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ABSTRACT

Sinkholes, a common geotechnical failure, have been reported more frequently in recent years due to complex
climate change and urbanisation. This study investigates mechanisms of sinkhole development, considering the
influence of triggering depth and compaction degree through experiments integrated with Particle Image
Velocimetry (PIV) technique and Discrete Element Method (DEM). Laboratory tests simulating the formation of
sinkhole in subgrade soil are carried out under varying triggering depths and void ratios, where the soil
displacement is recorded over time. DEM simulations are performed and validated against the experimental
results analysed by PIV technique. The results show good agreement between DEM and experimental in-
vestigations, especially in capturing time-dependent stages and displacement fields of sinkhole development.
Furthermore, the numerical investigation indicates that increasing the triggering depth results in later devel-
opment of sinkhole with greater vertical displacement around the triggering point to promote its propagation
towards the ground surface. Interestingly, dense soil exhibits highly localised mobilisation confined within well-
defined displacement boundaries, whereas loose soil displays a wider displacement zone characterised by a
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funnel-shaped pattern. The interparticle contact behaviour further releases the insightful mechanism of sinkhole
progression, giving considerable value to our understanding and prediction of this catastrophic failure.

1. Introduction

Sinkholes resulting from the collapse of surface soil layers, triggered
by either human activities or natural processes, have become a serious
geohazard worldwide (Dave & Juneja, 2023; Kaufmann, 2007; Thorn-
bush, 2017). Of these, anthropogenic drivers have been identified as the
dominant trigger and often lead to more severe consequences, particu-
larly in urban areas where buried infrastructure and groundwater dis-
turbances are common (Ghaayeshthree & Mohd Arif Bin, 2025; Youssef
et al., 2016). The collapse process generally initiates with the presence
of a small subsurface void which progressively expands over time and
ultimately causes sudden ground surface collapse with limited or no
prior warning (Panjami & Anbazhagan, 2025). When sinkholes occur
beneath roads, buildings, or other critical assets, they can result in
substantial structural damage, disruption to essential services and sig-
nificant economic loss. For example, in the US, sinkhole-related damage
has been reported at approximately USD 300 million annually, with
cumulative losses reaching USD 1.4 billion in Florida between 2006 and
2010 (Muili & Babaie, 2025). In Australia, the Lane Cove Tunnel sink-
hole resulted in consequential damage and economic losses totalling
approximately AUD 21 million in 2005 (Burman et al., 2018). Beyond
economic impacts, sinkholes pose serious risks to public safety
(Coskuner et al., 2025; Gutiérrez et al., 2015; Waltham, 2008). For
instance, in Italy, sinkhole events have been reported in a national
sinkhole catalogue to have caused 146 deaths, 94 injuries (Vennari &
Parise, 2022). As a result, considerable number of studies have been
devoted to deepening the understanding of sinkhole hazards, including
formation mechanisms (Dogan & Yilmaz, 2011; Jiang et al., 2017; Zhao
et al., 2021) and their geometrical and developmental characteristics
(Eren et al., 2024; Kobal et al., 2015).

During the initial development process of sinkhole, the soil mass
above the cavity can temporarily rearrange to form a self-supporting
arch that transfers load to the surrounding ground. This phenomenon,
known as soil arching, has been widely studied in geotechnical engi-
neering applications such as underground tunnels (Chai et al., 2018; He
etal., 2023; Lin et al., 2019), pile and soil-cement column embankments
(Al-Naddaf et al., 2019; Nguyen, Nguyen, et al., 2022) and retaining
walls (Fan et al., 2023; Qiu & Grabe, 2012; Tangjarusritaratorn et al.,
2022). Numerous experimental and analytical studies have also been
carried out to investigate a number of governing factors contributing to
the sinkhole development, including: (i) the thickness of overburden
soil, which controls cavity propagation and surface expression in
trapdoor/centrifuge-type physical modelling (Xu et al., 2019); (ii) soil
state variables (e.g., density, strength and backfill compaction), which
influence arching stability, soil movement localisation, and failure
pattern (Ferentinou, 2020; Jacobsz, 2015); (iii) grading and particle-size
distribution, which strongly govern susceptibility to particle migration
and void growth, particularly for sinkholes associated with defective
buried pipes (Indiketiya et al., 2019); and (iv) subsurface disturbance
which can be analytically measured to estimate mobilisation and
collapse likelihood following underground voiding (Whittaker & Red-
dish, 1989). Although prior experimental studies have characterised
sinkhole evolution mainly through macroscopic responses (i.e., surface
settlement patterns, cavity growth, and collapse geometry), the funda-
mental grain-scale mechanisms and stress-transfer processes driving
these observations remain insufficiently understood.

