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Abstract

Subsidence-induced surface instabilities, such as vertical sharp steps in the topography
(known as ‘drempels’ in Dutch), subsidence, and sinkholes, can severely impact infra-
structure and public safety. These surface displacements features have been observed
during and immediately after coal mining in the South Limburg province of the Nether-
lands. In this study, a numerical framework for modelling large deformation processes,
namely the material point method (MPM)), is applied to investigate the underlying mech-
anisms driving the formation of these complex surface features during coal seam excava-
tion. The modelling of this study focuses on a case study from Heerlen, South Limburg,
where a shopping centre in the 't Loon area partially collapsed due to the development
of a sinkhole. Different seam configurations and excavation procedures are tested to as-
sess their influence on the magnitude and spatial distribution of ground deformation.
The MPM simulations demonstrate a clear connection between the observed deforma-
tion patterns and the early longwall mining processes. Modelled stress and strain con-
centrations coincide with the observed locations of both drempels and the sinkhole at
the ground surface. Furthermore, additional insights were obtained. For example, the
direction of seam excavation was found to contribute significantly to the overall distri-
bution of deformations, with larger deformations occurring near the starting position
and decreasing towards the end excavation. In contrast, reducing the seam dip angle
further amplified the deformations, regardless of the excavation direction, with horizon-
tal seams producing more pronounced effects. These behaviours arise in the absence of
geological heterogeneities, indicating that operational configuration alone can predis-
pose sites to the development of surface anomalies. This set of results demonstrates that
specific mining and excavation configurations can trigger distinct surface deformation
features at predictable locations. The study highlights the potential of MPM to capture
the complex mechanisms driving mine collapse and ground subsidence, offering both
improved understanding and a means to identify vulnerable areas for post-mining geo-
hazard assessment based on subsurface configurations.

Introduction

Longwall mining is a coal extraction technique that originated in the late 17th century,
when it was known as the Shropshire method (Mangal, 2013). Between 1910 and the
late 1940s, numerous mechanical advancements occurred in both the United States
and Europe, culminating in the development of modern mechanised longwall mining
in the early 1950s (Berryann & Voelker, 2005; Peng et al., 2019). This technique involves
excavating a coal seam along rectangular blocks, known as longwall panels, which
typically range from several hundreds of metres to a few kilometres in length and are
generally 200-300 metres wide. Coal is extracted from the working face and trans-
ported to the surface. The roof immediately behind the working face is temporarily
supported to provide a safe working environment for miners. As the coal face and
supports gradually advance along the length of the mining panel, the support for the
overlying rocks behind the coal face is removed, leading to the collapse of the rock
into the void, referred to as ‘goaf’ or ‘gob’ (Figure 1). Some methods, such as roof
bolting (Peng, 2015) and backfilling techniques (Zha et al., 2011), are applied both
during and after excavation to control and reduce the effects of roof collapse.
Nevertheless, some degree of collapse and the subsequent compaction of the exca-
vated void generally remain unavoidable. The collapse of the mine causes
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Figure 1. Change of permeability due to mine collapse and ground deformation (e.g.
Khanal et al., 2019).

deformation of the overlying strata, which manifests over
both short- and long-term periods (Dudek et al., 2022).
Although mine collapse can be considered the principal cause
of surface deformation, additional hydro-mechanical processes
also play an important role. In particular, underground
exploitation requires prior dewatering of the rock mass and
connected aquifer systems, leading to a reduction in pore pres-
sure, an increase in effective stress, and the consequent com-
paction of the aquifer system (Guzy & Witkowski, 2021). As a
result, the surface deformation observed represents the super-
position of two processes: direct mining-related subsidence
and compaction induced by groundwater depletion. However,
these processes may occur at markedly different magnitudes,
with mining-induced subsidence typically reaching the order
of metres, whereas compaction due to groundwater depletion
is generally limited to centimetre-scale displacements.

During the deformation, the permeability of the underground
strata also increases due to the formation of fractures and
pathways, enabling easier water flow (Figure 1). In the short
term, subsidence caused by the successive removal of hydraulic
supports and the collapse of the mine roof can lead to the
formation of drempels (vertical sharp steps in the topography).
Over longer periods, even long after mining activities have
ceased, uplift may occur due to the recovery of groundwater
levels (Malinowska et al., 2020). Finally, in extreme cases,
groundwater inflow into an already fractured and mechanically
weakened rock mass may enhance suffusion processes, leading
to the development of sinkholes (Pan et al., 2018; Walczak et al.,
2025; Xiao et al., 2018). This process can take many years to
fully manifest and have been observed all around the world
(e.g. Bell et al., 2000; Vervoort, 2020; Zhao & Konietzky, 2021).

