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A COMPREHENSIVE REVIEW OF SINKHOLE MODELING AND PREDICTION METHODS

This article presents a comprehensive overview of the problem of sinkholes in mining and post-mining
areas. It analyzes the key causes and mechanisms behind sinkhole formation, taking into account both
natural factors and those resulting from human activity. Special attention is given to modeling methods
and risk forecasting of sinkhole occurrence, based on a review of current scientific literature and the
latest technological advancements, including advanced analytical techniques, numerical modeling and
machine learning methods. The aim of this study is to expand both theoretical and practical understanding
of sinkhole processes and to support the development of effective risk management strategies in regions
affected by intensive mining activities.
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1. Introduction

Sinkholes are among the most significant geomechanical and geotechnical hazards, mani-
festing as a disruption of ground continuity and the sudden collapse of the land surface. These
phenomena occurs both naturally and as a result of human activity (anthropogenic sinkholes).
Natural causes are primarily associated with the presence of carbonate rocks such as limestone
and dolomite, which are highly susceptible to karstification processes. Over time, these rocks
gradually dissolve due to chemical interactions with groundwater, leading to the formation of
underground voids and cavities. As these cavities expand and weaken the overlying material, the
ground becomes increasingly unstable, making it more prone to sudden collapse [1]. Triggering
factors are often linked to groundwater circulation, which causes erosion in the sediments above
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cavity-bearing layers. For instance, fluctuations in the phreatic level due to pumping can intensify
the local hydraulic gradient, while rainfall contributes to erosion both during infiltration and by
sustaining underground water flows [2].

Anthropogenic sinkholes, on the other hand, are formed as a result of intensive underground
extraction of mineral resources, which leads to significant disruption of the original structure
of the rock mass, disturbances in hydrogeological conditions, and serious changes in the stress
and strain state within the rock mass. A key factor predisposing the formation of sinkholes
is the presence of shallow underground excavations. Over time, and under the influence of
changing boundary conditions, these excavations lose stability, leading to the collapse of the
overlying rock layers. As a result, the void created by the collapse of rocks into the excavation
gradually migrates toward the surface, causing successive collapses of the higher-lying layers.
The emergence of discontinuous surface deformation depends on specific geometric conditions.
If the height of the collapse zone /. reaches or exceeds the depth of the excavation H, or in the
case of loose overburden layers at the surface, exceeds the difference between the excavation
depth and the thickness of the loose overburden, discontinuous surface deformations will appear.
Furthermore, if the combined height of the collapse zone and the fracture zone (4, + hy) > H,
the resulting discontinuous deformations may be both surface-related and linear in nature. The
type of deformation that forms depends on the size of the underground excavation as well as the
type, physical-mechanical properties, and thickness of the soil layers overlying the excavation.

The causes of anthropogenic sinkhole formation are diverse, but they are always associated
with shallow mining operations. The most significant triggering factors include:

» conducting mining operations at shallow depths or in fault zones with outcrops located

close to the surface,

 collapse of old, shallow gallery excavations,

 activation of old, unsealed or improperly sealed mining shafts and winzes,

» overlapping edges of mining operations carried out simultaneously in multiple seams,

« fires in remnants of seams located at shallow depths,

* activation of secondary voids in the rock mass formed as a result of suffusion processes

and other related phenomena.

The factors listed above are among the main causes of sinkhole formation; however, it is
also important to consider the conditions that significantly accelerate the development of sinkhole
processes, referred to as predisposing factors. These are primarily related to changes in soil and
groundwater conditions, such as:

* the rise of mine water levels in areas of flooded mines, which leads to changes in the
stress state of the rock mass and a decrease in the strength of rocks surrounding shallow
underground workings,

* heavy rainfall leading to changes in rock properties and an increase in pore pressure,
which can ultimately result in collapse and the formation of a sinkhole,

* active subsurface erosion caused by concentrated water inflow, which washes out material
and alters the properties of rocks/soil in the immediate vicinity of underground workings.

The scientific literature presents numerous examples of sinkholes forming above or near ac-
tive and abandoned mining sites [3-12]. Additionally, sinkholes can develop when loose fill soils
or rock masses are disrupted by other human activities, such as metro or pipeline construction
[13-16]. Some also form due to changes in natural water-drainage patterns and the introduction of
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artificial water diversion systems such as water pumping stations. Furthermore failures in water
supply infrastructure can cause uncontrolled water leakage into the subsoil and consequently
accelerate subsurface erosion [2,4,17-20]

Sinkholes pose a significant threat to human life, infrastructure, and various activities, par-
ticularly in areas prone to their formation, as they can emerge suddenly and cause severe dam-
age. The fact that sinkholes originate underground and often appear without warning makes risk
mitigation and urban planning especially challenging. Predicting the exact timing and location
of a sinkhole remains extremely difficult. Although certain factors can increase the likelihood
of sinkhole formation to varying degrees, providing an early warning for an imminent collapse
remains a complex task [21,22].