Numerical methods such as the Discrete Element Method (DEM)
have recently become reliable tools for investigating the sinkhole pro-
gression mechanism, enabling the temporal and spatial tracking of soil
particle motion and contact forces and examining the micro-macro re-
lationships governing sinkhole development (Szmigiel & Tajdus, 2025,

322

pp- 293-312). DEM has been widely applied to study the soil arching
during void growth (Deng et al., 2025; Elabd et al., 2025; Han et al.,
2012; Zhou et al., 2023). For instance, cavity stability and ground
collapse process were examined through DEM simulations, offering a
benchmark against analytical and Boundary Element Method methods,
highlighting the interaction of material strength and the material
removal (Al-Halbouni et al., 2020). Moreover, DEM has also been
coupled with computational fluid dynamics (CFD) to represent multi-
phase processes where seepage and particle displacement contribute to
void growth and collapse (Duan et al., 2023; Ibrahim & Meguid, 2023;
Wang et al., 2025). Although these abovementioned studies provided
valuable insights into the multifaceted processes governing sinkhole,
they often lack robust validation against physical experiments and field
observations - for instance, a DEM analysis of geogrid-reinforced em-
bankments over voids was validated only against prior experiments
(Feng & Wang, 2025) or a 2D DEM sinkhole simulation relied primarily
on numerical benchmarks rather than comprehensive physical test
(Al-Halbouni et al., 2018). Additionally, only a limited number of
studies has examined the coupled effects of triggering depth D, (depth of
the initial cavity or defect, see Fig. 1) and compaction state (porosity or
void ratio) on soil displacement. Moreover, the influence of particle-size
scaling on soil mobilisation remained underexplored, leaving a gap in
assessing DEM model reliability in capturing sinkhole propagation.
The objective of this study is therefore to investigate the sinkhole
formation mechanisms using an innovative framework coupling PIV-
integrated experiment and DEM modelling. Laboratory tests
mimicking sinkhole development are carried out and the recorded re-
sults are analysed by PIV technique to capture displacement fields. The
experiment is then simulated by DEM with the results that are compared
with each other, showing their good agreement in presenting the four-
stage development of sinkhole. The effects of varying triggering
depths and compaction degrees, which control the stress state and
mobilisation behaviour of subsurface soil are systematically examined,
clarifying how these factors influence the collapse of surface soil.
Beyond macroscopic observation, grain-scale analysis of particle con-
tacts, force chains and arching evolution are also discussed in detail to
reveal the interparticle mechanisms governing bulk soil behaviour
during sinkhole development. This study enhances our understanding of
the progression of sinkhole and its governing factors through combined
experimental-numerical investigations, giving considerable value to
prediction and measure of sinkhole development in practice.

2. Theoretical background
2.1. Sinkhole formation mechanism

Sinkholes occur when overlying soil mass can no longer support itself
due to the formation and progressive enlargement of subsurface cavities
(Augarde et al., 2003). Fig. 1 shows a conceptual four-stage mechanism
of sinkhole formation under a road, where an initial small void or cavity
at depth D (i.e., triggering depth) from the subsoil surface is illustrated
as an example among common factors inducing sinkholes. Such a void
may form and expand due to water table fluctuations, leaking pipelines,
dissolution of soluble bedrock and chemical reactions in soil (Kaufmann,
2014; Xiao et al., 2020; Yumba et al., 2024). The formation of an initial
cavity is accompanied by the loss of overlying soil, resulting in a tem-
porary soil arch above the cavity (see Fig. 1a). With ongoing soil loss, the
cavity expands over time (see Fig. 1b). When the subsurface cavity
grows to a certain size, the overlying soil layer becomes weaker and
cracks on the road layer appear (Fig. 1c). Finally, a sudden collapse
occurs as the soil fails into the enlarged cavity and damages the surface
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infrastructure (Fig. 1d). Notably, this collapse can be abrupt and un-
predictable, often resulting in severe consequences.

