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Abstract. The study presents the application of geophysical methods in the 

subsurface treatment of the A-1 highway in the area of the Piekary junction 

in the terrain of historic zinc and lead ore mining, in the northern part of the 

Upper Silesian Coal Basin in Poland (USCB). The study area was under 

threat of discontinuous deformations, mainly sinkholes. This threat resulted 

from the shallow exploitation of zinc and lead ores, as well as contemporary 

exploitation of coal seams at greater depths. An original methodology of 

subsurface treatment has been developed as an adaptation to the geophysical 

measurement results. The methodology uses the gravimetric method at the 

initial and final control stages, as well as the seismic and borehole georadar 

methods during the detailed evaluation stage. The results of the study 

allowed different categories of sinkhole hazard to be determined in the area 

of the Piekary junction. The scope of the liquidation works was selected to 

match the hazard levels. Blasting of varying intensities and the borehole 

injection of the filling material were performed. The combination of 

substrate treatment methodologies and highway construction protection 

systems have proved to be effective.  

Keywords: shallow mining, deep mining, discontinuous deformations, 
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1 Introduction  

The construction of transport routes and other facilities in post-mining areas often calls for 

subsurface treatment [1-6]. The effectiveness of the subsurface treatment depends to a large 

extent on the correct recognition of the hazard degree in terms of the occurrence of 

discontinuous deformations on the terrain surface [1, 5–6]. Various methods are used for this 

purpose as part of geophysical and geological-engineering [7–19]. 

The aim of the study is to present a method of using geophysical methods in subsurface 

treatments at the Piekary junction of the A-1 highway in a highly destructed mining area in 

the Upper Silesian Coal Basin (USCB) (Fig. 1). The study presents the methodology of the 

subsurface treatment applied in 2009-2010. The sinkhole hazard in this area results from the 

historical shallow exploitation of zinc and lead ores, as well as the historical and 

contemporary deep exploitation of hard coal seams [5]. In the geological and engineering 
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conditions of the Piekary highway junction, the main geophysical assessment methods used 

to evaluate the sinkhole hazard were gravimetry, borehole georadar (GPR) and a seismic 

profiling. 

  

Fig. 1. Location of Piekary highway A-1 junction; the red circle denotes research terrain (GDDKiA 

data [20]).  

 

Photo. 1. A view of Piekary junction on highway A-1, constructed on complicated mining terrain 

(GDDKiA data [20]). 

2 Geological and mining conditions  

The Piekary junction area is located in the Bytom Basin, within the USCB. The geological 

structure of the area is complex, with Carboniferous, Triassic, Tertiary (Neogene), 

Quaternary and anthropogenic deposits [5]. 

In the study area, the Carboniferous deposits occur at a depth greater than about 180 m, 

and are represented by claystones, mudstones, sandstones and coal seams. The Triassic 

deposits lie inconsistently on the folded and faulted Carboniferous deposits, and are mainly 

represented by ore-bearing dolomites and limestone. In the area of the Piekary junction, these 

deposits are almost horizontal, with a several-degree inclination to the south. In the area of 

the city of Piekary are outcrops of Triassic formations of the northern part of the Bytom 

Basin. Neogene formations occur locally and fragmentarily in the erosive depressions of the 

Triassic basement. They are represented by marly clays or sands. Quaternary formations 

occur mostly in the form of clays, various types of glacial and river sands and gravels. They 

occur on most of the terrain except for the hills, where Triassic formations are revealed. 

a) b) 
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In the Carboniferous deposits, throughout the area of the Piekary junction, is the 

Radzionkowski fault zone with a throw of about 180 m (direction NNW-SSW). The 

Radzionkowski fault reveals itself in the Triassic formations, where it reaches a throw of 

about 5 to 20m. This fault zone features seismic tremors induced by the deep exploitation of 

coal seams [5]. 

In the Bytom Basin, the Triassic formations contain deposits of zinc and lead ores at a 

depth of about 20 m in the region of outcrops of ore-bearing dolomites to a depth of about 

100 m in the axis of the Bytom Basin in the area of the city of Bytom (Fig. 2). Their 

exploitation began in the 12th century. In the area of the Piekary junction, the deposits were 

exploited in two layers, from 2.0 to 6.0 m thick. During the construction of the Piekary 

junction, after removing the cover formations and heavily weathered Triassic layers, the 

upper layer was at a depth of about 40 m. 

As a result of the exploitation of metal ore deposits, many voids and loosened zones 

remained, which were the direct cause of the occurrence of numerous discontinuous 

deformations on the surface of the area, in the form of cracks, ditches and local troughs (Photo 

2). 

 

Fig. 2. Fragment of archival map showing the ore deposits: red – zinc and yellow – lead. The A-1 

highway is denoted by the thick blue line [21]. 

