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Abstract. The shallow historic exploitation of Zn-Pb/Fe ore deposits as 
well as hard coal has generated many discontinuous deformations on the 
terrain surface in the Upper Silesian Coal Basin/Poland.  Discontinuous 
deformations occur in different forms as sinkholes, synclines, cracks, faults 
or ditches. The basic cause of their occurrence is the presence of void and 
loosened zones in the shallow subsurface. If the appropriate conditions arise, 
the sinkhole process begins to move upwards and may cause a discontinuous 
deformation on the terrain surface. Typically, geophysical methods are used 
for void and loosened zone identification. The most effective methods are 
gravimetric, seismic, electric resistivity and ground penetrating radar (GPR). 
Geophysical testing, requires distinct changes in the physical properties in 
the rock mass. The identified geophysical anomalies should be verified by 
control borehole and borehole tests to confirm the presence of the void and 
loosened zones in the rock mass. The results of control drilling and borehole 
tests determine the need to apply treatment works. In order to assess the 
threat of the occurrence of discontinuous deformations in the areas of 
historical shallow mining in Upper Silesia, a classification system based on 
geophysical tests has also been developed.  
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1 Introduction  

Shallow subsurface voids and loosened zones of mining origin may be the cause of the 
activation of sinkhole processes [1–11] (Fig. 1). In unfavorable geological and mining 
conditions, sinkhole  processes may appear on the terrain surface creating various kinds of 
discontinuous deformations. In the conditions of shallow exploitation of deposits of Zn-Pb/Fe 
ores and hard coal in the northern part of the Upper Silesian Coal Basin (USCB), these are 
most often the forms of the sinkholes (Fig. 2) [9]. In general, most sinkholes  have dimensions 
of up to 3.0 m. The arithmetic mean of a sinkhole surface length amounts to 5.0 m, the 
minimum is 0.5 m and the maximum 17 m. Also, the mean surface width amounts to 3.6 m, 
the minimum width is 0.3 m and the maximum width 12 m [9]. 
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Fig. 1. (a) A ditch on post mining terrain of shallow Zn-Pb exploitation near Bytom town (phot. Z. 
Pilecki); (b) A cuboid sinkhole over an old shaft near Chorzów town (phot. M. Rotkegel). 

a) 

 
b) 

Fig. 2. Kinds of discontinuous deformations on the terrain surface in the vertical section observed in 
the area of Upper Silesia Coal Basin – (a) surface and (b) linear deformations (on the basis [1, 6]); [1] 
– conical sinkhole, [2] – truncated sinkhole, [3] – conical-cylindrical sinkhole, [4] – cylindrical – 
conical sinkhole, [5] – bell sinkhole, [6] – cylindrical sinkhole, [7] – cuboid sinkhole, [8] –  continuous 
syncline, [9] –  discontinuous syncline, [10] – crack, [11] – fissure, [12] – fault deformation, [13] – 
ditch, [14] – smoothed ditch. 

2 Model of the formation sinkhole process 
The model of the sinkhole formation process induced by shallow exploitation of various 
deposits has been discussed, among others, by [2–7, 10–11]. The identification of voids and 
loosened zones from the point of view of geophysical investigations have been undertaken, 
among others, by [6, 8–9, 12–20]. 

In a very general sense, the sinkhole formation process responsible for propagating the 
void towards the terrain surface may be presented using the "pressure arch" theory [21]. The 
model assumes that the void has the shape of an ellipse with a height of 2c and a width of 2a.  

According to the theory of elasticity, radial stresses σr on the outline of the void are 
described by the following dependencies [21]: 
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where: 
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xz and  are the primary stresses in the vertical and horizontal direction respectively in the 
rock mass. 

From dependencies (1) and (2) it follows that the ratio of the void height to its width is related 
to the distribution of stress at the border with the rock mass :  
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The ratio 00 / xz σσ increases from a value of 1 for hydrostatic conditions at large depths, to 
large values for voids in very shallow locations. If the void is located closer to the terrain 
surface, its shape should be more elongated in the vertical direction to maintain the force 
equilibrium at the border with the surrounding medium. Therefore, the different shape of the 
void and the unbalance of the relevant forces may cause the development of gravitional shear 
forces leading to the fracturing of rock mass. The fracture zone will grow until a new forces 
equilibrium is established related to the new shape of the void. The image of the void and its 
surroundings may be presented as a configuration of four zones (Fig. 3) [5, 6]: 
(I) – void, often filled with water, containing rock fragments and soil material deposited in 
the floor; 
(II) – intense fractures, mainly in the roof and sidewalls of the void, with the density of the 
fractures decreasing with greater distance from the void boundary, 
(III) – fractures surrounding the void, to the border with the undisturbed rock mass, 
(IV) – undisturbed rock mass by the propagating void. 