2.2. Soil displacement captured by Particle Image Velocimetry (PIV)
technique

In this study, Particle Image Velocimetry (PIV) was used to analyse
sinkhole progression in the experiment, so its background and algorithm
are briefly introduced in this section. This technique was originally
developed for fluid mechanics experiments by Adrian (1991). Over time,
researchers have modified and adopted this method for soil movement
and deformation tracking. In this study, a MATLAB integrated image
analysis module, GeoPIV-RG by Stanier et al. (2015) was ultilised. This
module integrates the reliability guided (RG) computation method to
analyse soil texture movements from high-resolution images captured
by camera (Stanier et al., 2015). Firstly, input information including the
region of interest (Rol), the analysis mesh and key processing parame-
ters (e.g., subset size, spacing, correlation thresholds ...) are determined.
A seed subset is then selected within the predefined Rol in the reference
image (image 1) and a corresponding target image (image 2) is defined.
After that, normalised cross correlation (NCC) method is performed to
calculate the seed subset displacement to the nearest integer pixel. The
seed match is accepted when the zero-normalised cross-correlation co-
efficient (i.e., CCzncc), exceeds a user-defined threshold CCzncc seed tol-
The CCzncc value indicates the degree of match between reference and
target subset, where three distinct values 1, 0 and —1 correspond to
perfect, zero and inverse correlation, respectively (Pan et al., 2010).
Once the seed is accepted, it provides the initial deformation guess, from
which the RG computation propagates to find the displacement and
deformation of all subsets across the Rol. Further details on the imple-
mentation of this technique can be found in a previous study (Pan,
2009).

Fig. 2 shows the overall working structure of this technique. A key
advantage of GeoPIV-RG over conventional PIV applications is that it
allows users to track larger deformation by implementing an automatic
period reference image-updating scheme (Stanier et al., 2015). This helps
to reduce the decorrelation and wild (erroneous) displacement vectors
when particles rearrange. The CCzncc value for a given subset in the target
image, for which the RG computation has just been successfully imple-
mented, is compared with a user-defined value, CCznccmintol tO
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Fig. 2. GeoPIV.RG schematic workflow structure (modified from Stanier
et al., 2015).

determine whether the reference image should be updated. If that subset
satisfies CCznce < CCzncc min tol, the reference image is updated to the
target image from the last successful increment, otherwise the current
reference image remains.

(©

(d)

Fig. 1. Four stages of sinkhole formation under road (a) initial soil arch, (b) cavity enlargement, (c) cavity enlargement with critical damage to the ground surface
and (d) complete sinkhole formation with collapse of foundation (adapted from Augarde et al., 2003).
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2.3. Discrete Element Method

The Discrete Element Method (DEM) simulates granular media as an
assembly of interacting particles whose motion follows Newton's laws,
with interparticle forces governed by contact models. DEM provides
insight into micro-to-macro behaviour, including force-chain formation
and contact network evolution. As the method has been well established,
its governing equations are not repeated here; details can be found in
previous studies (Huynh, Nguyen, Indraratna, et al., 2025; Roessler
et al., 2019). The current study adopted a non-linear Hertz-Mindlin
(Hertz) model for cohesionless soil (dry sand). In this model, the normal
and tangential contact forces are functions of corresponding particle
overlaps and the normal and tangential contact stiffnesses. Coulomb's
friction law is applied to limit the tangential force such that |F;| < uF,.
This type of contact model has been widely used for granular materials
in previous DEM studies (Huynh, Nguyen, Indraratna, et al., 2025),
Huynh, Nguyen, Indraratna, et al., 2025) and provides an appropriate
representation of the micromechanical behaviour of dry sand. The
equations to compute normal force F, and tangential force F; are given
by:

4,
F, = (§E RS, )5n s 6))
F= <8G*\/R*5n )5, — k8, < uF, @

where E°, G, and R" are the effective Young's modulus (Pa), shear
modulus (Pa), and the effective radius (m), which are functions of the
Young's modulus (E;, E3), Poisson ratios (v1, v2), and radius (R;, Ry) of
two contact particles; meanwhile §,, 8, are the normal and tangential
overlaps (m) between them; y is the friction coefficient; k, and k; denote
normal and tangential elastic stiffness (N/m), respectively.

The study employed the elastic-plastic spring-dashpot rolling model
(EPSD2) (Ai et al., 2011; Iwashita & Oda, 1998) to capture the particle
shape effect. A larger rolling resistance means more angular particles
that the soil has. In this model, the incremental rolling torque is
computed from the incremental relative rotation between two particles
A, and the rolling stiffness k, and is limited by a maximum value M"*,
as described:

M, = — kA6, M, < M = u,R'F, (3)

where M, is the resistive torque (N-m); 4, represents the rolling friction
coefficient.

(a) Filling stage
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3. Experimental investigations
3.1. Material and calibration test on interparticle friction parameters

In this study, dry sand was used in the experiment, including cali-
bration test to determine friction coefficients for particles in DEM
modelling and laboratory test of sinkhole formation. Although soil
under transport infrastructure can vary widely from clays to sands that
might affect how soil particles clump and migrate in specific regions, the
major stages of sinkhole development and collapse are often found
identical (Park et al., 2024; Yumba et al., 2024). To ensure the 4 major
stages of sinkhole development (Fig. 1) to be captured clearly through
the PIV technique, this study employed uniform sand (i.e., 0.6-1.0 mm).
This material provides more stable flow behaviour compared to cohesive
soils (Huynh, Nguyen, & Indraratna, 2025) that facilitated image-based
analysis and numerical modelling, thereby promoting accurate and
insightful understanding.