2. Initial observations on the impact of various factors
on sinkhole formation

Observations conducted in two mining regions in Poland [23] showed that the majority of
recorded sinkholes occurred where the overburden thickness ranged between 0 and 25 meters.
The influence of overburden thickness on the number of sinkholes () was described using the
following function:

ny = 17.05 - exp(~0.012A,) (1)

where: 4, — thickness of loose overburden, m.

Whereas formula 2 illustrates the correlation between the thickness of the soil layers and
the diameter of the sinkholes (d;):

dy =253 hd? 2

As the thickness of the loose overburden increases, the probability of sinkhole occurrence
decreases. When the overburden thickness is between 25 m and 70 m, sinkholes may occur oc-
casionally; however, their diameters tend to increase (up to the critical thickness of 70 m). This
increase is explained by the internal friction angle of the soil and the presence of quicksand layers
within thicker overburden.

Similar statistical relationships were developed by Chudek Arkuszewski and Olaszowski
[24] based on a large number of recorded and selected sinkholes. Their findings show that as
many as 91.2% of sinkholes occur for workings located at depths ranging from 4 to 70 meters.

In 1980, Hunt [25] presented a diagram illustrating the conditions for the formation of sink-
holes and continuous deformation, depending on the depth of the void and the ratio of the thick-
ness of soil layers (%,) to the total overburden thickness (H) (Fig. 1). As shown in the diagram,
sinkholes formed under conditions where the initial depth of the collapsed mining excavations
did not exceed 50 meters, and the (%4,/H) ratio ranged from 0.1 to 1.1. Another study conducted
in the South-Eastern mining region of Kotma [26] found that sinkholes primarily occurred for
underground excavation depths up to 35 meters, with an (4,,/H) ratio between 0.15 and 0.30. The
likelihood of sinkhole formation decreases with an increasing (4,,/H) ratio.
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Fig. 1. The relationship between the ratio of soil thickness to the thickness of overburden rock depending
on the depth of the excavation [25]

Matheson and Eckert-Clift [27] assumed that if the ratio of overburden thickness to the
height of the underground excavation (g) is less than 5, there is a high probability of sinkhole
occurrence. Wheras, Statham and Treharne [28] demonstrated that 90% of all sinkholes occur
when (H/g) <6.

The presented studies on the critical values of the 4,/H and H/g ratios show significant
discrepancies. These are related to differences in the test sites, which vary in terms of the depths
of underground excavations, as well as in geological, soil, and hydrogeological conditions.

3. Sinkhole modeling methods

Predicting sinkhole formation requires advanced modeling approaches that can capture the
complex geological, hydrological, and geotechnical factors involved. Various modeling meth-
ods have been proposed in the literature, ranging from empirical approaches based on observed
relationships, to numerical models that simulate subsurface processes, and machine learning
techniques that handle large datasets to identify patterns and predict future occurrences. Each of
these methods has its own advantages and limitations, depending on data availability, computa-
tional requirements, and the specific characteristics of the study area.

3.1. Empirical and analytical methods

Empirical methods allow for a relatively simple representation of the relationships between
selected indicators that form the basis for assessing the likelihood of sinkhole occurrence on
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the ground surface. This approach is based on the assumption that the carboniferous rock mass,
in which the analyzed excavation is located, is characterized by constant values of bulk density
and Poisson’s ratio, as well as low tensile strength of the surrounding rocks. Additionally, it is as-
sumed that the Carboniferous rock is overlain by a homogeneous layer of loose overburden
(soil), which is characterized by a constant internal friction angle. As a result of the collapse of
the void formed in the rock mass directly above the caved mining excavation and at a certain
height above it, a collapse zone develops, consisting of displaced and detached rock blocks. If the
depth of the excavation is sufficient, a fracture zone also forms above the collapse zone, where
the rocks are intersected by numerous horizontal and lateral cracks. The issue of determining
the height of these zones has been the subject of intensive scientific research for decades, dating
back to the early 20th century (e.g., the work of Bierbaumer, [29]). Over the years, empirical
formulas have been repeatedly modified depending on the mining exploitation method used
or the quality of the rock mass. A summary of these relationships is presented, among others,
in the work of Tajdu$ [30]. However, the approaches presented to date mainly refer to areas
of large-scale mining operations, not to individual, isolated excavations such as drifts or their
intersections.

The issue of the loss of stability in drift excavations has been the subject of detailed ana-
lytical studies conducted by accomplished researchers such as Cymbariewicz, Protodiakonov,
Satustowicz or Terzaghi. They attempted to provide a theoretical description of the destruction
zone surrounding underground drifts, allowing for an approximate determination of their height
and shape. The results of their studies are presented in detail in the publication by Tajdu$ et al. [31].
However, these approaches also did not account for the impact of the lithological variations of
the overburden or the geometry of the excavation on the mechanism of sinkhole formation. These
aspects were partially considered by other authors who — by introducing certain simplifications
—undertook analytical attempts to estimate the probability of sinkhole occurrence at the surface.