These local deformation processes can result in significant
differential displacements over short distances, potentially
causing severe damage to infrastructure and buildings.
Therefore, anticipating the development of such deformation
processes in connection to longwall mining activities is
critical. This article aims to demonstrate that the observed
drempels and ground subsidence are a direct consequence of
early longwall mining processes. To investigate this, a large-
deformation numerical framework is implemented, namely
the Material Point Method (MPM). This study explores

https://doi.org/10.70712/NJG.v105.13381

J.L. Gonzélez Acosta et al.

whether the observed spatial distribution of the sinkhole and
associated drempels at 't Loon can be reproduced numerically.
In particular, the excavation direction and seam dip angle are
examined to determine their role in the magnitude and
distribution of the ground deformations.

This investigation focuses on a case study in Heerlen, South
Limburg, where a shopping centre collapsed due to the
formation of a sinkhole. Firstly, an overview of the historical
and recent mining context in South Limburg is provided. This
is followed by a concise explanation of the MPM framework.
Finally, the results are presented, illustrating a strong
correlation between the numerical findings and the observed
ground anomalies.

Case history

Coal mining in the Netherlands has a rich history dating back to
the 11th century in South Limburg (Figure 2a), and has evolved
significantly over the centuries (Vis et al., 2020). Initially, coal
was extracted using simple (and sometimes rudimentary) meth-
ods. However, by the end of the 19th century, technological
advancements allowed the efficient extraction of coal at depths
up to 1100 metres. Major development efforts in the Limburg
coal field during the late 19th and early 20th centuries resulted in
substantial increases in coal production. In 1974, all Dutch mines
were closed primarily due to the large-scale adoption of natural
gas as an alternative energy source (de Jong, 2004). Following the
closure of the mines, distinct land surface changes have been
observed. During the mining period, these changes manifested
as subsidence, while in the post-mining period, uplift occurred
due to the increase in water pressure following the flooding of
the mines and the cessation of pumping activities (Caro Cuenca
et al,, 2013; Vis et al., 2020). These ground movements have
caused significant damage to infrastructure and buildings in the
surrounding areas. Moreover, such effects are expected to con-
tinue for decades to come, as mine water levels are still rising
and have not yet reached equilibrium.

One of the most striking examples of post-mining ground
instability occurred in late 2011, in the city of Heerlen, South
Limburg. Between the end of August and early December
2011, cracks began to appear in several structural elements
of the 't Loon shopping centre. In December 2011, a sinkhole
formed, ultimately causing the collapse of the structure.

Extensive investigations revealed that the shopping centre
was located above an old mine excavated during the 50s
(Figure 2b). It was theorised that the event was triggered by
the washing away of fine particles due to the rising water
table, combined with the formation of fractures and cavities
resulting from early coal mining activities. More detailed
information on the technology used to investigate the
subsidence and a precursor signal to sinkhole formation can
be found in a study by Chang and Hanssen (2014).

Numerical investigation
The MPM

The MPM is a numerical technique that originated in the
1990s and was developed to simulate large deformation
problems considering solid materials (Sulsky et al., 1994,
1995). Over the years, the method has evolved into a robust
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Figure 3. MPM solution steps. (a) nodal solution, (b) mesh deformation, and (c) mesh reset (after Gonzalez Acosta et al., 2024).

tool and is now widely used to analyse a broad range of geo-
technical problems (Abe et al., 2014; Gonzalez Acosta et al.,
2021; Sotowski & Sloan, 2015; Zhao et al., 2022). Furthermore,
MPM has been successfully applied in the analyses of long-
wall mining, capturing the unique characteristics of mine
behaviour during excavation (Xia et al., 2024; Zhang et al.,
2024; Zhou et al., 2023b).