A simple lifting cylinder (LC) test was firstly carried out to calibrate
the microscopic parameters of the dry sand for DEM simulations,
particularly the sliding and rolling friction coefficients as they are the
dominant factors governing the macro response for non-cohesive soils
(Doan et al., 2023; Roessler et al., 2019; Zhang et al., 2023). The test
provides the angle of repose (AoR) formed by free flow of the material
under gravity, which is used as the calibration target. The calibration of
sliding and rolling friction coefficients using this method is considered
appropriate in the current numerical investigations. This is because
sinkhole development and collapse are primarily governed by particle
loss and the free flow of granular materials under limited lateral
confinement. For example, one of the most common scenarios of sink-
hole is at shallow layer, i.e., 1-2m under roads and railways where
confinement is often small or even negligible (Nguyen & Indraratna,
2023). Further, when being triggered by an initial cavity (Fig. 1), soil
collapse occurs at internal side of the cavity due to low or zero
confinement. In this context, the angle of repose test became relevant as
it can reproduce the free flow and bulk frictional behaviour of particles.
The experimental configuration employed a hollow cylindrical
container (internal diameter = 100 mm) filled with the dry sand to a
depth of 100 mm. Following gravitational settling, the container was
withdrawn upward at a controlled rate of 8 mm/s, allowing the material
to discharge under quasi-static flow while suppressing particle splashing
(Roessler et al., 2019). As the cylinder was withdrawn, the granular
assembly was released from lateral confinement, allowing the particles
to spread outward under gravity. This unrestrained motion led to the
development of a stable conical pile, from which the angle of repose of
the bulk material was determined as Fig. 3. The measured angle of

(b) Pile formation

Fig. 3. Lifting cylinder test: (a) filling stage and (b) pile formation.
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repose (AoR) was approximately 29°, which was used to compare with
DEM simulation results in order to determine the appropriate sliding and
rolling friction coefficients.

Fig. 4(a) illustrates how the angle of repose (AoR) responds to
changes in the sliding friction coefficient (y,) with the rolling friction
coefficient set at u, = 0.0. The results indicate that the AoR increases
with increasing y,. The experimentally measured angle of repose was
17.5°, and a sliding friction coefficient of u; = 0.4 was adopted because
it provided the closest agreement with the experimental measurement.
This value was therefore adopted for the sand particles to calibrate the
rolling friction coefficient. Fig. 4(b) shows the change of AoR to varying
rolling friction coefficient (u,) with 4, = 0.4. The AoR is highly sensitive
to u, for values below 0.5, showing a rapid increase, whereas its response
becomes much less pronounced once p, exceeds 0.5. For instance, as y,
increases from 0.1 to 0.5, the AoR rises markedly from 17° to 31°, while
a further increase from 0.5 to 1.0 leads to a minor increase in the AoR to
33.5°. Based on these results, an appropriate y, of approximately 0.3 was
selected, which aligns well with the experimental AoR of 29°. The DEM
results show good agreement with the experimental observations, as
illustrated by the AoR geometries in Fig. 4(c). The pile shapes predicted
by DEM closely resemble to that obtained experimentally, and the
overall pile geometries are consistent with the measured AoR. The
calibrated values of y; = 0.4 and u, = 0.3 were therefore adopted in
subsequent DEM simulations to investigate the sinkhole development
mechanism.

3.2. Experimental investigation on the formation of sinkhole

3.2.1. Experimental setup and procedure
A laboratory test was set up to investigate the development of sink-
hole as shown in Fig. 5. The test box consists of a transparent acrylic

35
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O e M s o
2 20} el
2
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container (300 mm wide x 400 mm high x 50 mm thick) mounted on a
sturdy support frame. A hole at the bottom of the soil domain was
created by removing a plate at the bottom of the container (Fig. 5b). This
hole mimics the initial defect that can be formed at a certain depth
beneath roads, which then triggers sinkhole development. A GoPro 12
camera with a high resolution (i.e., 2,688 x 1520 pixels) at the fre-
quency of 200 Hz was placed on a tripod in front of the test box to record
the soil movement. An LED panel light was set behind the camera to
provide uniform illumination on the front face. The camera and lighting
placement were carefully set to optimise the contrast in soil colour,
ensuring the high-quality images were captured. A scale was put on the
front face of the box to convert displacement unit from pixel to mm.