A geophysical image of void with the surrounding fractured rock mass can be simplified to 
two zones, the most important from the point of view of geophysical identification are as 
follows: 
• central zone - void with rock fragments and soil material deposited on its floor and 

possibly filled with water, characterized by a very high contrast of physical properties in 
comparison with the undisturbed rock mass. 

• external zone - it is a fracture zone from the border of the void to the border with the 
undisturbed rock mass. The properties of this zone depend on the density of the fractures. 
In comparison to undisturbed rock mass, it is characterized by lower seismic wave 
velocity, greater anisotropy depending on the orientation of the fracture systems, 
increased electric resistance of the medium, lower volumetric density, or changes to 
electromagnetic parameters. This zone strengthens the anomalous effect of the central 
zone in the geophysical identification of the void. 
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Fig. 3. Geophysical model of a void of mining origin [5]. 

Void propagation towards the terrain surface may be illustrated by numerical simulation, 
assuming that tensile stress resulting from the gravity force has the decisive influence on the 
growth of fractures in the void roof (Fig. 4). 

 
Fig. 4. (a) Redistribution of primary stress and the development of the fracture zone in the roof of the 
void; (b) the collapsing process of the roof of the void comprising a tensile stress zone; (c) secondary 
collapsing of the roof of the void; (d) reaching the border with loose overburden formations and the 
occurrence of a sinkhole on the terrain surface [11]. 

 

3 Methodology of the identification of voids and loosened zones 
in areas of shallow exploitation using geophysical methods  
The geophysical identification of voids and loosened zones, referred to as weak zones,  
requires distinct changes in the physical properties of the medium [5, 6]. These changes are 
resulted from a comparison of the properties of the void zone together with the fracture zone 
to the properties of the surrounding, undisturbed  medium. The external boundary of this 
system is not clearly determinable, since it is most often of a transitional nature related to a 
change in the fracture density. It should also be emphasized that the geophysical image of 
weak zones changes over time and depends on the impact of  many factors activating the 
sinkhole process in the medium. 

For the geophysical identification of weak zones in USCB conditions it was assumed that 
the basic research method is microgravimetry. The results of gravimetric tests were correlated 
with the results of seismic measurements or in case of further ambiguity with the results of 
the GPR or resistance method. In particular, the proposed methodology includes the 
following stages [9]: 

Stage I - determination of weak zones using the gravimetric method, seismic refraction 
profiling and mapping of mining terrain also using aerial, satellite or drone images. Recently, 
terrain laser scanning has proven to be useful for mapping terrain prone to discontinous 
deformation [20]. 

Stage II - verification of gravimetric and seismic anomalies with other seismic techniques, 
or using a georadar or electric resistance method. The selection of the method should result 
from the measurement conditions - in the areas of occurrence of metal ore deposits the use 
of the electric resistance method is not recommended. 

Stage III - verification of geophysical anomalies by means of cored control drilling along 
with recognition using a borehole camera, or borehole georadar, or other method. 

Stage IV - in the case of liquidation of the weak zone, for instance by backfilling, the 
quality of the filling should be checked with one of the geophysical methods used at the stage 
of anomaly identification. 

The use of the gravimetric method as the basic technique results from the fact that the 
volumetric density is a clear contrasting physical parameter in the tested basement disturbed 
by shallow exploitation. Figure 5 shows an example of such gravity surveys supplemented 
by seismic surveys. The aim of the seismic refraction profiling presented in Figure 5 was to 
determine the course of the boundary between overburden and basement, and the velocity 
changes of the refraction wave in the basement. Seismic refraction measurements were 
supported by the vertical profiling of S-wave velocity changes. 

The GPR or electric resistance method are used as complementary methods depending 
on the measurement conditions. These methods use other properties of the medium, which 
may allow for a more reliable image of the weak zones in rock mass. 

