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Abstract
Sinkholes forming as a result of loss of stability of shallow voids of natural or anthropogenic origin (mining activity) pose a 
serious hazard to buildings and infrastructure and especially to the inhabitants of the area. The paper presents an example of 
the verification of the author’s mathematical model of forecasting the formation of sinkholes. The verification was performed 
with the use of a computer program for a case that was strictly compliant to the model assumptions. The sinkhole has formed 
above a working located at the depth of 54 m, outside the area of bifurcations or crossings with another gallery. The working 
was not influenced by mining exploitation, which means that the analysed case fully met the assumptions of the adopted 
mathematical model. The calculations of the sinkhole dimensions were also carried out, providing results that correspond 
to the actual conditions. The calculations and the performed analysis have confirmed the usability of the proposed model.

Keywords  Sinkhole hazard · Investment safety

Introduction

Sinkholes constitute a significant hazard to the public safety 
in built-up areas (Brinkmann et al. 2008). Their formation 
may cause collapses of structures and high material losses 
due to the destruction of buildings, roads and railways (Xua 
et al. 2017). The financial costs of dealing with the con-
sequences of sinkholes are often very high. According to 
(Kuniansky et al. 2015), in the years 2006–2010, insurance 
companies in Florida received over 24.5 thousand claims for 
damages due to the formation of sinkholes, for a total sum of 
1.4 billion dollars. One of the most common causes of for-
mation of sinkholes is the collapse of voids which naturally 
occur (karst phenomena) in carbonate rocks (Gutiérrez et al. 
2013). The highest number of such sinkholes is observed in 
the American Florida state (Xiao et al. 2016).

The results of the study (Xiao et al. 2016) indicate the 
relationship between the amount of atmospheric precipita-
tion (and thus the water level in wells, reflecting the water 
level in the rock mass) and the number of newly formed 
sinkholes. The density of occurrence of sinkholes increases 
in a linear manner along with the rate of water being fed to 

the aquifers and the differences in water table levels. The 
authors have decided that it is necessary to gain a better 
knowledge of the correlation between the formation of sink-
holes and the local changes in hydrogeological conditions to 
be able to take up actions aimed at the reduction of the prob-
ability of formation of sinkholes. Although a single sinkhole 
may be considered an event of local significance in terms 
of the scale of the phenomenon, it is of extreme impor-
tance in planning a given investment. The authors have also 
expressed their opinion that the combined effects of climatic 
conditions (atmospheric precipitation) and the urban sprawl 
shall result in the fact that the formation of sinkholes shall 
also constitute a problem in future. This is of significance in 
case of spatial planning.

Various activities are conducted to assess the hazard 
level of sinkhole formation. In the paper by Gutiérrez et al. 
(Gutiérrez et al. 2013), the necessity of multidimensional 
identification of geological conditions in which the sinkholes 
have formed was indicated (field research: speleological 
exploration, boreholes, geomorphological mapping, infor-
mation provided by citizens, historical data). Based on the 
above, the probability of sinkhole formation is estimated, 
assuming that new sinkholes would be formed in conditions 
similar to the ones accompanying the previous formations. 
At a later stage, maps of the areas with a specified sinkhole 
formation probability are developed. Such maps are highly 
useful in preparing land use plans. The design of adequate 
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structures of buildings, protecting them against damage due 
to the formation of sinkholes, has also been considered.

The preparation of maps of usability of sinkhole areas 
for development has also been considered in the paper by 
Bathrellos et al. (Bathrellos et al. 2012). The area of the 
study encompassed the Trikala Prefecture in central Greece, 
while the geological, geomorphological and geographical 
conditions, as well as natural hazards were taken into con-
sideration in the determination of usability. The factors used 
in the analyses were correlated using the AHP method and 
implemented in the GIS system, which allowed for the devel-
opment of maps. Thus, the rational planning of development 
of the area both for residential and industrial buildings as 
well as parks or recreational areas was possible.

Similar factors were also considered when creating maps 
of susceptibility to formation of sinkholes and thus the 
usability for development in the state of Maryland in USA 
(Doctor et al. 2008).