A total of six tests were conducted to investigate sinkhole collapse
through soil displacement. Three different triggering depths (D,),
50 mm, 100 mm and 150 mm were examined under a fixed opening
width (B = 50 mm) for loose and dense states. The dense soil specimen
was prepared by compacting it in multiple layers where the mass and
thickness of each layer were calculated and controlled to achieve the
target values. The loose soil specimens were prepared using the same
layer-by-layer mass and thickness control without compaction. This
procedure ensured each layer had approximately the same void ratio (e),
resulting in a uniform specimen. Void ratios (e) used in case studies are
summarised in Table 1. It is noteworthy that the under-compaction
process was adopted to avoid over-compaction induced by upper
layers, following the well-known compaction method proposed by Ladd
(1978). This method was used in past studies by our research team that
can be found in past studies (Nguyen, Indraratna, & Leroueil, 2022). By
varying different void ratios and soil thickness, the study clarified how
soil compaction and triggering depth can affect the progress of sinkhole
development.

w
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Fig. 4. Calibration results: (a) glass bead with rolling friction coefficients 4, = 0.0, (b) angular sand with sliding friction coefficients y;, = 0.4, and (c) comparison of

pile shapes between DEM simulations and experiments.
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Table 1

Void ratio (e) for case studies.
Depth of initial defect (triggering point) relative to gate width €loose Cdense
D;/B =1 0.83 0.584
D,/B =2 0.76 0.575
D;/B =3 0.79 0.53

3.2.2. Sinkhole development captured through PIV-integrated experimental
investigation

The images captured from experimental model of sinkhole devel-
opment were subjected to PIV analysis techniques, with the first image
taken before gate removal used as the initial reference frame. The
displacement contours shown in Fig. 6 represent the cumulative move-
ment of tracked soil-image subsets relative to their reference positions. It
is also noted that a plane-strain model was adopted in this study.
Although a full 3D model would better represent field-scale sinkhole
development, it faces challenges in application of image-based tech-
nique which requires flat and transparent faces of the model box.
Furthermore, in many cases under roads and embankments, soil often
exhibits plane-strain behavior because the lateral displacement
(perpendicular to the moving direction) is usually predominant over the
longitudinal displacement, as commonly considered in past studies
(Indraratna et al., 2021; Li et al., 2023; Wu et al., 2022). This selection
does not only reflect real context (e.g., under roads and embankments)
to some extent but also enables the use of PIV technique to capture the
sinkhole development in greater detail. According to this figure, four
major stages in the development of sinkhole can be identified. As the
hole was first triggered around the bottom gate, soil begins to displace
radially from the centre of the hole. In Stage 2, soil displacement con-
tinues to develop towards the ground surface, however, the surface soil
particles remain static at this stage. Once the soil particles at the surface
begin to displace, Stage 3 starts. The surface soil continues to displace
seriously that forms large void channels connecting the surface to the
trigging hole. The final stage (Stage 4) is when an open hole (sinkhole) is
fully formed with slopes from the bottom hole to the ground surface.
Interestingly, the largest displacement, (i.e., the centre of the

Particuology 115 (2026) 321-335

400 mm

(b)

Fig. 5. Laboratory test to assess sinkhole formation: (a) Schematic of experimental setup; and (b) test box with a removal plate used to trigger sinkhole development.

displacement contours) migrates upwards as the void is fully open. The
results show reasonable progress of sinkhole development in sandy soil,
demonstrating success of the developed PIV-integrated experiment
program. These experimental results are therefore used to validate DEM
modelling presented later in this paper.

4. DEM investigation on sinkhole collapse mechanism
4.1. DEM model development

In this study, full-scale dimension of the test soil domain (i.e.,
300 mm wide and 50 to 150 mm high) was developed in DEM modelling
(Fig. 7), while particle sizes were scaled up 3 times to reduce compu-
tational cost. This scale-up technique was carried out with respect to
past DEM investigations (Coetzee, 2019; Gao et al., 2025; Lommen et al.,
2019) where the findings show that scaling particle sizes by a factor up
to 4 has no significant effect on the results. The current DEM simulation
used a plane-strain system, where grain behaviours in the direction
perpendicular to the predominant soil behaviour domain was neglected.
This method helps promote computational efficiency significantly, while
maintaining intrinsic mechanical responses and failure mechanism. It is
thus often adopted in numerical modelling where material behaviour
occurs in a predominant plane (Fu & Dafalias, 2011; Perozzi et al.,
2025). In the current test model, soil particles flowed mainly along the
front view wall, i.e., from side walls surface to the triggering hole, soil
behaviour outside of this plane can thus be neglected. For all cases of
DEM modelling, the dimension ratio between the soil height (identical
to the triggering depth D, shown in this figure) and the largest particles
(3 mm) varied from 16.7 to 52, which were large enough to neglect
boundary and scale effects in the plane-strain view. The dimension
perpendicular to the plane view was fixed at 2.5 times the diameter of
the largest particles.