The mining of coal seams in the Bytom Basin has been conducted since 1863 and 

continues in the present period. In the vicinity of the Piekary junction, several coal seams 

were exploited with a total thickness exceeding 20 m. Deep mining caused the occurrence of 

continuous deformations in the form of mild and extensive subsidence troughs. As a result, 

this exploitation caused subsidence of the terrain surface exceeding 20 m. Deep exploitation, 

which disturbed the rock mass, contributed to the reactivation of old voids and loosened 

zones in the areas of the historical, shallow metal ore mining. 

The activation of sinkhole processes in the area of the Piekary junction is also associated 

with the complicated water conditions, including pumping water from the nearby Bolko shaft. 

Various types of seismic and paraseismic vibrations also impact the development of the 

deformations. 

In general, in the area of the Piekary highway junction, sinkhole processes can be 

activated by such factors as [5]: 

 historical shallow exploitation of ore deposits, 

 deep exploitation of coal seams, 
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 tectonic zone of the Radzionkowski fault, 

 seismicity induced by deep mining, 

 non-stable infiltration by rainwater,  

 changes in water level due to continuous pumping in Bolko shaft, 

 dynamic loads from passing heavy vehicles. 

  

Fig. 3. Shallow exploitation of zinc ores and deep exploitation of coal seams in the area of the Piekary 

junction; a) for the period to 1966, b) for the period from 1966 to 2009. The A-1 highway is denoted 

by the blue line (GDDKiA [20]).  

  

Photo. 2. Sinkholes observed on the area of the Piekary highway junction before its construction; a) 

sinkhole trench, b) conical sinkhole [5]. 

3 Methodology  

3.1 Concept of subsurface treatment for the Piekary highway junction area 

In the area of the Piekary junction, the exploitation of zinc and lead ore deposits was carried 

out in strong, grey ore-bearing dolomites. Such conditions indicate a high probability of 

maintaining the long-term stability of post-mining voids. However, sinkholes as a result of 

ore deposit mining and ditches several dozen meters long have appeared on the terrain surface 

as a result of the deep mining of coal seams (Photo. 2). In addition, the seismically active 

Radzionkowski fault runs through the area of the Piekary junction. During the construction 

of the Piekary junction, the 620 coal seam was extracted in its immediate vicinity. 

Due to such a complicated geological and mining situation, a concept was developed to 

create a two layer system of different stiffnesses in the junction substrate (Fig. 4). The main 

a) b) 

a) b) 
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purpose of this layer system was to protect the junction construction against discontinuous 

deformations and to absorb larger displacements in the rock mass at depths of more than 20 

m. 

 

Fig. 4. A concept of subsurface treatment in the area of Piekary highway junction. 

The lower layer, 20 m thick, located at a depth of 20 to 40 m, acts as a layer susceptible 

to large deformations due to its fragmentation by means of the blasting method. This layer 

covers the level of ore deposit exploitation in which the sinkhole processes developed. The 

upper layer, 20 m thick, located from the terrain surface to a depth of 20 m, acts as a layer of 

greater stiffness, reinforced as a result of injecting filler material with cement. 

In this way, a system of two layers was created, the upper one with greater rigidity lying 

on the loosened lower layer. It was assumed that in the lower layer the existing voids 

collapsed at the time of its creation and the loosened zones were tightened in massive 

dolomites. In this way, the lower layer was able to absorb the displacements caused by the 

deep exploitation of coal seams and the activity of the Radzionkowski fault. At the same 

time, rock mass de-stressed by means of the blasting method reduced the potential for 

excessive stresses that could persist in the Radzionkowski fault zone. 

3.2 Basic stages of subsurface treatment for the Piekary highway junction with 
the use of geophysical methods 

The methodology of subsurface treatment of the Piekary highway junction comprised the 

following stages [5]: 

 Stage I - analysis of archival geological-engineering and mining data, including aerial 

and satellite images, land mapping, and numerical analysis of rock mass deformation. 

 Stage II - recognition of the location of sinkhole hazard zones by gravimetric and 

georadar methods, and seismic profiling of the border of the rock basement. 

 Stage III - performing de-stress blasting in geophysical anomalous zones at a depth of 

20 to 35 m. 

 Stage IV - filling of voids and loosened zones by means of injecting backfilling 

material with cement at a depth of up to 15 m. 

 Stage V - quality control of subsurface treatment using gravimetric and additional 

methods (GPR, seismic). 

 Stage VI - additional injection works in stronger geophysical anomalies. 
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From previous experience in the areas of shallow mining in the USCB, the gravimetric 

method was assumed as a basic one [4, 5]. This is because the volumetric density is a clearly 

contrasting physical parameter in the tested subsurface in the mining terrain. The results of 

the gravimetric surveys are most often correlated with the results of refraction seismic 

profiling as well as, depending on the measurement conditions, the results of the borehole 

GPR. Figure 5 shows an example of such gravity surveys with seismic refraction profiling. 

The aim of the seismic surveys was to determine the course of the boundary between the 

overburden and rock basement, and the velocity changes of the refraction wave (Fig. 6a). 

Seismic refraction surveys were supported by the vertical profiling of S-wave velocity 

changes by the MASW method. 