The principles of MPM are analogous to those of standard
finite element method (FEM). Figure 3 illustrates these
principles, where the red dots depict the material points
(analogous to Gauss integration points in FEM) and the grey
area represents the discretised body. Initially, material
properties are mapped to the mesh nodes (Figure 3a), after
which the equilibrium equations are solved at the nodes,
resulting in mesh deformation (Figure 3b). A key distinction,
however, is that the mesh used for solving the equilibrium
equations is not essential for the geometric discretisation of
the analysed body. This allows the mesh to be reset to its
initial position after each time step, thereby avoiding mesh
distortion and preventing the accumulation of deformation
(Figure 3c).
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Since MPM is based on the standard FEM formulation, the
equations of mass and momentum conservation in MPM are as
follows:

dp
4 V =0 1
LA (1)

pa=V-c+pb (2
where p is the mass density, v is the velocity vector, t is the
time, a is the acceleration vector, ¢ is the Cauchy stress
tensor, b is the body force (gravity), and V- denotes the
divergence vector. Furthermore, supplementing these
previous equations, stress-strain laws are considered as
follows:

de (Vv+VvT)At 3)

L
2

do =Dde 4)
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where & represents the strain increment vector, V is the
gradient operator, and D is the material elastic matrix. Then,
considering FEM discretisation procedures, these equations
can be formulated in matrix notation as follows:

Ma +Kii = F& —F™ (5)
where
nmp
M=prN(xp)Wp|J| (©6)
p=1
nmp
K=2BT(XP)DB(XP)WP | (7
p=1
nmp
mezjzppgN(xp)m@|J| (8)
p=1
nmp
Firt =Zch(xp)Wp | )
p=1

where nmp is the number of material points in the computa-
tional domain, p is the material point index, M, K, F** and F*
are the mass, stiffness, external force, and internal forces matri-
ces, respectively, a and @ are the vectors of nodal acceleration
and displacement, respectively, N and B are the shape func-
tion and strain-displacement matrices, respectively, W is the
material point weight, and J is the Jacobian. Finally, by con-
sidering Newmark’s constant average acceleration time inte-
gration formulation (Newmark, 1959), Equation 5 can be
expressed in its implicit scheme formulation as follows:

KAu = F* —F™ _Fkin (10)
where
K=K+4-2 (11)
At
N
Fhin — (4112_"_ t] (12)
At At
FitAr :4_ﬁt_7_t_§t (13)
At2 At
—t
A %_Vt (14)

where V is the vector of nodal velocities, m is analogous
to M, and At is the time increment. These governing equations
are the same as those used in FEM and MPM. However, because
material points (which serve a role analogous to Gauss
points in FEM) move through the mesh, enhancements to the
standard MPM formulation are required to preserve accuracy.
Details of these enhancements, as well as the specific MPM
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implementation used in this investigation, can be found in
Gonziélez Acosta (2020) and Gonzalez Acosta et al. (2020). Note
that this implementation has been developed in an in-house
framework coded in FORTRAN, with the constitutive integra-
tion following the implicit return mapping approach described
in a study by de Souza Neto et al. (2008).

Case study settings and boundary conditions

To investigate the deformation processes that led to the for-
mation of drempels and the sinkhole at the 't Loon site, a
numerical model was developed using historical mining
records and subsurface exploration data. The model was
refined to incorporate site-specific geological and structural
conditions based on findings from underground investiga-
tions and archived documentation. Figure 4 illustrates the
urban area surrounding the 't Loon building, the location of
the underground mine, and the approximated position of the
observed superficial irregularities, including the drempels
and the sinkhole. Figure 5 presents the soil stratification
based on data from the borehole indicated in Figure 4. The
stratigraphy comprises a sand stratum measuring 55 m, a
limestone layer of 25 m, and a claystone layer of 31 m.

Based on the approximated mine position and its depth
shown in Figures 4 and 5, Figure 6 has been created, where the
geometry used to perform the numerical simulations is
delineated. The domain configuration is defined by a horizontal
distance of 438 m, from which 138 m corresponds to the width of
the excavated seam. The coal seam is modelled as 4 m high, with
a dip angle of approximately 9.5° (n = -0.166), with the left and
right edges located at a depth of 85 m and 108 m, respectively.
Note that the original coal layer height is smaller, approximately
1 metre; however, to avoid small-scale problems, specifically
those associated with computational limitations, and facilitate
the collapse of the gallery, the height was increased to 4 metres.
The approximated position of the 't Loon centrum (A — A’) is at
40 m (to the left) and 33 m (to the right) of point B corresponding
to the starting point of the excavated seam, and the sinkhole
position is at 25 m (to the right) of point B. Regarding the material