Particles were then generated randomly in the DEM container and
settled under gravitation. Void ratio of the numerical soil was manipu-
lated to achieve the experimental values (refer to Table 1) by varying
friction coefficients during particle settling combined with compaction.
This technique is often used in DEM studies to control the initial porosity
or void ratio of granular specimens (Nguyen & Indraratna, 2020). After
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Fig. 6. Four major stages of sinkhole formation based on contour map captured from laboratory model test integrated with PIV technique: (a) Stage 1, (b) Stage 2, (c)

Stage 3, (d) Stage 4.

200 mm I

50 mm

(@

|
50 mm

Gate
B =50 mm

200 mm I !
(b)

50 mm

Fig. 7. (a) Experimental soil domain and region of interest for PIV; and (b) DEM domain.

achieving the desired void ration, friction coefficients were then reas-
signed to the calibrated values listed in Table 2 before testing execution.
The DEM simulation contained approximately 18,000, 36,000 and 52,

References

Table 2

DEM input parameters.
Parameters Values
Particle density (kg /m?®) 2650
Poisson's ratio 0.3
Young Modulus (Pa) 3x 108
Particle—particle sliding friction 0.4
Particle—particle rolling friction 0.3
Restitution coefficient 0.2
Gravitational acceleration 9.81

(m/s?)

Garcia Fernando et al. (2025)

Huynh, Nguyen, and Indraratna
(2025)

Calibrated result (current study)
Calibrated result (current study)
Behjani et al. (2017)
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000 particles for the D;/B = 1, 2 and 3 cases, respectively. It is note-
worthy that the current study used spherical particles and the influence
of particle shapes was considered through the rolling friction as
explained in earlier sections. This approach is widely acceptable in DEM
simulations when the focus is on the bulk behaviour of granular mate-
rials, such as soil displacement, flow patterns, and the contact-force
evolution (Garcia Fernando et al., 2025; Huynh, Nguyen, & Indrar-
atna, 2025; Liu et al., 2022).

4.2. Model validation

In this section, the numerical results are compared with experimental
data based on PIV analysis. Figs. 8 and 9 present the vertical displace-
ment derived from the PIV and DEM at a critical stage for different D, /B
ratios in loose and dense states, respectively. In this analysis, a surface
displacement threshold of 1.2 mm, equivalent to about 0.8% to 2.3% of
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Fig. 9. Vertical displacement of dense soil at different embedment ratios obtained from PIV (a) D;/B = 1, (b) D;/B = 2, (c) D/B = 3 and DEM (d) D;/B = 1, (e)

D;/B = 2 and (f) D;/B = 3.

the triggering depth D;, was considered to determine critical stage of facilitating comparison among different cases. The results show a good
sinkhole development. While this threshold can be small for ground agreement between PIV analysis and DEM simulations. For example, for
settlement in roads, it can be fairly identifiable through PIV analysis, D,/B = 3 in dense soil, the largest degree of displacement (40 mm, dark
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red) was found to concentrate around the triggering hole. The magni-
tude of displacement decreases gradually when closer to the soil surface,
forming a full development pathway of the sinkhole. The process
continued by the collapse of the entire soil structure with an open hole
from the initial triggering point at the bottom to the surface of the soil
domain. When considering the influence of D;, both loose and dense
cases show that increasing D, leads to an upward extension of vertical
displacement region towards the ground surface and increases the
displacement magnitude. For example, PIV maximum vertical
displacement for the loose soil with D;/B = 2 is 12 mm, while that with
D;/B = 3 increases by 5 mm. This outcome indicates that a greater
number of particles are involved in the mobilisation process when D,/ B
ratio increases from 1 to 3.

Under different soil compaction degrees, both PIV and DEM results
display notable differences in soil displacement. For the dense case,
deformation is highly localised, forming well-defined failure surfaces. In
contrast, the loose cases show diffuse displacement, spreading over a
wider region. For instance, at D;/B = 3, the experimental results show a
funnel-shaped displacement region, whereas dense soil exhibits a more
parabolic profile. This difference reflects the dilative and contractive soil
response for dense and loose soil, respectively, during mobilisation (Liu
et al., 2024).

5. Numerical results and discussion
5.1. Influence of triggering depth and void ratio on sinkhole development

The influences of triggering depth (D,) and void ratio on sinkhole
collapse mechanism were examined through the evolution of soil
displacement overlying the triggering hole. To compare different cases,
the height z at which soil begins to displace clearly (i.e., reaching
1.2 mm) following gate opening was determined with time and nor-
malised with the triggering depth, i.e., z/D;. The value of 1.2 mm was
selected because it was found to cause notable deformation of ground
surface in the experiment and numerical model without a full collapse of
the road foundation. Smaller or greater than this value would not pro-
vide the best observation across different cases. By using this identical
threshold for different ratios D;/B (1, 2 and 3), the impact of triggering
depth D, on the formation of sinkhole can then be evaluated. The results
are then plotted against the normalised time T, i.e., t/ T, where t and T,
are the current time and the time at critical stage of sinkhole develop-
ment (surface soil settles by about 1.2 mm). Using this metric, the fea-
tures in soil displacement overtime under different D, and soil states
were revealed.