In 1974, the Sachs-Zakolski-Skinderowicz [32] method was introduced. This approach is
initially based on the Cymbariewicz method, which defines the so-called ‘extend of void move-
ment towards the surface of compacted layers’, and subsequently calculates the radius of the
unsupported portion of the roof of the compacted formations (Fig. 2):

3)
where:
r, — radius of the unsupported part of the roof in compacted rocks,
R, — rafhus of the primary vmq (spherical in shape) representing the advancing void,
h, — thickness of the unconsolidated overburden,
a — vertical extent of void propagation, determined using the formula:
2R
a= p “)
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where:
i — rock cohesiveness index,
@ — internal friction angle of the collapsing rocks.

X

Fig. 2. Sinkhole formation model by Sachs, Skinderowicz, and Zakolski [32]

The function describing a sinkhole in consolidated formations takes the form of a bell-shaped
curve (Fig. 2) and can be defined by the following formula:

olx)=2 "\/_\/223 P [ ] \/—\/:23 ©

Another method for calculating the sinkhole process was presented by Janusz & Jarosz [33].
This model is based on the pressure arch theory, assuming that the tensile strength of rocks in the
rock mass is close to zero. This assumption leads to the formation of a zone of relaxed rock in
the shape of an ellipse above the void, where the rock material fractures, loosens, and falls to the
bottom, forming an accumulated debris. The pressure arch supports the overlying rocks within
the zone of initial stresses. A secondary void forms above the collapse, and the arch above it takes
a shape similar to an elliptical dome. Assuming the horizontal semi-axes are equal, the ellipsoid
becomes a rotational ellipsoid with a vertical axis ¢ and a vertical semi-axis equal to L/2. The
ratio of these axes remains constant under the given conditions:

n=S_2¢ (6)
a
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The value of n depends on the properties and condition of the rock mass:
— for compacted rocks (R, > 0):

n=p2(1—2V)+R,(1—v) @)
2y

— for rocks with very low tensile strength, (R, = 0):

1-2v
n= 8
» ®)
— for heavily fractured rocks. (R, = 0):
p=17V ©)
v

where: v — poisson’s ratio of the rocks in the caving zone

It is assumed that with an increase in the width of the void, the height of the pressure arch
and the height of the collapse deposit increase, which leads to the formation of secondary voids.
The volume of the secondary void can be calculated using a formula derived from the rock mass
balance, which, after transformation, takes the following form:

v, =Ld2g—(k,—1)%&@)—1{%}} (10)

where:
g — height of the excavation,
L, — length of the excavation,
k. — rock loosening coefficient in the caving zone,
h — thickness of the compact rock layers above the void.

P(Zz)=3c222 —z§; 2z, :h+(§j; for czh+(§j

3
plE =3cz(£j—(§j ; 2, =¢; for c<h+(§j
2 2 2 2

In the above formula, a crucial but difficult to determine parameter is the loosening coef-
ficient k,. The value of this coefficient, as determined by various researchers, is presented in the
work of Tajdus [30]. However, since this coefficient depends on many factors such as moisture
content, grain size, overburden pressure, and the physico-mechanical and chemical properties
of the rocks, it is recommended — when assessing the possibility of sinkhole occurrence — to
adopt a “worst-case” value that approximately accounts for the consolidation process of rocks in
the collapse debris. It should be noted that, according to Staron’s study [34], the rock loosening
coefficient also depends on the compaction time, and there is a likelihood that, with sufficiently
prolonged pressure, the value of %, = 1.0.

Sachs [35,36] provided a formula for determining the critical depth of mine workings
(measured from the roof of the excavation), for which a sinkhole will not form on the surface:
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» for a drift excavation

2 L}
Hkr:hn—i_Rpi. H g-Ld-i-L (11)
0.81Ju—1\7 2u
+ for a post-exploitation void
L L66u-1 gJu a2

T L66u—2 0.813 i -1

where:
H — depth of the excavation roof,
1 — Protodiakonov rock strength coefficient.

Another researcher who attempted to asses the possibility of sinkhole formation was Fenk
[37]. Based on observations of discontinuous deformations, he determined the probability of
sinkhole occurrence in unconsolidated rock mass above old lignite mine goafs and drifts within
those goafs:

P=exp{~[0.08(#-15)+0.208, + 0177 ]} (13)

where:
P — probability of sinkhole occurrence,
h;, — thickness of the immediate roof,
h," — thickness of the thickest solid layer in the unconsolidated rock mass.