N

---------- Observed drempels
+  Mine depth w.r.t. NAP (in m) %
Coal mine
@ Sinkhole
@® Borehole

Advancement

A/ direction

50 25 0 50 meters
N N

Figure 4. Distribution of the urban area around 'T Loon shopping mall, mine seam,
sinkhole, drempels and borehole at the 't Loon site.
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Figure 5. Underground stratification at the 't Loon site from borehole data.
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Figure 6. Updated model considering borehole, mine dipping and urban map (not
to scale). Sinkhole has been estimated to be (horizontally) 25 m away from the mine
top edge.

properties, Figure 7 shows the vertical distribution of the elastic
modulus E derived from a cone penetration test (CPT), and
unconfined compressive strength (UCS) tests. To define the
material strength, the Mohr-Coulomb constitutive description
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Figure 7. Approximated elastic modulus E (in red) based on CPT exploration (Robert-
son & Cabal, 2022), and UCS tests, where /_is the soil index, g_are the CPT lectures and
o, is the underground vertical stress.

has been considered, and the values of friction (¢) and cohesion
are shown in Figure 8. Note that the full procedure for deriving
E and ¢ can be found in Robertson and Cabal (2022) and Kulhawy
and Mayne (1990), respectively.

Regarding the numerical boundary conditions of the model,
the external boundaries (left, right, and bottom) are defined as
rollers, allowing only tangential displacements along the
boundaries while restraining normal displacements. The
background mesh used for the analysis is constructed with
square elements measuring 2 x 2 m, initially containing four
material points per element. In all analysis, the excavation is
simulated by removing portions of 4 m of material points from
the computational domain at each step (Figure 9), where each
step consist of a period of 5 seconds, and the time discretisation
is of At =0.005 s.

Results

This section is divided into two parts. The first part presents the
results of the problem described in the previous section, referred
to as the base case. Additionally, two base case scenarios are ana-
lysed: the excavation from B to B’ (top-to-bottom) and from B’ to
B (bottom-to-top) to evaluate the impact of the excavation direc-
tion on ground deformation. The second part, referred to as the
sensitivity analyses, consists of simulating the excavation con-
sidering different dip angles of the seam, aiming to better under-
stand the influence of the dip angle on the ground deformation.
These results summarise the performed tests into the mining
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configuration factors influencing ground deformation, thereby
enhancing our understanding of the process.

Base case: influence of mining direction

Figure 10 illustrates the vertical displacement after the mine
has been fully excavated. As shown, the excavation direction
significantly influences the results. Excavating from top-to-
bottom produces substantial vertical deformation (Figure 10a),
whereas excavation from bottom-to-top results in smaller verti-
cal deformation by approximately 20% less vertical deforma-
tion (Figure 10b). The most notable aspect of this figure is that

a) b)

40 -

60 3

Depth (m)

80 -

100 3

120 : 1 " )
25 30 35 1 100

¢(kPa) Cohesion (kPa)

Figure 8. Strength properties as function of depth. (a) friction angle estimated using
¢ =176+ 11log (g~0,) (Kulhawy & Mayne, 1990), and (b) cohesion estimated from
UCS lectures.

10000

Step 1

—_—

Figure 9. Excavation procedure steps (not to scale).
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the estimated position of the sinkhole and observed drempels
lie within the fracture zone (i.e. triangular zone prone to
increased permeability) indicated in Figure 1. This conclusion
is further supported by Figure 11, which shows the horizontal
strains after excavation. Here, it is more evident that the maxi-
mum strains, developed at point B and the extent to the ground
surface, encompass the area where the drempels and the sink-
hole are located. Similar to Figure 10, when the excavation
starts from the top (Figure 1la), a distinct concentration of
strains is observed. In contrast, when excavation starts from the
bottom, the strains appear more diffuse (Figure 11b).

