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Abstract: At the times, when extraction of minerals is reduced, 
more and more mining facilities are closed. Many of them 
conducted extraction of minerals at shallow depth. The 
redeveloped mining surface often resides over unprotected 
voids and old mine drifts of the closed mines. The occurrence of 
discontinuous deformations in these areas is highly probable 
and the formation process is very complex. 
Majority of the surface deformation prediction methods can be 
used for evaluating the occurrence risk of mining-induced 
discontinuous deformations. In the case of old excavations, 
these methods have a low level of efficiency. When complex 
mining and geological conditions are involved, the analytical 
functional assumptions, based solely on quantitative variables, 
do not suffice to properly describe the propagation of mining 
void towards the surface. The presented solution is based on 
multi-criteria method. The forecast can account for 
quantitative and qualitative factors of discontinuous 
deformations. Accordingly, the complex mining and geological 
conditions can be taken into considerations. The effectiveness 
of the presented solution was verified by comparing the 
forecast results with the observed locations of the recorded 
discontinuous deformations on the ground surface. 

I. INTRODUCTION 
The process in which discontinuous deformations are 

generated is associated with the disturbed equilibrium in the 
rock mass. Factors initiating discontinuous deformations 
may be of natural or anthropogenic origin. When the ground 
surface deformations are generated by natural phenomena, 
their anticipation is often burdened with a great level of 
uncertainty. This stems from a poor identification of 
geological and geomechanical conditions, and also factors 
triggering it. When it comes to the prediction of surface 
discontinuous deformations of anthropogenic origin, this 
uncertainty remains at a low level. This arises from a better 
identification of factors that may be responsible for such 
phenomena in highly urbanized areas. The research 
presented in this article focuses on forecasting discontinuous 
deformations generated in highly urbanized areas under the 
influence of shallow old mines.  

A number of methods used for assessing discontinuous 
deformations evoked by shallow mining have been 
developed over years. In most methods the anticipated 
discontinuous deformations resulted from the currently 
conducted shallow mining. These are methods based on 
geomechanical or functional assumptions. When used for 
evaluating discontinuous deformation hazard induced by old 
shallow goafs, these methods turn out to have a low 
reliability level. This situation results from additional 
unmeasurable factors, which contribute to the creation of 
those deformations on the surface. The geomechanical and 
functional methods rely on measurable factors, on the basis 
of which the state of stresses around the excavations and the 
migration probability for the post-exploitation void towards 
the surface can be determined. If there are additional, 

unmeasurable factors disturbing the stability of this void, the 
forecasts attained from these methods have a low level of 
reliability (Kowalski, 2005; Malinowska & Dziarek, 2014). 
As a consequence, the multicriteria methods and GIS started 
to be more frequently used when quantitative factors were 
involved. The hazard of discontinuous deformations has 
been already analysed with multicriteria methods by such 
authors as, e.g. Galve et al. (2011), Jiang et al. (2005), 
Lamelas et al. (2009), Saini et al. (2016), Taheri et al. 
(2015). When predicting discontinuous deformations in 
shallow old mines, multicriteria methods have been yet used 
for analysing sinkhole formation processes in the south part 
of Poland (Malinowska & Dziarek, 2014). 

The presented research focuses on working out a new 
solution, which can be used for evaluating hazard of 
discontinuous deformations under the influence of shallow 
old mines. The created algorithm can be used for predicting 
discontinuous deformations areas, where the previously 
applied analytical methods failed to provide reliable results. 
The Analytic Hierarchic Process (AHP) has been chosen as 
it allows for using both qualitative and quantitative 
variables. The applied algorithm was based on a good 
recognition of mining and geological conditions, thanks to 
which hazard factors responsible for shaping discontinuous 
deformation processes as well as the ranks of the factors 
could be determined. In this solution such factors as old 
mine drifts, accumulation of exploitation edges, and ground 
surface gradient can be used for the evaluation of 
discontinuous deformations hazard. The developed method 
and its effectiveness were tested in a location, where 
numerous discontinuous deformations evoked by shallow 
mining were recorded. 