Chudek et al. [24] adopted the principle that the probability of discontinuous surface defor-
mation depends on the value of the z-index, which defines the ratio of the depth of the collapsed
excavation relative to the roof of the compacted rock mass to the height of the excavation (g):

_H-h,
g

(14)

z

In 1996, Goszcz [38], based on the theory of ‘arch pressure,” developed a model of the
sinkhole formation process related to a void migrating towards the ground surface until complete
self-filling occurs. In his assumptions, the author considered that the volume of the rock mass
subject to collapse takes the shape of a pyramid with a square base, and that the rock mass in the
collapse zone increases in volume by a loosening factor (k,). By adopting simplifications —namely,
the horizontal excavation alignment and assuming the angle of collapse infill into the excavation
equals the internal friction angle (p) — a simple relationship is obtained to determine the height
of the void’s span:

o ?a(g2 cot¢7+g'L>

T L) (>

It should be noted that Goszcz’s assumption of a pyramidal shape for the collapse zone
is incorrect. Moreover, the weathering process in the upper part of the pyramid is less intense,
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and there is also an additional effect of rock fragment wedging. This means that the actual
height of the secondary void in the rock mass should be smaller than the one calculated using
the formulas above.

In the work Subsidence: Occurrence, Prediction and Control, the authors Whittaker and
Reddish [39], assuming a uniform rock density and minor changes in the bulk modulus of the
fragmented rock (V) in the collapse zone resulting from the increasing load on the rock frag-
ments, defined a relationship for the volume of rock affected by the collapse (16).

V= kD’ (16)

where: D — diameter of the void, m.

Then, by comparing the volume of the rock mass affected by the collapse with the volume
of empty space in the excavation filled with the collapse debris, the authors presented a formula
for the radius of the sinkhole at the ground surface:

R = L-g-(2g-cotaz+L)
o m-h, (k-1)

)

where: a, — Slope angle of the collapse debris in the excavation (angle of repose of collapsed rocks).

Based on studies conducted by Whittaker and Reddish [39], sinkholes tend to form within
a period of 3 to 10 years after the collapse occurs above the intersection of underground excava-
tions. However, both Polish and German experiences indicate that this period can be significantly
longer — reaching up to 70 or even, in some cases, 100 years after finishing mining operations
in shallow workings. Changes in hydrogeological conditions can significantly shorten this time
and greatly intensify the sinkhole formation process [5].

In 2014, as a result of work conducted by researchers at IMG PAN [40], a series of models
was developed to estimate the size of sinkholes on the ground surface for various configurations
of underground mine workings. The starting point was the method proposed by Whittaker and
Reddish [39]. Assuming a loss of stability of the underground excavation, the volume of the
primary void responsible for sinkhole formation was calculated for four basic configurations of
excavations (where w = gl):

* For the full intersection of two perpendicular excavations: V, = w(2gcota + L),

s . 3
+ For a partial intersection: V,=0 Sgcotat L,
» For a longitudinal excavation: V,=w(gcota + L),
. 1
* For a dead-end excavation: V,= a)(E geota+ L].

The formulas presented above can be modified and adapted to any layout of mine workings.
For example, for an assumed arrangement of excavations (Fig. 3) and assuming that the radius of
the sinkhole (R,) is equal to the radius of the collapse cylinder in the rock mass (R), the formula
takes the following approximate form:
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Fig. 3. Modified method for calculating the volume of the primary void causing sinkhole formation [40]

From the volume balance condition, a formula is derived for the height of the collapse neces-
sary to completely fill the volume V), and the cylindrical volume with height 4, in a loosened state:

h = di (19)
* R (K, -1)

. . . . . L
In the case of a collapse occurring at a full intersection of excavations (assuming R = 5)
the value obtained is:

h, = 4—g-[2§cota +1)
m(k. 1) UL 20)

As mentioned in the previous chapter, the occurrence of a sinkhole on the surface is pos-
sible when condition 4, > H or h, > SF is met (SF — safety factor, which in global literature

is commonly suggested to be of 1.3, however Tajdus$ and Sroka [41] are recommending adopting
avalue of 1.65). By applying the above methods and from the equilibrium condition, it is possible
to determine the maximum depth of the sinkhole (in the case where the condition /, > H is met).

S. =4—g(2§cota+1)—(k,—1)H @1)

V4 L

It is important to remember that when determining the sinkhole depth (S.), the value of the
rock loosening factor &, decreases as a result of re-consolidation, which leads to an increase in
the sinkhole depth.

The presented solution [42] applies only to “chimney-type” sinkholes and does not account
for the further process of losing slope stability. Additionally, the k, value refers to the entire
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collapse process, which in reality is related to the geological structure of the analyzed area and
may progress through both rock layers and soil layers. Therefore, for individual cases, the ratio
h,/H should be determined, and based on this ratio, the post-reconsolidation value of the factor
should be adjusted accordingly.

3.2. Numerical modeling

Numerical modeling is a computational technique used to simulate physical phenomena by
solving mathematical equations that describe their behavior. It works by discretizing a system
into smaller elements or grids, applying governing equations (e.g., stress-strain relationships,
fluid flow), and using iterative calculations to predict how the system evolves under various
conditions. It has been widely used to analyze sinkhole formation and cavity stability across
various geological settings, employing diverse computational approaches to capture different
failure mechanisms.