Figure 12 summarises the various ground surface outcomes
resulting from the mining process. Each subfigure highlights a
distinct feature associated with the observed drempels and
sinkhole. The subsidence and horizontal displacement figures
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Figure 10. Vertical displacement of the dipping mine considering an excavation from
(a) top to bottom, and from (b) bottom to top.
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Figure 11. Horizontal strains of the dipping mine considering an excavation from (a)

top to bottom, and from (b) bottom to top.
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(Figure 12a and b) indicate that the anomalies are located where
ground movement begins rather than where the movements
are more significant. This observation is more evident in
Figure 12c and d, where the strains clearly depict significant
amplifications at the location of the anomalies. Notably, the
sinkhole is situated at the point of maximum vertical positive
strains, indicating vertical stretching of the ground. Conversely,
the drempels are located at the points of maximum horizontal
positive strains, reflecting horizontal stretching of the ground.
Additionally, the drempels and the sinkhole are enclosed
within the area of high shear strains (Figure 12e).

It is important to observe that, although the formation of the
gob is not directly represented in the numerical model, the
vertical displacement of the mine roof and its eventual contact
with the floor serves as an approximation of the stabilising
influence typically provided by the collapsed material.

Senisitivity analyses: influence of the dipping angle

A series of analyses were conducted to quantify the magni-
tude of ground vertical displacements as a function of the
dipping angle. The slope values chosen for the analysis are
m =-0.166 (9.5°) (Figure 13a), -0.10 (5.7°) (Figure 13b), -0.05
(2.8°) (Figure 13c), and 0.0 (Figure 13d). It should be noticed
that these results, along with subsequent findings, are based
solely on the top-to-bottom excavation framework, as this
approach produces greater amplification of surface irregu-
larities. The analyses show that the slope of the excavated
mine has a significant effect on the maximum vertical
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displacement. As the slope m decreases, the maximum ver-
tical displacements increase, a trend also reported by Luo
(2015). In this specific case, the ratio between the maximum
subsidence (5 ) when m is = -0.166 and m is = 0 is approxi-
mately 8, =0.66 3 ... Similarly, the lateral extent (LD) of
vertical deformation increases as the slope decreases. This is
more evident in Figure 14, where the lateral extension of the
vertical deformation is highlighted by a yellow triangle. In
this case, the ratio between the lateral extension (8, ) when
m is =0.166 and 0 is approximately &, = 0.63 8, . The
correlation between the mine slope and the draw angle a,
which describes the vertical distribution of lateral deforma-
tion, is shown in Figure 15. This nearly linear correlation
can be expressed as: o = -1.1781m + 30.551.

Figure 16 illustrates the horizontal strains as a function
of the dipping angle. Consistent with the results shown in
Figure 13, a reduction in m leads to an increase in the
magnitude of the horizontal strains. In Figure 16a and b,
the positive strains developed at the right-side mine edge
exhibit a narrow vertical distribution. However, in Figure
16c and d, the reduction of the dipping angle broadens the
width of the shear stress distribution. Additionally, the
shear strains do not follow a purely vertical pattern but
instead adopt a curved trajectory, increasing the area of the
ground surface influenced by the strains.

Figure 17 and Table 1 provide a summary of the results,
specifically the ground surface features, as a function of the
slope m. Figure 17a and b show that as m reduces, the
amplitude and extent of the vertical and horizontal
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Figure 13. Vertical displacement considering a changing slope m of the excavated
mine equal to (a) -0.166 (9.5°), (b) -0.10 (5.7°), (c) =0.05 (2.8°), and (d) 0.0.
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Figure 14. Lateral extension (LD) of the vertical deformation and angle (o) created
in function of the mine slope m, where the slope considered are (a) -0.166 (9.5°),
(b) =0.10 (5.7°), (c) -0.05 (2.8°), and (d) 0.0.
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Table 1. A summary of surface ground irregularities in function of the mine slope m.

Slope m Max. 3, (m) Max. 3,, (m) Max. g (-) Max. g, (-) Max. g, (-) LD (m) a (%)
—0.16 —0.83 0.53 0.016 0.014 0.0018 30.9 20
-0.10 -1.05 0.55 0.017 0.014 0.0016 37.9 23
—0.05 -1.23 0.69 0.021 0.018 0.0020 44.0 27
0.0 —-1.24 0.77 0.022 0.019 0.0032 48.9 31
displacements increase substantially, with significant begins. Although a reduction in m decreases the spread of plastic

displacement amplitudes observed at the approximate
sinkhole location. Although these two figures do not clearly
indicate the presence of drempels, Figure 17c and d provide
stronger evidence. This is demonstrated by the pronounced
strains at the locations of the drempels. Since strains
represent accumulated changes in dimension per unit length,
pronounced strains over a short length may indicate the
presence of characteristic vertical sharp steps, or drempels.
Furthermore, this observation is reinforced in Figure 17e,
where the shear strains display even sharper amplifications
at the same location.