II. STUDY AREA AND GEOLOGICAL SETTING  
The studies were carried out in an area belonging to a 

town (94,000 of population) located in the southwest 
Poland. The development of this town included typical 
detached houses and blocks of flat. The major part of this 
strongly developed region was located on top of an 
underground hard coal mine. The region selected for the 
studies covered the southwest area of the town. There were 
48 discontinuous deformations registered within the 
analysed area (Fig. 1). 
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FIG 1 - Places of registered discontinuous deformations (red dots) 

The region, where the detailed studies were performed, is 
located over goafs of an old hard coal mine, exploited 
mainly in the second half of the 19th century, and in the first 
half of the 20th century. The deposit in this region consists 
of many levels. Coal-bearing strata reach a depth of 1000 
meters. The complex structural build of the deposit causes 
significant differentiation in the strike directions and dip 
angles of individual beds. The dip of the Carboniferous 
strata changes from a flat run in the area of the Wilkoszyn 
basin axis, to more than 20° in its northern and eastern wing. 
The basin's western wing is inclined at an angle of 4° to 10° 
with respect to the basin. The deposit is divided into tectonic 
parts with a series of faults with drops reaching from several 
to over 100 meters, though their number in the studies area 
is rather marginal. The overburden is composed of the 
Quaternary, Tertiary and Triassic strata. In the southwest 
part of the studied area the Carboniferous strata may locally 
reach up to the surface (Fig. 2.).  

A shallow hard coal extraction with cave-in was realized 
in three deposits under the analysed region. The average 
thickness of the strata was 1.8 m to 4.5 m. The shallowest 
deposit was extracted at a depth of 30 to 149 meters. The 
spatial distribution of mine drifts was very complex (Fig. 3). 

 

 
 FIG 2 - Distribution of Carboniferous and Quaternary strata 

 
 

FIG 3 - Spatial distribution of mine drifts 

The deeper extractions excluded the possibility of any 
impact in the form of possible discontinuous deformations 
on the surface or the buildings and utilities on it.  

III. MODELLING OF THE SINKHOLE OCCURRENCE 
Former analyses in that area proved a low reliability of 

the analytical and geomechanical methods as far as 
prediction of discontinuous deformations in that area is 
concerned (Jarczyk, 2007; Matonóg, 2015). This resulted 
from the fact that factors having the strongest influence on 
the discontinuous deformations of the surface consisted of 
variables, which could not be modelled functionally. This 
was due to the occurrence of, e.g. faults, cave-ins of old 
mine drifts, and change of hydrographic conditions within 
the voids. It should be emphasized that numerous data from 
old excavations, dating back to the 18th and 19th century, 
are burdened with a high level of uncertainty. The actual 
geometry of underground excavations and their technical 
condition are unknown. In the case of old coal basins, the 
stratigraphy and tectonics of the rock mass as well as 
hydrographic conditions have been identified relatively well. 
In this case the most optimum solution will lie in selecting a 
modelling method, which would account for qualitative 
variables. For this reason the presented research was based 
on the multicriteria methods 

A. Theoretical Background 
Decision problems are analysed with multicriteria 

methods in numerous fields of science and industry, 
business, political sciences and transport - whenever a large 
number of factors influencing the final result have to be 
managed (Lai et al., 2015; Pan & Zhao, 2015, Pradeep et al., 
2015, Uğurlu, 2015). In recent years, the Earth sciences have 
observed an increasing interest the use of multicriteria 
methods (Erden et al., 2012; Galve et al., 2011; Malinowska 
& Dziarek, 2014; Taheri et al., 2015; Thanh & De Smedt, 
2012; Ying, 2007). One of such methods has been employed 
in the research, i.e. Analytic Hierarchy Process (AHP), 
created by Thomas L. Saaty in 1970 (Saaty, 1970). This 
method was applied by Galve et al. (2011), Jiang et al. 
(2005), Lamelas et al. (2009), Saini et al. (2016), Taheri et 
al. (2015) for evaluating the occurrence hazard of 
discontinuous deformations. The method can be used for a 
cumulative evaluation of a given process or phenomenon, 
basing on many weighted factors. Weights of the variables 
are obtained through the pairwise comparisons, on the basis 
of freely selected features, i.e. size, price, or even a 
subjective evaluation of preferences and satisfaction. An 
adequately prepared scale of preferences is applied for the 
sake of comparison of two selected factors. The scale 
proposed by the author assumes four preference degrees 
(Table 1). 
TABLE 1: CONTINUOUS RATING SCALE FOR PAIRWISE COMPARISON OF THE 

SAATY’S METHOD 

Value	 Important	
9	 Extremely	
7	 Very	strongly	
5	 Strongly	
3	 Moderately	
1	 Equally	

 
A square matrix !×!.is worked out for all potential pairs. 