Scientific literature provides several examples of numerical modeling applied to sinkhole
formation, helping to analyze soil behavior, stress redistribution, and groundwater effects. Au-
garde et al. [43] explored the stability of submerged cavities using finite-element limit analysis,
providing improved load parameter estimates compared to analytical solutions. It highlights the
effectiveness of numerical methods in refining cavity collapse predictions under undrained con-
ditions. Similarly, Shiau and Hassan [44], applied the shear strength reduction method (SSRM)
using FLAC software to study sinkhole failure mechanisms in clay-rich soils, demonstrating
strong soil arching effects and variations in surface failure extent depending on cavity geometry.
Both studies emphasize the importance of failure mode analysis and load-bearing capacity as-
sessment in predicting collapse events.

Scotto Di Santolo et al. [ 12] investigated sinkhole formation in the mining-affected hinterland
of Naples, Italy, combining parametric analysis, borehole data, and numerical modeling with
FLAC 2D. The study identified key stability factors, including rock strength, water infiltration,
and cave geometry, revealing that elevated moisture levels significantly reduce structural integrity.
The findings underscore the necessity of integrating hydrogeological factors into stability assess-
ments. A concept also reflected in study conducted by Luu et al. [45], which applies a coupled
hydromechanical model (LBM-DEM) to simulate the role of flooding in triggering collapses. This
research differentiates between dropout and subsidence sinkholes, identifying erosion regimes
influenced by hydraulic pressure and soil cohesion, ultimately demonstrating a linear relationship
between collapse width and overlying soil height. These findings reinforce the significance of
water-induced weakening as a critical precursor to sinkhole formation.

Sainsbury et al. [10] focused on large-scale mine subsidence modeling, using historical
monitoring data to validate numerical simulations of cave propagation. The study confirms that
hydraulic fracturing plays an important role in facilitating gravity-driven failure, with subsid-
ence behavior strongly influenced by pre-existing fault structures. The results showcase the
importance of back-analysis techniques for calibrating numerical models and optimizing predic-
tive accuracy, a concept also explored by Baric and Kovacevic Zelic [46]. This study examines
earthquake-induced sinkholes in Croatia using PLAXIS 2D and FLAC simulations, showing that
soil strength and cavity shape significantly impact failure modes. Notably, non-circular caverns
experience higher vertical displacements due to altered stress distributions, while brittle clays
are more prone to tension cut-off failure. Another study from the Ghor Al-Haditha sinkhole site
in Jordan reveals that weak interlayers accelerate failure, particularly in stratified deposits [47]
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An integrated geophysical approach is presented by Scigata et al. [8], which combines
electrical resistivity tomography (ERT) with FLAC 3D modeling to assess sinkhole hazards
in Poland’s Upper Silesian Coal Basin. The study demonstrates that ERT effectively detects
subsurface voids, while numerical modeling refines the assessment of potential collapse zones.
This hybrid methodology enhances risk evaluation, suggesting that forward numerical modeling
serves as a valuable complement to geophysical surveys. Across all of studies, a common limi-
tation is the simplification of soil and rock behavior, with several [12,45,46] emphasizing the
need for more advanced constitutive models that account for coupled volumetric deformation
and strain-softening effects. Furthermore, the role of water table fluctuations, hydraulic forces,
and multi-physics interactions remains a challenge in achieving fully predictive models.

Some studies compare numerical modeling with small-scale physical models to investigate
sinkhole formation and soil behavior. Soliman et al. [48] examines cover-collapse sinkholes in
Central Florida through physical and numerical methods. A small-scale physical model simulates
cavity propagation due to a fracture at the boundary between two aquifers, showing an inverted
triangular cavity growth until collapse. A numerical model replicates this shape to analyze stress
redistribution, seepage forces, and stability under different groundwater conditions. Results high-
light the role of soil arching, increased stress at cavity corners, and the influence of groundwater
levels and cavity shape on stability. Caudron et al. [49] explored soil-structure interactions during
sinkhole formation using a coupled numerical approach (FLAC2D and PFC2D) and validates
it against a small-scale experimental model. The study finds that the numerical simulation bet-
ter captures the overall settlement trough volume and predicts settlement and slope values more
accurately than semi-empirical methods.

Overall, these studies underscore the growing reliance on numerical modeling techniques,
from finite-element and finite-difference methods to discrete element and hydromechanical
coupling approaches, in understanding sinkhole mechanisms. While numerical models provide
essential insights into cavity stability and failure propagation, the integration of field data, labora-
tory testing, and advanced constitutive modeling remains critical for enhancing their predictive
capabilities.

3.3. Machine Learning

Machine learning is transforming engineering research by enabling data-driven insights and
predictive modeling in complex geotechnical problems. In the context of sinkhole prediction,
ML algorithms can analyze large amounts of data collected from various monitoring techniques,
such as GPR, InSAR and in-situ sensors, to detect patterns and identify early warning signs of
potential collapse. By learning from historical data, these models can improve prediction accu-
racy and provide risk assessments. Research literature includes several successful applications of
machine learning in sinkhole prediction, demonstrating its effectiveness in analyzing geospatial
and geotechnical data to identify high-risk areas.