Finally, Figure 18 shows the distribution of the plastic strain
invariant as a function of m, which is computed as (2/3 &' fe"/)*°
where ¢/'is the plastic strain tensor. This metric is used to identify
the regions where plasticity, and therefore failure, is more
prominent. This analysis focuses on the worst-case scenario,
namely the top-to-bottom excavation. In all cases, plastic strains
are concentrated at the corner of the seam where the excavation
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strains across the domain, higher m values concentrate larger
plastic strains at the seam corner, forming a vertical band that
almost reaches the ground surface when m is = —0.166 (Figure
18a). Notably, it is only for m = -0.166 that the plastic strains
nearly reaches the surface, coinciding with the location of the
observed drempels and the subsequent sinkhole. These
observations help to explain the asymmetry in subsidence
profiles, particularly in the horizontal case. The extensive
development of plastic strains at the start of the excavation results
in more pronounced and widespread deformations above the
initial excavation point. As the excavation progresses, the
reduction in plastic strains along the direction of advance leads to
smaller subsidence magnitudes towards the end of the excavation.
This suggests that, in the presence of plastic deformations,
subsidence is generally larger above the starting point than above
the end point, unless modified by boundary conditions. In
addition, plastic strains also concentrate at the interface between
the sand and limestone layers (Figure 18b, ¢ and d), which may
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Figure 18. Accumulated plastic strain invariant considering a slope m of the excavated mine equal to (a) —0.166, (b) —0.10, (c) —0.05, and (d) 0.0.

lead to the formation of voids. These voids can enable material
flow and potentially triggering the sinkhole.

Discussion
Comparison with literature

The numerical results show patterns consistent with those
reported in historical longwall mining cases and previous
numerical studies. The simulated evolution of the ground
settlement profile during excavation is consistent with observa-
tions from historical, field measured, case studies (National
Coal Board, 1975; Sasaoka et al., 2015; Zhou et al., 2023a) and
with results obtained from other numerical frameworks (Li
et al., 2022; Zhang et al., 2022). The draw angle (a) obtained
from different geometrical configurations also matches values
reported in previous studies (e.g. Karmis et al, 1982;
Strzatkowski, 2021). In addition, the stresses redistribution pat-
terns near the seam boundaries during excavation and in the
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final configuration agree with those estimated analytically (Li
etal., 2019; Suchowerska et al., 2013) and numerically (Du et al.,
2020; Zhang et al., 2016).

Although fracturing and material migration were not
explicitly modelled, as demonstrated in other MPM studies of
longwall mining (e.g. Zhou et al, 2023b), the present
implementation was nevertheless sufficient to reproduce the
observed deformations at the 't Loon location. In particular,
the position of the observed drempels and the emergence of the
sinkhole align spatially with the zones of maximum deformation
and strain concentration. These findings support the conclusion
that the MPM is robust enough to simulate and improve the
understanding of longwall mining mechanisms.

New insights from the simulations

Beyond reproducing well-established subsidence mechanisms,
the simulations provided new insights that have not been
widely reported in subsidence research. The results showed
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that excavation direction controls both the magnitude and
localisation of deformation, with asymmetric settlement
troughs forming and higher strain accumulation near the start-
ing side. Excavating from top-to-bottom generated approxi-
mately 20% greater vertical displacement than from
bottom-to-top, with deformation zones concentrated above the
initial levels of advance. These asymmetries correspond to
higher strain accumulation near the starting panel edge, a
mechanism not widely documented in empirical subsidence
frameworks. One possible explanation for this limited docu-
mentation is the assumption that most mining operations pro-
gress from the deepest coal seams to the shallowest, taking
advantage of gravity to facilitate coal extraction. However, sev-
eral mining maps from the Limburg coal district indicate that
this was not always the case. Historical mining maps suggest
that the excavation direction varied among different seams.

In addition, reducing the dip angle consistently amplified
both vertical and LD of deformation, with horizontal seams
producing the strongest deformation response. These findings
extend empirical observations of subsidence by demonstrating
that excavation configurations can systematically influence the
development of surface anomalies such as drempels and
sinkholes.