Fig. 10 shows how the z/D, varies over time in loose soil. At early
stages (T < 0.44), all curves remain close to z/D; = 0, indicating the
vertical displacements are largely confined to the cavity roof due to
limited lost particles. As time progresses, the shallow condition (D,/
B = 1) exhibits a rapid increase in the displacement zone z/ D;, which
develops from approximately 0.15 to 1.0 over a very short interval T ~
0.65. This implies a sudden breakdown of the soil structure above the
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Fig. 10. Influence of different embedment ratio on collapse time of loose soil.
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cavity, resulting in a rapid escalation of the sinkhole. However, when
D, /B ratio increases to 2 and 3, a more gradual development is shown.
The displacement reaches 50% of z/D, at approximately T = 0.65and
0.75 for D;/B = 2 and 3 respectively. For D;/B = 3, the displacement
slowly progresses to the surface, following a linear trend. This means
that increasing the depth of the triggering point (e.g., cavity or defect)
would result in later and slower development of the sinkhole. For
instance, in comparison to the case of D;/B =1, at T = 1, 2/D; increases
by approximately 32% for D,;/B = 2 and nearly 50% for the D,/B = 3.

Fig. 11 shows the evolution of z/D;, with respect to normalised time T
for dense soil. The results show that the soil density becomes negligible
when D;/B < 2. For D;/B = 1, the displacement ratio z/D; exhibits a
rapid rise, rocketing from O at T = 0.25 to approximately
0.8 at T = 0.45before reaching unity thereafter. This abrupt collapse can
be attributed to the insufficient soil mass above the triggering point as
once the arching structure fails; the soil roof becomes too weak to sus-
tain the overburden load. When D;/B > 2, the curves are notably
smoother and more progressive compared than those observed inloose
soil. This results from a stronger soil arch, which delays upward prop-
agation and thereby increases the collapse time.

5.2. Failure mechanism through shear band development

The volumetric strain field for loose and dense soils at different D, at
critical stage are shown in Fig. 12. The results show the differences in
strain patterns between loose and dense soils. Loose soil shows a wider
and more diffuse strain zone, whereas dense soil exhibits a pronounced
localisation pattern. A funnel-like shear region is clearly depicted in
loose soil, characterised by gradual lateral widening toward the ground
surface. In contrast, a narrower and well-defined region is observed in
dense soil. For D;/B = 1, the shear zone forms an almost column-like
shape. When increasing D;/B , the strain area becomes taller and
evolves to a parabolic shape. This strain transformation closely mirrors
the results of the displacement observed earlier in Fig. 9.

Fig. 13 illustrates the evolution of strain for dense soil with D;/B = 3
across different stages of sinkhole progression. The potential shear bands
- narrow zones, where the concentrated deformation leads to failure of
ground surface, are highlighted using the red dashed lines. These shapes
corroborate with findings from past experimental studies (Dewoolkar
et al., 2007; Costa Yuri et al., 2009; da Silva Burke, 2017). At T = 0.06,
strain primarily concentrates around the cavity roof, and the shear
bands form a triangle wedge right above the opening. Additional shear
bands developing near the cavity sides can also be observed, showing an
inward-growing tendency. At T = 0.31, parabolic shear bands emerge
and extend upwards, with the upper parts bending inward to form a
parabolic shaped zone above the initial triangular region. This indicates
the load transfer laterally toward the cavity shoulders, resulting in those
parabolic bands. At critical stage (T = 1), the initial triangular structure
becomes unstable and breaks down as the cavity continues to expand. As
a result, the lateral confinement decreases, and the shear zone becomes
taller and wider, forming a bigger parabolic profile. This transition
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Fig. 11. Influence of different embedment ratio on collapse time of dense soil.
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Fig. 13. Shear band evolution patterns at different stages in dense soil: (a) T = 0.06, (b) T = 0.31 and (c) T = 1.

agrees with the shear bands propagation mechanisms of soil identified in
previous experimental studies (Behjani et al., 2017; Costa Yuri et al.,
2009; Dewoolkar et al., 2007).