Diagonally, all elements must be equal to 1 (Fig. 4). 
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FIG 4 - Example of a matrix created with AHP method 

 
Afterward we need to estimate the main eigenvector of 

the matrix with an approximation method. The normalized 
main eigenvector, marked with w, is obtained through the 
averaging of elements located in particular rows: 

 

w = 1
3×

5
21 +

7
31 +

5
13

15
21 +

21
31 +

7
13

1
21 +

3
31 +

1
13

 

 

w =
0,2828
0,6434
0,0738

←
A
B
C

 

 
The sum of all elements in the vector equals to 1. They 

are weights for each 
analysed risk factor. In the presented example, the final 
results are influenced in 28.28 % by the risk factor R1, in 
64.34% by risk factor R2, and only in 7.38% by risk factor 
R3. While approximating the main vector of the matrix, we 
obtain results that are highly similar to those calculated with 
adequate mathematic formulas. This suffices in cases, which 
are analogous to the presented ones. The correctness of the 
presented solution is specified by verification of two 
consistency coefficients: Consistency Index (CI) and 
Consistency Ratio (CR). The former is calculated in 
accordance with the following formula: 
CI = !!!

!!!  (1) 
where:  
n is the number of compared factors.  
This index is necessary for calculation of other 

coefficients, i.e. Consistency Ratio. 
CR = !"

!"  (2) 
where:  
RI means Random Consistency Index (dependent on the 

number of factors n) - it is read from the table created on the 
basis of empirical experiments (Table 2).  

 
TABLE 2: THE RI VALUE IN RELATION TO THE NUMBER OF COMPARED 

FACTORS - N 

n	 3	 4	 5	 6	 7	 8	 9	 10	
RI	 0.58	 0.90	 1.12	 1.24	 1.32	 1.41	 1.45	 1.49	
 
The inconsistency is acceptable if the CR value does not 

exceed 10%. Otherwise, the evaluation needs to be 
corrected, and the calculations process repeated from the 
beginning. 

 

B. Evaluation of discontinuous deformation hazard with 
AHP Method 

The available data were analysed. The following risk 
factors were selected experimentally from the research area 
(Fig. 5). 
 

 
FIG 5 - Raster representation of risk factors 

 
Depth of deposition - DE 

Long-lasting observations prove that the deeper is the 
deposit the lower is the probability that a sinkhole appears 
(Chudek & Kleta, 2008; Jarczyk, 2007; Kowalski, 2005, 
Malinowska & Dziarek, 2014; Zych, 1997). The research 
area covered two beds deposited at small depths. The depth 
of the drifts was 50 to 130 meters. Only deposits localized at 
maximum 100 m of depth were analysed.  

 
Density of drifts - DD 

The research area covered numerous drifts protected with 
wood. Numerous structures from those excavations remain 
in a bad technical condition. In the case of a cave-in in the 
excavations, the void migration process towards the surface 
starts.  

 
Thickness of loose overburden rocks - OT 

Voids generated in beds deposited at greater depths are 
isolated from the ground surface with a higher number of 
geological strata and overburden of loose rocks, making the 
cave-in zone reach the surface less frequently. The physical 
and chemical qualities of the rock mass vary, depending on 
the deposit type, so the risk of deformation is also 
influenced by the type of rocks deposited over the bed. 
Therefore, analogously, the lower is the thickness of 
consolidated rocks and overburden of loose rocks in a given 
place the greater is the possibility that a discontinuity will 
emerge.  

 
Coverage of lot edges of numerous deposits in vertical 
projection - PB 

A complex tectonic structure in the studied area 
necessitates performing extraction works on numerous 
deposits. The varying deposition and tectonic disturbances 
caused that the geometry of the selected lots is similar on the 
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subsequent levels. This caused accumulation of edges of 
mining lots in the vertical plane. The accumulation of edges 
generated additional shear stress, increasing the risk of 
occurrence of a sinkhole.   

 
Height of secondary void - VH 

The size and location of the discontinuous deformation is 
influenced by the height of the original void, i.e. most 
frequently the height of the mining face g and method in 
which the void is liquidated. The studies were related to the 
area, where exploitation ended in the 1950s. Hence, the 
notion of the secondary void has been introduced, where g is 
the original thickness of the void, and a is the percentage of 
its pinching: 
!! = ! ∙ (1 − !)    