3.3.1. Classic Machine learning applications

Several studies emphasize the importance of high-resolution LiDAR data in identifying
potential sinkhole depressions. Zhu et al. [50] applied six machine learning models — logistic
regression, naive Bayes, neural networks, random forests, RUSBoost, and support vector ma-
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chines — on a dataset of 22,884 records, achieving strong classification performance with AUC
values exceeding 0.87. The neural network model stood out, attaining an AUC of 0.95 and
a testing accuracy of 85%. A novel two-step approach integrating machine learning predictions
with manual visual inspection significantly reduced the need for exhaustive manual verification.
Similarly, Zhu and Pierskalla [51] utilized a random forest classifier trained on LiDAR-extracted
depressions in Kentucky, employing 11 morphometric and environmental variables to differenti-
ate sinkholes from other depressions. A weighted approach improved classification accuracy to
89.95% in the training dataset, though performance declined to 73.96% when applied to a different
geological setting, showing the limitations of model generalizability. A LiDAR-based machine
learning approach have also been successfully applied in identifying sinkholes in in the Nixa
Karst Plain in Missouri [52]. The study incorporated adaptive filtering, watershed segmentation,
and a random forest classifier. Depth and area were found to be the most influential features,
leading to 87.9% accuracy.

The integration of hydrogeological parameters has also been crucial for improving sinkhole
susceptibility modeling. Kim et al. [53] developed a sinkhole hazard map for East Central Florida
using an artificial neural network trained on seven hydrogeological variables, such as hydraulic
head difference, groundwater recharge rate, and soil permeability. The study demonstrated that
regions with thick overburden layers tend to produce larger sinkholes, aligning with known
geological behaviors. In contrast, Taheri et al. [54] investigated sinkhole formation in Hamadan
Province, Iran, using Bayesian classifiers (Bayes net, naive Bayes, Bayesian logistic regression)
and logistic regression. The study incorporated ten conditioning factors, including groundwa-
ter exploitation, bedrock lithology, and fault density, ultimately finding that Bayesian models
outperformed traditional statistical approaches in modeling complex, multi-factorial sinkhole
susceptibility. Additionally, a study by Bianchini et al. [55] applied the MaxEnt (Maximum En-
tropy) machine learning model to assess sinkhole susceptibility and risk in the Guidonia-Bagni di
Tivoli plain, Italy. Using eight environmental factors, including lithology, land use, groundwater
levels, and InSAR-derived ground deformation data, the study identified lithology, travertine
thickness, and fault proximity as the most influential contributors. The research further integrated
geo-topographical cadastral records to produce a risk classification map, revealing that high-risk
zones corresponded to urbanized areas with extensive groundwater extraction and structural loads.

Beyond topographic and hydrogeological data, remote sensing techniques such as InSAR
have been explored for sinkhole monitoring followed by machine learning evaluation. Nefeslio-
glu et al. [56] combined InSAR-based deformation analysis with an artificial neural network
to assess sinkhole susceptibility in Turkey, particularly in areas planned for high-speed railway
construction. The model leveraged nine months of ground displacement data from Sentinel-1A
and 1B satellites alongside six topographic parameters, revealing strong correlations between
high-deformation zones and sinkhole-prone areas. This study shows the potential of integrating
remote sensing data with machine learning models for large-scale, long-term sinkhole monitoring.

A common theme across these studies is the selection of influential predictive variables.
While morphometric parameters such as depth, volume, and shape complexity [52] consist-
ently rank as important, the inclusion of environmental and anthropogenic factors has enhanced
model performance. For instance, Zhu and Pierskalla [51] identified land-use, berm slope, and
bottom roughness as critical factors in sinkhole classification, while Taheri et al. [54] found that
groundwater-related parameters such as water level decline and deep well penetration signifi-
cantly contributed to susceptibility assessments. Similarly, Bianchini et al. [55] emphasized the
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importance of land-use activities such as quarrying and urban expansion in sinkhole susceptibility,
demonstrating that continuous urbanization can intensify collapse mechanisms due to increased
structural loads and groundwater exploitation.

Despite their advancements, machine learning-based sinkhole models face limitations,
primarily related to transferability and validation. Miao et al. [52] highlighted challenges in de-
tecting embryonic sinkholes, as these features often lack well-defined topographic signatures.
Some reported decreased accuracy when applying trained models to new regions with differing
geological conditions, emphasizing the need for site-specific calibration [50,51]. Moreover, they
acknowledged that machine learning cannot fully replace manual verification; instead, it should
be used to prioritize areas for further investigation, thereby reducing time and labor costs. Like-
wise, the MaxEnt study in Italy [55] encountered challenges in integrating hydrogeological data,
particularly due to incomplete records on groundwater wells and aquifer properties. The research
further noted the limitations of InSAR in detecting rapid sinkhole formation events.