The verification of the results of geophysical identification usually consist of making a 
control borehole along with penetration by a camera or a borehole georadar. The results of 
drilling and borehole testing allow for a decision to be made about applying treatment works, 
and protecting the terrain surface from deformation. 
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Fig. 5. (a) View of the sinkhole above the liquidated shaft 796 in an area of historical, shallow 
exploitation of zinc and lead ores deposit near Piekary Śl.; (b) a gravimetric map with an anomaly 
marked (source: J. Madej with the team) and the location of seismic profiles; (c) refractive cross-
section with a visible seismic anomaly; (d) vertical profiling of the S wave velocity at the site of the 
seismic anomaly [6].  

 

4 Classification of the threat assessment of the occurrence of 
discontinuous deformations on the terrain surface  
The assessment of the threat of the occurrence of discontinuous deformations in the post-
mining areas in Upper Silesia based on analytical methods is very difficult. This is mainly 
due to the unknown degree of rock mass distruction folowing the shallow exploitation of 
metal ore deposits or hard coal seams and often deep exploitation of coal seams. Under these 
conditions, information concerning the sinkhole threat is provided by geophysical 
identification. In the case of areas designated for building, classifications based on the 
likelihood of discontinuous deformations are used. Table 1 presents a modified classification 
of Pilecki and Kotyrba [22] to assess the likelihood of discontinuous deformations occurring 
in the areas of shallow exploitation of metal ore deposits or hard coal seams in USCB. The 
classification assumes that the probability of discontinuous deformations occurrence in 
conditions of overburden of loose soils with a thickness above 5m, is low due to the self-
filling of excavations. In rock mass disturbed by exploitation, with the increase in weak zone 
depth, the probability of the occurrence of discontinous deformations on the terrain surface 
clearly decreases. 

Table 1. Classification of the assessment of discontinuous deformation occurrence with the use of 
geophysical surveys in conditions of shallow exploitation of metal ore deposits and hard coal seams 

in the USCB [9]. 

Threat  
category Threat criteria 

A 
Negligible 

threat1 
 

no clear geophysical anomalies 
no discontinuous deformations and other terrain surface deformations 

a possible shallow exploitation of metal ore (or coal seams) deposits at a depth 
greater than 30 m, thickness of roof rocks at least five times greater than the 

height of excavations, or the presence of excavations at a depth greater than 30m 
no excavations connected to the terrain surface  

the mining area could be treated  
no outcrops of faults at a depth less than 15 m  

thickness of overburden of loose soils greater than 5 m, or stable level of water in 
the soil 

B 
Small 
threat1 

 
 

weak geophysical anomaly determined by at least one method 
no discontinuous deformations and other deformations of the terrain surface, or 
the mining area treated and documentation of the liquidation of excavations is 

available 
shallow exploitation of metal ore (or coal seams) deposits at a depth of more than 

20 m, thickness of roof rocks at least five times greater than the height of 
excavations, or exploitation of iron ore, or excavations at a depth greater than 

20m 
thickness of overburden of loose soils greater than 5 m 

no stable water level in the soil 
outcrops of faults at a depth greater than 5 m 

 
C 

Medium 

threat2 
 
 

a clear geophysical anomaly determined by at least one method 
symptoms indicating a single discontinuous deformation of the terrain surface or 

documented, liquidated discontinuous deformation 
the exploitation of ore deposits (or coal seams) at a depth greater than 20 m, the 
thickness of the overlying rocks is between three and five times the height of the 
excavations, or the presence of excavations at a depth greater than 30m, or the  

excavations having a connection to the terrain surface with documented proof of 
their liquidation 

thickness of overburden of loose soil less than 5 m, lack of water or local water 
occurrence in the loose soil 
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outcrops of faults at a depth less than 5 m 

 
D 

Large 
threat2 

 
 

a strong geophysical anomaly determined by at least two methods 
occurrence of discontinuous deformations in the past or clear symptoms 
indicating numerous deformations of the discontinuous terrain surface 

shallow exploitation of metal ore (or coal seam) deposits at a depth less than 20 
m, and the thickness of the overlying rock layers less than three times the height 

of excavations 
shallow exploitation of metal ore (or coal seam) deposits at a depth less than 20 

m, and the thickness of the overburden of loose soil less than 5 m 
the presence of excavations liqudated without documentation having a 

connection with the terrain surface, or the presence of excavations of unknown 
liquidation at a depth of less than 20 m 

conducted mining works below shallow excavations  

E 
Very large 

threat1 
 

a strong geophysical anomaly determined by at least two methods 
occurrence of discontinuous deformations in the past or clear symptoms 
indicating numerous discontinuous deformations of the terrain surface 

shallow exploitation of metal ore (or coal seam) deposits, or the occurrence of 
excavations at a depth less than 30 m  