 (3) 
 

Surface inclination - SI 
Another analysed factor was the ground surface, more 

precisely the values of height gradients and their spatial 
distribution. Rainwater flows down towards depressions in 
strongly inclined areas. It is accumulated in places, where 
the inclination is equal or close to zero, from which it 
infiltrates the rock mass, taking loose rock material and 
transporting it at greater depths. These are proper conditions 
for the void migration towards the surface, and weakening 
of the overburden structure. 

 
Presence of regular and small shafts - SH 

Inactive shafts and small shafts influence emergence of 
discontinuous deformations, especially in the form of 
funnels. While liquidating vertical excavations, they were 
usually filled up with sand or other loose material. The 
gravitational force and infiltration of water causes 
movement of rock particles inside the rock mass, and filling 
of free spaces located lower than their original location. This 
process leads to gradual formation of a funnel, or a sinkhole 
within the shaft area. When levels No. 207 and 208 were 
mined in the central area, no such advanced methods of 
linings were available, or were not applied at all. 
Discontinuous deformations may also emerge at a certain 
distance from the shaft; therefore each of them is surrounded 
by a buffer with 35m radius, which marks the area of an 
increased risk of discontinuities. 
 

Outcrops - OL 
The disturbed homogeneous structure of the rock mass 

exerts influence on the presence of discontinuous 
deformations on the surface. These are mainly outcrops. The 
analysis was focused only on an outcrop, with a 25-metre 
buffer, covering an area vulnerable to deformations, 
especially of linear character. 

 
Roads - R 

Vibrations caused by traffic play a great role in the 
shallow extraction areas. They increase densification of the 
surface layer and the mechanical suffusion. A state express 
road was running through the analysed region.  

C. Selection of Statistically Significant Risk Factors 
The first stage of the studies lied in selecting statistically 

significant risk factors. For this purpose a correlation 
analysis was carried out between the risk factors mentioned 
above, presented in the raster form, and with the places of 
occurrence of discontinuous deformations. In order to 
compare those factors, each raster was reclassified to a value 
from the scope of 0-1. Standardization was performed on the 
basis of dependence:   

 
!! = !!!!"#

!!"#!!!"#
     (4) 

 
The spatial information about risk factors was used for 

the correlation analysis. The correlation was based on raster 
data, and the correlation coefficients were determined for all 
factors. The correlation of rasters was determined from the 
following formula: 

!"#!" =
!!"!!! !!"!!!!

!!!
!!!     (5) 

Where: 
Z - pixel value 
i, j- strata for respective risk factors, 
µ - average for each stratum, 
N- number of pixels in the raster, 
k - particular pixel in the raster. 
As a result, the variables were identified, within which 

the raster spatial image revealed the strongest correlation 
with the raster distribution of places, where the surface 
discontinuous deformations were observed (Table 3).  

 

TABLE 3: CORRELATION MATRIX OF RISK FACTORS 

 OL SI OT PB DD R DE SH Sinkhole 

OL 1 -0.0198 0.0194 -0.0325 0.4377 -0.0805 0.0685 0.1310 0.0235 

SI -0.0198 1 -0.1548 -0.1138 -0.4026 -0.2362 -0.4547 -0.3229 -0.1097 

OT 0.0194 -0.1548 1 0.0230 0.4014 0.0591 -0.1146 -0.5291 -0.1079 

PB -0.0325 -0.1138 0.0230 1 0.4791 -0.0580 0.1691 0.1152 0.2782 

DD 0.4377 -0.4026 0.4014 0.4791 1 0.1734 -0.3077 -0.1431 -0.2859 

R -0.0805 -0.2362 0.0591 -0.0580 0.1734 1 -0.0857 -0.0312 -0.2326 

DE 0.0685 -0.4547 -0.1146 0.1691 -0.3077 -0.0857 1 -0.1250 -0.1325 

SH 0.1310 -0.3229 -0.5291 0.1152 -0.1431 -0.0312 -0.1250 1 -0.1443 

Sinkhole 0.0235 -0.1097 -0.1079 0.2782 -0.2859 -0.2326 -0.1325 -0.1443 1 
 

The highest value of correlation coefficient was observed 
for excavations edges, drifts, vibrations-induced places 
(road), depth of extraction and places where small shafts 

were drilled. The depth of deposition of beds was excluded 
from the analysis because of its low distribution variability. 
Weighting of weakly-variable factors does not have a 
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significant influence on the final evaluation results in the 
AHP method. 
Further analyses covered: 
• coverage of edges of numerous deposit lots in 

horizontal projection - PB, 
• density of underground drifts - DD, 
• presence of shafts and small shafts - SH, 
• roads – R 

It should be emphasized that the correlation analysis was 
performed for rasters having a very complex distribution of 
these factors, and the correlation coefficient amounting to 
0.2 was accepted as significant.  