A full list of factors causing the loss of stability of karst 
voids and thus the formation sinkholes in the area of Athens 
may be found in the paper by Papadopoulou-Vrynioti et al. 
(Papadopoulou-Vrynioti et al. 2013). While studying the 
probability of formation of sinkholes, the authors analysed 
natural factors (surface inclination, hydrographic condi-
tions, lithology and tectonics as well as seismic activity) and 
anthropogenic factors (road network, land development). An 
innovative method was proposed, relating the occurrence of 
a sinkhole with the assessment of seismic hazard expressed 
by means of PGA. The factors that contribute to the greatest 
degree to the formation of sinkholes were determined and a 
map of susceptibility of karst formations with a division into 
four classes was developed by applying logistic regression.

Geophysical methods of detecting voids in the rock mass 
have been found to be helpful in the assessment of sink-
hole hazard, which was noted in the paper by Kaufmann 
(Kaufmann 2014). The work by Ezersky et al. (Ezersky et al. 
2013) also exhibited the results of the research aimed at the 
assessment of the sinkhole formation hazard. The research, 
conducted by means of SRFR, ERT and gravimetric meth-
ods, was positively verified by drilling boreholes.

The papers referred to above concerned the hazard level 
of formation of sinkholes due to the collapse of karst cav-
erns—naturally-occurring voids in the rock mass. The 
research encompassed relatively large areas and as such, 
constituted a global approach to the assessment of this haz-
ard. At the same time, it should be noted that the necessity 
to perform small-scale analyses of sinkhole formation haz-
ard has also been indicated (Xiao et al. 2016). An example 
of such an assessment for a single cavern may be found in 
Baryakh and Fedoseev (Baryakh and Fedoseev 2011), in 
which the range of plastic deformations around the cavern 
was determined by means of numerical methods. Subse-
quently, the conditions for the formation of sinkholes were 

formulated in a manner similar to the methods described in 
the paper by Chudek et al. (Chudek et al. 1988).

The causes of formation of sinkholes are not only related 
to natural processes, but also to human activity. The above 
includes, i.a. the leakages of rainwater sewage systems 
(occurring especially during heavy rainfalls). This leads to 
the formation of sinkholes in the area of highways (Mellett 
and MacCarillo 1996) or buildings (Scarborough 1996).

In Upper Silesia, one of the largest functioning coal dis-
tricts in modern Europe, the problem of formation of sink-
holes is connected with the loss of stability of mine shafts 
that were liquidated improperly, and especially in cases of 
loss of stability of shallow workings. In practice, sinkholes 
are most commonly formed in the case of roadway collapses 
(the ones that were not liquidated, left with the timber roof 
support) at the depth of 80–100 m.

Sinkhole formation is related to the main risk factors pro-
vided in the paper by Malinowska and Matonóg (Malinow-
ska and Matonóg 2017): ``depth of mining extractions, den-
sity of underground drifts, thickness of loose overburden, the 
overlapping mining panels’ edges in horizontal projection, 
the height of secondary void, the presence of mining shafts 
and locations exposed to traffic-induced vibrations.’’

The assessment of the risk of formation of sinkholes may 
be difficult for numerous reasons. Due to the uncertainty of 
information, the Chudek–Olaszowski method is often used 
for making predictions. The method allows for defining 
the probability of sinkhole formation (Chudek et al. 1988). 
As in other countries, the analysis is also carried out using 
numerical methods (Strzałkowski and Tomiczek 2015). In 
this paper, the verification of the analytical method of pre-
dicting sinkholes has been shown. The method is based on 
the theory of the pressure arch (Sałustowicz 1958). This 
theory was broadly described in the paper by Strzałkowski 
(Strzałkowski 2015).

Similar to the methods referred above, the presented 
method, its verification and the determination of sinkhole 
dimensions may be used for the assessment of the sinkhole 
formation hazard. Such assessment allows to make correct 
decisions regarding the development of small areas. At 
the same time, it should be stated that analyses conducted 
for smaller areas are inherently more reliable. Using this 
method, a decision may be made whether a building could 
be raised in a given location or the location would serve bet-
ter as a recreation area. Both in view of Polish and foreign 
professional literature, the problem is highly relevant and 
important for public safety.