3.3.2. Deep Learning Models for sinkhole detection from images

Machine learning, and especially deep learning, has been widely explored in research for
extracting information and detecting sinkholes from remote sensing images. Traditional meth-
ods rely on manually defined features, while deep learning approaches, such as convolutional
neural networks (CNNs), automatically learn spatial patterns from image data. For instance,
Alrabayah et al. [57] employed a U-Net model trained on high-resolution drone orthophotos
and later fine-tuned using satellite imagery, achieving high recall (96.79% for drone images,
92.06% for satellite images). The transition from high-resolution local data to lower-resolution
satellite imagery showcases the model’s adaptability, although resolution differences introduce
some precision loss. Similarly, Rafique et al. [58] applied a U-Net to segment sinkholes in digital
elevation models (DEMs), finding that DEM gradient images with Gaussian normalization yield
the highest accuracy, while aerial imagery alone is ineffective.

For subsurface sinkhole detection, GPR data has been processed using deep learning to
enhance classification accuracy. Kang et al. [59] introduces UcNet, which integrates CNN-based
classification with super-resolution (SR) image generation and phase analysis to refine cavity
detection. The super-resolution step improves feature distinction, minimizing confusion with
gravel, and ultimately reduces misclassification errors in urban environments. The importance
of image preprocessing is also highlighted by Lee et al. [60] and Vu et al. [61], which focus on
UAV-mounted thermal infrared (IR) imaging. Two-stage CNN system combines U-Net for se-
mantic segmentation with MobileNet v3 for classification, tracking sinkholes in real-time with
an loU (intersection over union) of 88% [61]. Meanwhile, Lee et al. [60] employs an ensemble
of CNN and Boosted Random Forest (BRF) classifiers, leveraging thermal anomaly patterns to
improve detection accuracy. The study confirms that both CNN-extracted and handcrafted fea-
tures contribute significantly to classification, particularly in varying environmental conditions.

Despite these advances, several limitations persist across these methods. The dependency
on high-quality training data remains a challenge [57], where manual annotation introduces sub-
jectivity. Vu et al. [61] acknowledge that real-world sinkholes exhibit greater variability than the
artificial sinkholes used for training in their study. Additionally, resolution constraints in lower-
quality satellite imagery [57] and unstable video input in UAV-based detection [61] impact ac-
curacy. Lastly, factors influencing detection performance vary across modalities — DEM gradient
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data proved essential in elevation-based models [58], while temperature contrast and seasonal
effects influenced thermal imaging methods [60]. Despite these challenges, the integration of
deep learning with diverse data sources continues to enhance sinkhole detection and monitoring,
supporting more scalable and automated hazard assessment frameworks.

4. Disscussion

In the presented approaches to forecasting sinkholes in post-mining areas, clear differences
can be observed in their capabilities, scope of application, and limitations. These differences
primarily stem from varying theoretical assumptions, the complexity of the models, and the re-
quirements for data availability. Analytical methods, based on simplified geometries of collapse
zones and homogeneous materials, are primarily used as preliminary assessment tools. Their
greatest advantage lies in their relatively low computational demand and procedural transpar-
ency: an engineer can quickly estimate the potential sinkhole extent and its basic parameters
using explicit equations and simple geometric-mechanical relationships. In practice, this means
such methods can be applied in the early phases of design or site monitoring when only partial
geotechnical data is available. On the other hand, the assumptions made in analytical models
— such as isotropy and homogeneity of the rock-soil medium and the simplified shape of the
collapse zone (e.g., conical or hemispherical) — limit their usefulness for precise predictions in
complex geological conditions, where strong heterogeneity, stratification, anisotropy, and local
irregularities of mining excavations occur.

Numerical methods, in contrast, allow for the inclusion of a wide range of physico-mechanical
factors, such as various rock and soil layers, fractures, variability in water saturation, or nonlin-
ear material behavior. Developing a model requires both a physical representation — selecting
key parameters of the geological and mining structure — and a mathematical description, which
involves choosing suitable brittle-plastic criteria (such as the Coulomb-Mohr theory or clay plas-
ticity models) as well as parameters of elasticity or viscosity. Two-dimensional simulations found
in the literature, typically based on elasto-plastic models, have shown that numerical methods
allow tracking the initiation of the collapse zone, its propagation, and potential “chimneying”
within the overburden. This enables the analysis of how changes in loading, excavation geometry,
or hydrogeological conditions affect deformation development. However, in practice, applying
these tools on a regional scale encounters significant difficulties. Firstly, the computational cost
of three-dimensional analyses becomes very high, and the need for multiple simulation runs
makes quick decision-making challenging. Secondly, the requirement for precise calibration of
material parameters over large areas is nearly impossible to meet due to the natural heterogeneity
and anisotropy of the rock mass — physico-mechanical tests conducted at one point often do not
reflect conditions several dozen of meters away. Finally, the complexity of numerical models
necessitates a compromise between detail and computational stability, requiring high expertise
from engineering and geomechanics teams.