D. Specification of significant weights for most important 
risk factors  

According to the assumptions in the AHP method, a 
pairwise comparison matrix was worked out for specified 
significant risk factors (Table 4). 

TABLE 4: MATRIX FOR PAIRWISE COMPARISONS 

 PB	 DD	 R	 SH	

PB	 1	 2	 3	 4	

DD	 0.5	 1	 3	 4	

R	 0.33	 0.33	 1	 2	

SH	 0.25	 0.25	 0.5	 1	

 
The weights ultimately assumed for the risk factors are as 
follows: 
• coverage of edges of numerous deposit lots in 

horizontal projection - PB - 0.45, 
• density of underground drifts - DD - 0.32, 
• roads - R -0.14 

• presence of shafts and small shafts - SH - 0.09, 
 
The calculated indices of the pairwise comparisons 

matrix equal to CI = 0.027, RI = 0.9, CR = 0.03.The 
obtained inconsistency of evaluation amounts to 6.54% and 
is acceptable (less than 10%).  

After reclassification, each raster was multiplied by the 
already calculated weight (in per cents). Eventually, all 
rasters were summed up, and the surface distribution of 
strata hazarded with sinkholes was obtained. The probability 
of emergence of a discontinuous deformation is marked with 
colour intensity. Regions, where the hazard of a sinkhole 
formation is high, are marked in orange and red (Fig. 7).  

The distribution of risk values was identified in the 
studied area (Fig. 6).  

 FIG 6 - Probability distribution of discontinuous deformation occurrence 

 

 

 
FIG 7 - Sinkhole hazard map  
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More than 80% of the ground surface should not be 
hazarded with successive discontinuous deformations.  

The hazarded areas cover only 20% of the analysed area. 
The reliability of the proposed solution was verified. A 
correlation analysis of the output raster (a map of probability 
of discontinuous deformation occurrence) and the raster of 
places, where the discontinuous phenomena were actually 
observed, was performed. The correlation was determined 
only in those places, where the probability value of the 
output raster of a sinkhole occurrence exceeded 70%. The 
correlation coefficient between the selected raster parts was 
0.96129. This is a significantly high correlation, which 
confirms the high efficiency of the presented method. The 
proposed weights and risk factors are correct for the 
presented area.  

Within the zones, where the probability of the sinkhole 
occurrence is high, the construction investments should be 
minimized. The existing objects should be protected against 
the influence of discontinuous deformations.  

IV. SUMMARY 
The presented research was aimed at assessing 

possibilities of predicting discontinuous deformations of the 
ground surface in areas, where the commonly applied 
methods do not bring about satisfactory results. Such a 
situation is observed only when the source of the 
discontinuous phenomena occurrence is very complex. The 
multitude of qualitative and quantitative risk factors 
considerably hinders drawing correct conclusions. In such 
cases, mathematical tools based on soft (multi-criteria) 
methods become useful.  

The research proved that the risk analyses should be 
primarily based on a thorough recognition of the studied 
area. The significance of those factors can be analysed on 
the basis of mining and geological data. The coverage of lot 
edges of numerous deposits in the horizontal projection, 
density of underground mine drifts, vibrations caused by 
traffic, occurrence of shafts and small shafts exerted the 
strongest influence on the probability of sinkhole occurrence 
in the research area. A map of risk of sinkhole appearance 
was based on those variables (Fig. 6). As a result of 
comparison of places of discontinuous deformation 
occurrence, and places with a high probability of a sinkhole 
occurrence, a high level of compliance was found out.  

Although these studies are applicable for local conditions 
present in the analysed area, the proposed approach may be 
also successfully applied in other regions hazarded with 
discontinuous deformations. The proposed solution can be 
used for working out maps of risk of sinkhole occurrence as 
they create bases for the spatial development planning in the 
regions, where shallow mining exploitation was carried out. 
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