The goal of the paper was to present and verify the 
deterministic method of forecasting sinkholes while giv-
ing consideration to their dimensions. The method allows 
to unequivocally confirm whether the sinkhole will or will 
not be formed. This is because it was assumed that using the 
probability of sinkhole formation leads to making decisions 
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regarding land development burdened with excessive risk 
or excessive caution.

The methodology used in the paper

The method of using the theory of the pressure arch for the 
purpose of predicting the formation of sinkholes has been 
presented in the paper by Strzałkowski (Strzałkowski 2015). 
The pressure arch is being created when �xmax ⩾ Rr , that is, 
when the stress in the roof of working in the x—σx direction 
is not lower than the rock tensile strength—Rr. In any other 
case, the working remains stable.

According to the solution presented above, the vertical 
cross-section area of the part of the required Pe loosened 
zone (the stripped area in Fig. 1) equals:

where S1 the cross-section area of the upper part of the frac-
ture ellipse (the loosened zone) S
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According to the paper from Strzałkowski (Strzałkowski 
2015), it can be presumed that when a collapse occurs, the 
rocks of the loosened zone move in the direction of the void, 
thus filling the working. Assuming that:

where kr rock loosening coefficient, two cases may be 
distinguished:

•	 when P1 = P2, the void is subject to self-backfilling and the 
rocks from the loosened zone fill it completely;

•	 when P
1
< P

2
 , a secondary void is formed around the top 

of the loosened zone. Its volume equals the subtraction of 
the surface areas P2–P1. When the loosened zone related to 
the secondary void reaches the overburden layer, a sinkhole 
is formed.

The iterative method of determining the dimensions of the 
secondary void and the algorithm (the computer program) that 
allows to determine whether the sinkhole will occur have both 
been presented in the paper by Strzałkowski (Strzałkowski 
2017). The next voids’ shapes were approximated to the shape 
of a rectangle, while maintaining the correct proportions (the 
ratio of the sides of the rectangle) typical for workings (the pri-
mary void). In the paper by Strzałkowski (Strzałkowski 2015), 
formulas for determining sinkhole dimensions were presented, 
assuming that the sinkhole assumes a shape of a truncated 
funnel (with a flat bottom). In the paper by Strzałkowski 
(Strzałkowski 2017), the proposed method was verified, how-
ever, without providing for the prediction of the sinkhole’s 
dimensions. The verification shown herein includes such a 
prediction, because in the considered case the information on 
the lithological section was accessible along with the infor-
mation regarding the cone-shaped sinkhole’s dimensions. The 
calculation of the size of this kind of sinkhole requires using 
adequate formulas. Let us assume that the top of the primary or 
secondary void reaches the top of compact rock mass (Fig. 2). 
Assuming that the void is completely filled with the loose 
rocks of the overburden, the volume of the void equals the 
volume of the cone-shaped sinkhole. Based on the above, the 
following may be assumed:

The surface area of the void:

The surface area of the sinkhole:

where ϕ the angle of internal friction of the loose overbur-
den, wz—the depth of the sinkhole, x = wz tgϕ.

(2)P
e
=

ab(� + 2k) − 6wl

8

(3)
P
1
= P

e
⋅ kr

P
2
= P

e
+ w ⋅ l

(4)Pp = w ⋅ l

(5)Pz = 0.5 ⋅ wz ⋅ (l + 2 ⋅ x) = 0.5 ⋅ wz ⋅ (l + 2 ⋅ wz ⋅ tg�)

Fig. 1   The loosened zone around the void (working) in the rock mass 
(Strzałkowski 2015)
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The depth of the sinkhole can be easily calculated com-
paring the Eqs. (4) and (5), which reduces the problem to 
solving a trinomial square. Of course, only a positive value 
may be considered. The diameter of the sinkhole equals:

The results of applying the model in the case 
in consideration

In approximation, the surface of the subsidence area may 
be considered a horizontal plate located at an elevation of 
220 m a.s.l. The area is not developed and is used as agricul-
tural land—pastures and meadows. No watercourses exist in 
the area. The sinkhole has formed above a ventilation gallery 
that was 3.2 m high and 3.5 m wide, driven at the depth of 
54 m counting from the bottom of the sinkhole. A schematic 
diagram depicting the location of the excavation and of the 
created sinkhole has been presented in Fig. 3. The rock mass 
consisted of an overburden of loose rocks of a total thickness 
of 48 m. The overburden consisted of alternating layers of 
sand, clay, gravel with sand and crumbles of solid rocks. The 
quaternary formations are characterized by a high water con-
tent. Under the overburden, a marl layer was present exhibit-
ing reduced strength parameters, due to the watering of the 
rock mass. The marls were of Neogene origin. No cracking 
network has formed in the rock mass, as no mining exploita-
tion was conducted within the area. The lithological section 
of the rock mass has been presented in Fig. 4. As a result of 
the loss of stability of the ventilation gallery’s roof support, 
a cone-shaped sinkhole was formed. The dimensions of the 
sinkhole were as follows: the diameter was 6.0 m and the 
depth was 3.0 m. The time of its formation was relatively 
short—it took as little as around 2 h. The sinkhole appeared 

(6)d = l + 2 ⋅ x in an agricultural area, and thus no tragic results followed. It 
should be noted that no mining works were being performed 
in the area of the ventilation gallery.

Fig. 2   Schematic drawing used for calculating the size of the cone-
shaped sinkhole

Fig. 3   Schematic diagram of the location of workings and the sink-
hole, 1—stowing borehole, 2—ventilation gallery, 3—sinkhole

Fig. 4   The lithological section of the rock mass, 1—sand, 2—sandy 
loam, 3—gravel, 4—gravel with admixture of sand, 5—marl
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The computer program described in the paper by 
Strzałkowski (Strzałkowski 2017) was used for the calcu-
lations. The following values characterising the rock mass 
were assumed (Chudek 2010; Kidybiński 1982):

•	 tensile strength of the overburden layers Rr = 0 MPa,
•	 tensile strength of the marl layers Rr = 0.4 MPa,
•	 bulk density of the soft rocks γ = 0.027 MPa/m
•	 bulk density of the marl γ = 0.025 MPa/m
•	 the factor of rock loosening for marl kr = 1.05
•	 angle of internal friction of the overburden layers ϕ = 23°.

The calculation results are presented in Fig. 5, exhibiting 
the working and the secondary voids that were formed as a 
result of stability loss. The dimensions and the location have 
also been depicted.

Based on the calculations, it may be assumed that the 
base of the shallowest secondary void (the last one that 
occurred before the sinkhole has formed) was at the depth 
of 51.31 m and the height of the void was 3.07 m. Thus, the 

top of the void was 0.24 m below the top of the marl layer. 
The length of the vertical half-axis of the fracture zone was 
2.61 m—Fig. 6. It may be assumed, using a slight simplifica-
tion, that loose rocks were capable of filling the void of the 
height reduced by 0.24 m, which resulted from the thickness 
of marl laying above the top of the secondary void. Assum-
ing that the top of the secondary void was at the height of 
2.83 m (3.07–0.24 m), reaching the top of the marl layer, it 
may be calculated—using Eqs. (3) and (4)—that the dimen-
sions of the sinkhole are as follows:

depth of the sinkhole wz = 3.15 m, diameter of the sink-
hole d = 6.03 m.

The results of the calculations were fully compatible with 
the actual observations.

Conclusion

An example of verification of a mathematical model of 
predicting the formation of sinkholes has been presented 
in this paper. This model is based on the assumption that an 
ellipse-shaped pressure arch appears around the void. The 

Fig. 5   The location and dimensions of the primary void (working) 
and the secondary voids, 1—loose overburden, 2—compact rock 
mass

Fig. 6   Location of the last void causing the creation of a sinkhole, 
1—loose overburden, 2—compact rock mass
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calculations were performed and analysed for the selected 
case of sinkhole formation. The calculations were performed 
using a computer program operating based on the assump-
tion of the model that was being verified. The sinkhole has 
formed above a working located at the depth of 54 m, out-
side any area of bifurcation or crossing with another gal-
lery. The working was not influenced by any ongoing exploi-
tation, which means that the analysed case fully met the 
assumptions of the adopted mathematical model. As part of 
the study, calculations of dimensions of the sinkhole were 
performed for the first time. The results fully corresponded 
to the actual dimensions of the deformation. The performed 
analysis has proven the usefulness of the proposed model.
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