In recent years, growing interest has been placed in machine learning methods, which, thanks
to advanced algorithms, can detect hidden relationships in large geotechnical and mining data-
sets. Neural networks, random forests, or support vector machines allow efficient processing of
dozens or even hundreds of input variables — from rock strength parameters and excavation depth
to geometry characteristics and exploitation history. After the training phase, these models can
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promptly estimate the probability of sinkhole occurrence at any point in the study area, making
them attractive tools for continuous monitoring and rapid response. However, the quality of such
forecasts depends heavily on the availability of representative and well-structured datasets — gaps
in geotechnical measurements, scattered laboratory samples, or inconsistent historical records
can lead to inaccurate predictions and reduced prediction capability. Moreover, many ML algo-
rithms operate as “black boxes” — although they provide accurate predictions, it is often difficult
to determine which factors influenced the final decision and how, which limits their acceptance
in engineering environments where transparency and verifiability are critical.

Considering the mentioned strengths and weaknesses, there is a growing need for the de-
velopment of hybrid approaches that combine the advantages of several techniques. In practice,
a well-structured hybrid workflow could begin with quick analytical assessments to define po-
tentially hazardous areas based on simple geometric and mechanical assumptions. These initial
results can assist in targeted data collection and the development of detailed numerical models.
In the second stage, numerical modeling can simulate stress distribution and collapse propagation
under various geological and hydrogeological conditions, providing potential scenarios for col-
lapse zone development and synthetic datasets for difficult to monitor scenarios. These outputs,
alongside historical and monitoring data, can then serve as training input for machine learning
algorithms. The role of ML would be to generalize patterns learned from simulations and real-
world cases, enabling predictions in areas where either numerical modeling is computationally
infeasible or monitoring data is incomplete. Additionally, interpretability techniques like SHAP
(SHapley Additive exPlanations) or LIME (Local Interpretable Model-Agnostic Explanations) can
enhance trust in ML predictions, presenting insight into the contribution of individual features.
Such a hybrid strategy could not only improve forecasting accuracy but also offers a framework
to address some of the known gaps highlighted in individual modeling approaches. For instance,
limitations in analytical and numerical methods — such as simplified constitutive assumptions
or the challenge of modeling dynamic water table conditions — could be partially mitigated by
integrating more flexible data-driven models. Such strategy provides a scalable framework adapt-
able to various geological and mining conditions.

In addition to the established methodologies discussed in this review, it is worth briefly noting
the growing relevance of emerging technologies in the context of sinkhole prediction. Advances
in deep learning, have shown great promise in recognizing complex spatial and temporal patterns
from large and unstructured datasets. These methods could enable more accurate and automated
forecasting models, especially when integrated with time-series data from long-term monitoring.
Simultaneously, developments in advanced remote sensing techniques — such as high-resolution
InSAR, hyperspectral imaging, and drone-based photogrammetry — offer increasingly detailed,
spatially continuous information on ground deformation and subsurface changes. The integration
of such methods into predictive workflows may significantly enhance early-warning capabilities
and support more proactive risk mitigation strategies in post-mining areas.

5. Conclusion

The issue of forecasting the occurrence of sinkholes in post-mining areas is one of the most
challenging problems in engineering geomechanics, combining the randomness of the process
with complex geological and mining interactions. This article emphasizes that regardless of the
chosen forecasting method — whether analytical, numerical, or based on machine learning — the
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key factor is a thorough initial assessment of local conditions. In practice, this requires detailed
mining investigations, supplemented by in situ analyses of the mechanical and hydrogeological
properties of rocks and soils. Only on the basis of reliable data is it possible to properly adjust
numerical models that account for heterogeneity, anisotropy, and the nonlinear behavior of rock
material under the influence of underground mining.

The analyses show that analytical methods are highly effective in the initial phase of risk
assessment, offering quick and transparent estimates of the collapse zone extent with minimal data
requirements. However, their geometric simplifications and assumptions of medium homogeneity
limit their accuracy under real-world conditions, where geological structures are often complex and
irregular. Numerical simulations, on the other hand, enable modeling of the complex mechanisms
behind the formation and development of collapse zones but require significant computational
resources and precise parameters obtained from an extensive range of field and laboratory studies.
Machine learning methods are gaining importance due to their ability to process large datasets
and rapidly generate risk forecasts for many locations simultaneously. However, their effective-
ness largely depends on the quality and integrity of the training datasets, and the “black box”
nature of some algorithms raises concerns about transparency and interpretability of results in
engineering contexts. The authors emphasize that no single approach provides a comprehensive
solution. Each method should be seen as a complementary tool: analytical algorithms serve
to preliminarily identify high-risk areas, numerical simulations provide detailed information on
stress distribution and potential collapse mechanisms, and ML models — trained on data from
simulations and field monitoring — enable rapid forecasting for new scenarios.

Moreover, the systematic development and unification of geotechnical and mining databases,
as well as the implementation of long-term field monitoring programs, are of utmost importance.
Such an approach will not only support the continuous improvement of algorithms and models
but also enable real-world validation of forecasting accuracy. This, in turn, will facilitate the
development of effective, reliable, and economically justified predictive tools adjusted to the
diverse geological and mining conditions of post-mining areas.
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