1with all of the listed criteria 
2with one of the listed criteria 

5 Summary 
Discontinuous deformations on the mining and post-mining terrain are most often the result 
of the presence of voids and loosened zones at shallow depths created as a result of shallow 
exploitation. If the appropriate conditions arise, the sinkhole process begins to move upwards 
and may cause a discontinuous deformation on the terrain surface. The dynamics of this 
process depends on local conditions. Goszcz [4] formulated the basic criterion to assess the 
discontinuous deformations threat: a post-mining void may cause a discontinuous 
deformation on the terrain surface, if the amount of rock material filling in this void does not 
cause self-filling as it moves towards the terrain surface. 

Changes in physical properties associated with the void and the surrounding fracture zone 
increases the electrical resistance of the medium, and decreases the seismic waves velocity, 
reduces the volumetric density of the medium and changes the electromagnetic parameters 
giving an anomalous effect which is measurable using geophysical methods. 

From previous experience in the areas of shallow deposits of hard coal and metal ores in 
USCB, it may be assumed that microgravimetric studies are the basic geophysical method. 
The results of gravimetric tests are most often correlated with the results of refraction seismic 
profiling as well as depending on the measurement conditions with the results of the GPR 
and electrical resistivity method. The identified geophysical anomalies should be verified by 
control borehole and borehole tests, e.g. the borehole georadar is used to confirm the presence 
of weak zones in the rock mass. The results of control drilling and borehole tests determine 
the need to apply treatment works. 

In order to assess the probability of the occurrence of discontinuous deformations in the 
areas of historical shallow mining in Upper Silesia, a classification based on geophysical tests 
has been developed. 
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outcrops of faults at a depth less than 5 m 

 
D 

Large 
threat2 

 
 

a strong geophysical anomaly determined by at least two methods 
occurrence of discontinuous deformations in the past or clear symptoms 
indicating numerous deformations of the discontinuous terrain surface 

shallow exploitation of metal ore (or coal seam) deposits at a depth less than 20 
m, and the thickness of the overlying rock layers less than three times the height 

of excavations 
shallow exploitation of metal ore (or coal seam) deposits at a depth less than 20 

m, and the thickness of the overburden of loose soil less than 5 m 
the presence of excavations liqudated without documentation having a 

connection with the terrain surface, or the presence of excavations of unknown 
liquidation at a depth of less than 20 m 

conducted mining works below shallow excavations  

E 
Very large 

threat1 
 

a strong geophysical anomaly determined by at least two methods 
occurrence of discontinuous deformations in the past or clear symptoms 
indicating numerous discontinuous deformations of the terrain surface 

shallow exploitation of metal ore (or coal seam) deposits, or the occurrence of 
excavations at a depth less than 30 m  

1with all of the listed criteria 
2with one of the listed criteria 

5 Summary 
Discontinuous deformations on the mining and post-mining terrain are most often the result 
of the presence of voids and loosened zones at shallow depths created as a result of shallow 
exploitation. If the appropriate conditions arise, the sinkhole process begins to move upwards 
and may cause a discontinuous deformation on the terrain surface. The dynamics of this 
process depends on local conditions. Goszcz [4] formulated the basic criterion to assess the 
discontinuous deformations threat: a post-mining void may cause a discontinuous 
deformation on the terrain surface, if the amount of rock material filling in this void does not 
cause self-filling as it moves towards the terrain surface. 

Changes in physical properties associated with the void and the surrounding fracture zone 
increases the electrical resistance of the medium, and decreases the seismic waves velocity, 
reduces the volumetric density of the medium and changes the electromagnetic parameters 
giving an anomalous effect which is measurable using geophysical methods. 

From previous experience in the areas of shallow deposits of hard coal and metal ores in 
USCB, it may be assumed that microgravimetric studies are the basic geophysical method. 
The results of gravimetric tests are most often correlated with the results of refraction seismic 
profiling as well as depending on the measurement conditions with the results of the GPR 
and electrical resistivity method. The identified geophysical anomalies should be verified by 
control borehole and borehole tests, e.g. the borehole georadar is used to confirm the presence 
of weak zones in the rock mass. The results of control drilling and borehole tests determine 
the need to apply treatment works. 

In order to assess the probability of the occurrence of discontinuous deformations in the 
areas of historical shallow mining in Upper Silesia, a classification based on geophysical tests 
has been developed. 
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