 

Fig. 5. An example of gravimetric surveys (a) supported by refraction seismic profiling (b, c) to 

recognize sinkhole hazards in the mining terrain of the Piekary highway junction [5]. 

Identified geophysical anomalies are often verified by borehole georadar surveys to 

confirm the presence of voids and loosened zones in the rock mass (Fig 6b). The results of 

control drilling determine the final decision on the need to apply treatment works. The 

seismic and borehole GPR methods are used as complementary methods, depending on the 

measurement conditions. These methods use other properties of the medium than the 

gravimetric method, which may allow for a more reliable image of the weak zones. 

During the de-stress blasting, an array of seismometers were used to monitor the seismic 

vibrations. 

Particularly, the application of geophysical methods in the treatment of subsurface on the 

area of Piekary junction relied on: 

 determination of voids and loosened zones - their location, geometry and volume, 

 assessment of the effectiveness of the backfilling of voids and loosened zones in the 

subsurface, 

 location of the Radzionkowski fault zone, 

 assessment of the range of destruction of the rock mass by blasting, 

 assessment of harmful paraseismic vibrations, 

 assessment of the seismic effects of the de-stress blasting. 

a) b) 

c) 
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Fig. 6. Examples of seismic refraction and MASW used for profiling the border between the loosened 

overburden and rock basement, (a) with georadar borehole surveys to verify gravimetric anomalies (b) 

in the area of the Piekary highway junction [5]. 

4. Results  

In order to assess the hazard of the occurrence of discontinuous deformations in the Piekary 

junction area, a map of the risk categories was developed (Fig. 7). It was based on the results 

of geophysical surveys, mainly gravimetric, and an analysis of archival geological-

engineering and mining data. The map shows four categories of sinkhole occurrence risk in 

the area of the construction site for the Piekary junction (Fig 7). Depending on the degree of 

risk, different densities of blast boreholes (Fig. 8) and, consequently, densities of injection 

boreholes (Fig. 7) were used. 

 

Fig. 7. The categories of sinkhole occurrence risk together with the intensity of the injection boreholes 

in the area of the Piekary junction. Red – category III (very high risk), orange – category II (medium 

risk), yellow – category I (low risk), and white – category 0 (lack of risk of sinkhole occurrence). 

Irregular red and green dots – archival sinkholes. See text for a broader description [5]. 

b) a) 
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As a result of the de-stress blasting, 1836 boreholes with a total length of 48,000 m were 

blasted. In total, an explosive mass totalling 110,000 kg was used. The boreholes were blasted 

serially along the lines marked in figure 8. This blasting arrangement was related to the 

numerically calculated stress isolines at the Piekary junction [20]. After the de-stress blasting, 

48 new sinkholes appeared on the terrain surface (Photo. 3). 

An upper layer of about 20 m thick was reinforced by the injection of binding material. 

In total, 215,385 m3 of filling material was injected into about 850 boreholes ranging from 

several to 15 m in length. The total length of the injection boreholes was 11,836 m. 

 

Fig. 8. Location of the blasting boreholes in the area mining terrain of Piekary junction [5]. 

  

Photo. 3. Examples of sinkholes registered after de-stress blasting in the mining area of Piekary 

highway junction – a) and b) typical sinkholes for shallow cavities [5]. 

Control gravimetric measurements after finishing the substrate treatment showed 

significantly smaller or the disappearance of the gravimetric anomalies. The rock mass in the 

area of several stronger anomalies was additionally treated. 

In the period from the end of the substrate treatment in 2010 to the present, no sinkhole 

has been recorded in the area of the treatment works at the Piekary junction. 

b) a) 
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5. Summary  

The study presented the methodology of substrate treatment applied at the Piekary junction 

of the A-1 highway, which is at high risk of discontinuous deformations. The voids and 

loosened zones left in the rock mass after the shallow exploitation of zinc and lead ores 

resulted in the development of sinkhole processes due to the impact of many geological, 

mining and anthropogenic factors. 

The methodology of the substrate treatment applied at the Piekary junction assumed the 

use of geophysical methods to identify sinkhole hazards. The gravimetric method was the 

basic method for evaluating the geological and mining conditions in the area of the Piekary 

junction. It was used during the primary assessment stage to determine the sinkhole hazard 

levels and for final assessment of the effectiveness of the injection works. The seismic and 

borehole radar methods were used as complementary methods, and allowed the occurrence 

of voids and loosened zones to be specified. The electric resistivity method, due to the 

presence of metal ores, had limited application under these geological conditions. 

Exploitation of the metal ore deposits left an average of about 30% of those ores in the 

deposits, enough to distort the results of the electric resistivity surveys. 

The positive effect of substrate treatment was the effective identification of voids and 

loosened zones in the rock mass by geophysical methods. Since the end of the treatment 

works in 2010, no discontinuous deformations have been observed to date at the Piekary 

junction. This proves that the substrate treatment has been effective. It should also be 

emphasized that the additional geotechnical structural protection included as part of the 

highway construction had a significant impact on securing the Piekary junction against the 

occurrence of discontinuous deformations [2, 3]. 
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