Limitations of the investigation

Despite the strong correlation between the numerical results
and the observed ground features, drempels and sinkholes,
further refinements are necessary to fully reproduce their
geometries and formation mechanisms in the simulations. To
addpress this limitation, four key enhancements are proposed to
improve the accuracy of MPM simulations in modelling long-
wall mining and the formation of drempels and sinkholes:

e Element discretisation: The size of the background mesh is
a critical factor in simulating geomechanical processes such
as mine collapse, drempels, and sinkholes. Coarse meshes
may suppress shear localisation and underestimate defor-
mation magnitudes leading to inaccurate results (Beuth et
al., 2008; Ma et al., 2005). A mesh with sufficient geometric
resolution is therefore essential for representing these fea-
tures. However, the use of finer meshes is directly linked to
computational cost, making them often infeasible in large-
scale simulations. This problem was also encountered in
this study, where a mesh size had to be chosen that was
small enough to capture deformation patterns but large
enough to ensure computational feasibility.

e Constitutive model: The choice of constitutive model
strongly influences the representation of soil failure and the
resulting distribution of shear stresses and strains. The
standard Mohr-Coulomb criterion, used in this research,
cannot fully capture soil behaviour such as hardening and
unloading (Obrzud, 2010). Advanced constitutive formula-
tions, such as those developed in Gonzalez Acosta et al.
(2024), can improve simulations by representing brittle
fracture processes, that are common in mine collapses, and
therefore scaling the amplitude of the deformations. These
models also reduce mesh dependence effects (Gonzalez
Acosta & Madnica, 2024), leading to a more realistic rep-
resentation of failure paths. Although not included in this
study, adopting such models would enhance the predictive
power of MPM in post-mining environments.
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e Time-stepping and numerical phasing: This study
showed that excavation direction greatly influences
deformation during mine collapse. In a dynamic formu-
lation, however, the phasing of excavation (i.e. the time
between excavation steps) combined with the chosen
time step also plays a critical role, as it can either sup-
press or accelerate the accumulation of plastic deforma-
tions. This aspect was not explored here due to
computational limitations and has rarely been addressed
in other studies, yet it is important to consider in future
work to better understand the full range of simulation
outcomes.

e Validation with levelling measurements at the time of the
mining: Levelling measurements were carried out during
the mining period. Comparing the magnitude of the mod-
elled strains with such measurements is crucial, as it allows
validation of the model against real data. However, these
measurements are only available in paper archives, making
it impossible to extract them within the timeframe of this
study.

There are several additional aspects of the model that could
lead to different results, including material properties, the loca-
tion of the boundary conditions, alternative loading conditions,
and the use of other frameworks such as a hydro-mechanical
MPM. Exploring all aspects simultaneously was beyond the
scope of this study due to computational complexity, primarily
due to the extremely large numerical effort required to explore
them in detail. Nevertheless, future research is encouraged to
examine these conditions further in order to advance the under-
standing of numerical modelling in the context of longwall
mining problems.

Conclusions

This study has demonstrated the effectiveness of the MPM in
simulating longwall mining processes and the associated
ground deformations. By replicating a set of excavation scenar-
ios comparable to real longwall mining conditions, such as
mining direction and dipping angle, the MPM applied model
successfully reproduced realistic deformation patterns, includ-
ing subsidence and strain distributions. Although the simula-
tions did not explicitly reproduce sinkholes or drempels, the
results showed strong spatial correlation with observed ground
surface anomalies. Excavation direction was found to signifi-
cantly influence the resulting deformations, with top-to-bottom
excavation producing approximately 20% more vertical defor-
mation than bottom-to-top excavation. In addition, seam dip
was shown to further amplify deformations. Vertical deforma-
tion increased as the dip angle decreased, while the LD of
deformation increases with steeper dips. A nearly linear corre-
lation was found between the seam slope and the angle describ-
ing the distribution of lateral deformation. Notably, both the
sinkhole and the observed drempels are located within the
modeled fracture zone, where increased permeability is
expected.

These findings suggest that the method captures the
underlying mechanisms driving the development of such
features. Furthermore, the MPM proved to be a robust tool for
testing complex hypotheses related to ground deformation.
In particular, the hypothesis that both drempel and sinkhole
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formation may be linked to the collapse of abandoned mine
workings was supported by the simulation outcomes,
highlighting the method’s potential as a predictive tool post-
mining geohazards assessments.
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