found in table 2: 

The comparison shows clearly that both events occur 
nearly at the same time according to the time interval 
between measurements of 26 to 28 days. Summarizing it 
should be noted that the maximum subsidence speed and the 
change of the direction of the displacements vx practically 
take place at the same time and thus subject to the same 
delay factor c. 
 

 
Figure 7 Panel 236 - Point 1: Subsidence speed and the change of direction 
of the displacements vx in panel direction 

 
TABLE 2: PANEL 236: OCCURRENCE OF MAXIMAL SUBSIDENCE SPEED AND 
CHANGE OF DIRECTION OF DISPLACEMENTS IN DAYS AFTER UNDERMINING 

Point
- No. 

1st undermining 2nd undermining 

Max. 
subsidence 

speed s´ after 
days after 

undermining 
[d] 

Change of 
direction of 

displacement
s vx in days 

after 
undermining 

[d] 

Max. 
subsidence 

speed s´ after 
days after 

undermining 
[d] 

Change of 
direction of 

displacements 
vx in days 

after 
undermining 

[d] 
14 35 35 171 43 
15 35 35 43 43 
16 53 53 75 43 
18 57 26 13 66 
1 43 43 40 40 
3 22 48 13 40 

40 48 79 - - 
Aver
age 41,9 45,6 59,2 45,8 

E. Relative time diagrams 
In the last section, it was shown that there is no different 

delay factor c of the rock concerning the subsidence and 
displacements. But that doesn't mean that the relative time 
factors of subsidence and displacements are equal. This 
would be a special case, if indeed the relative subsidence 
and displacement speeds were the same. In the present 
study, relative motion curves for some points of height of 
537 have been created. Following questions should be 
answered:  

• when to start horizontal or vertical movements 
based on the situation to reduce? 

•  How is their behaviour before and after the justify?   
 
This movement behaviour is examined for characteristic 

points of the panel 537 at the beginning, the centre and the 
end of the panel. Previously, an overview of the absolute 
movements of space curve and its components for surface 
points 36, 25 and 10 (following the panel direction): 

For reasons of better comparability, in the diagram the 
time scale is replaced by the standardized length i = x/R (for 
γ = 60 gon). In the next figures displacement is the length of 
the horizontal track. Point 36 is situated approximately 240 
m behind the start of the panel and is undermined after 88 
days. 
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TABLE 3: ABSOLUTE MOVEMENTS OF SPECIAL POINTS 

Point No. 
Subsidence 

after epoch 30 
[mm] 

Horizontal 
movement 

after epoch 30 
[mm] 

Spatial 
movement 

after epoch 30 
[mm] 

36 1403 915 1820 
25 1339 958 1778 
10 634 481 944 

 
Figure 8 shows clearly the component character of the 

displacement and subsidence as part of the space track, 
which is a line between the two components. The 
movements occur very quickly after undermining where the 
subsidence starts stronger than the displacements. At the end 
of the panel at Point 10, the trend is the other way round. 
The displacements start faster than subsidence. At Point 25, 
situated in the middle of the panel, the displacements are 
larger up to the point of undermining, after that subsidence 
is larger. The results of panel 236 are similar.   

 

 
Figure 8 Panel 537 - Point 36: Relative curve of subsidence, displacement 
and spatial track 

 

 
Figure 9 Panel 537 - Point 10: Relative curve of subsidence, displacement 
and spatial track  

In response to the questions, it can be said:  
The time course of subsidence, displacements and space 

track depends on different position of the observation points 
to the mining area.   

The position of points and time motion behaviour can be 
divided into three groups:  

• Points at the start of the panel the subsidence start 
much faster than displacements.  

• Points, which are more than 1.0 i away from the 
start or end of the panel, do not have differences in the 
course of the movement components. The displacements are 
larger before undermining; the subsidence is larger about 0.2 
i after undermining.  

• Points located at the end of the panel show larger 
displacements than subsidence from the beginning of the 
effects.  

• There is a fluent transition between these three 
groups. 

 
These results reinforce the thesis of the path of movement 

of the surface points in space, namely that this route is not 
straightforward, but as a space curve. The reason of this 
behavior is due to the position of the points to the panel. 
Another justification can be found in strata of the rock. The 
convergence of the overlaying layers is most important for 
the movements of the rock. If there are a high number of 
glide-enabled layers in the upper layers of the rock, large 
horizontal movements can be observed. 

IV. CONCLUSION 
Following conclusions can be made to improve the 

ground-movement calculation and to minimize damages on 
buildings:  

The identification of local values like influence angle and 
time factor are very necessary, because these depend on the 
various local circumstances especially rock properties and 
surface situation.   

The changings of the longwall speeds cause an additional 
dynamic to the position of the focal point of impact referring 
to the longwall system. Thus, there is an additional dynamic 
in horizontal movements, which causes more damages on 
building. To avoid additional mining damage, it is better to 
keep the panel speed constant and to minimize operational 
interruption (continuous operation). 

The time delay for all movement components is the same, 
but regarding subsidence and displacements there are 
different relative factors depending on the position of the 
surface points to the panel area. 
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