5.3. Influence of particle size scaling on sensitivity of sinkhole collapse
mechanism

Fig. 14 presents the vertical displacement for D, /B = 3 with different
particle size scaling ratios, S, ranging from 2 to 4 in loose and dense soils.
The results show that particle size scaling shows insignificant influence
on the vertical displacement patterns. For loose soil, when S increases, a

light difference in the expansion of mobilisation area is observed. Spe-
cifically, the displacement shape evolves from a column-like shape at
S = 2 (Fig. 14a) to funnel-shaped geometry at S = 4 (Fig. 14c). This
difference can be attributed to the reduced number of particles and
lower coordination contact numbers in coarser assemblies, leading to
slightly different sample rearrangements and lateral spreading of
displacement in loose case. Meanwhile, dense sand exhibits a consis-
tently localised mobilisation pattern for all particle size scaling. This
observation further highlights the limited impact of particle size scaling
on the modelling results, thus attesting to the reliability of the results
reported in this paper.
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5.4. Contact network and force evolution

Understanding the evolution of contact networks and force-chain
patterns in sinkhole collapse mechanism is particularly essential, as
they are the primary factors governing the stress and strain of soil as-
semblies. Fig. 15 presents the evolution of the contact network during
the sinkhole progress for both loose and dense soil states, divided into
three distinct phases corresponding to transitions between Stage 1-2,
Stage 2-3, and Stage 3-4, as depicted in Figs. 1 and 6. It is worth
noting that transition phases are addressed here because they can
demonstrate apparent changes in contact network while forming sink-
hole. Specifically, transition Phase 1 (Stage 1-2) is the early develop-
ment associated with the formation of a small arch above the trigging
point. Transition Phase 2 (Stage 2-3) shows progressive expansion of
void during which a pronounced arch composed of strong contact forces
develops to temporarily resist collapse (see Fig. 15b and e). In Phase 2,
apparent settlement of ground surface is observed. Transition Phase 3
(Stage 3-4) is the collapse stage, characterised by a marked reduction in
contact forces near the crown region, ultimately leading to surface
ground collapse. The difference between loose and dense soils can be
clearly observed in Phase 1 (Fig. 15a and d). For dense soil, most strong
contact forces concentrate at the bottom, reflecting the stronger distri-
bution of overburden stress and tighter packing condition, i.e., stable
force-chain arch is also visible directly over the cavity roof. In contrast,
the loose soil exhibits a much sparser distribution of strong contact
forces and no clearly defined arching structure, indicating a less efficient
interparticle load transfer mechanism. In Phase 2, both soils exhibit the
appearance of arch structures of contact force. For loose case, an arch-
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shaped band of elevated forces extending between the two sides of the
particle assembly (Fig. 15b), whereas for the dense soil, a more pro-
nounced arch extends from one shoulder to the other, clearly delineating
a low-contact region above the cavity (Fig. 15e). These results suggest
that the soil experiences continuous “form-and-peel” cycles with
repeated process of formation and breakage of successive soil arches.
The subsequent arch occurs at a higher location, allowing the cavity to
expand upward (Li et al., 2026). At Phase 3, when the void develops to a
certain level and a large number of particles lose contact network,
force-chain breakage and loss of contact transmission are evident near
the surface in both cases, resulting in an upcoming abrupt soil collapse.

To further examine the evolution of contact forces in loose and dense
soils, the percentage of strong contacts was quantified relative to the
total number of contacts over time, as shown in Fig. 16(a). Strong forces
are defined as individual forces whose magnitudes exceed twice the
mean force magnitude of the system. In this analysis, the mean force is
the average value of all contact forces within the entire simulation
domain at a given time step. Forces below this threshold are classified as
weak contacts. It is noteworthy that the percentage of strong contacts in
loose soil during the collapse stage is indicated by the black dashed line
and is not further discussed in this study. Fig. 16(a) indicates the loose
soil reaches the critical stage (i.e., the apparent settlement of ground
surface due to sinkhole expansion) much earlier than the dense soil, at
approximately half of the time in dense case. In early stage, the per-
centage of strong forces peaks up to 17% soon after the gate removal at
T = 0.15 (see Fig. 16b), before decreasing and stabilising near the crit-
ical stage. This indicates a sudden redistribution of contact forces and
rapid rearrangement of the soil skeleton, which is consistent with Phase
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2 of the force distribution (Fig. 15b). In contrast, the dense soil shows a
more gradual increase in strong forces over time, suggesting progressive
mobilisation of force chains and a more stable development of soil
arching before collapse.

6. Conclusion

This study combined experimental measurement using Particle
Image Velocimetry (PIV) and numerical DEM simulations to investigate
the sinkhole development mechanism. Dry sandy soil with different
ratios between triggering depth (D,) and the cavity width B under two
distinct compaction states (loose and dense) were examined to charac-
terise the ground collapse through detailed analysis of particulate be-
haviours. The soil displacement fields obtained from DEM were
validated against PIV results. The validated DEM model was then
adopted to investigate micro and macroscopic behaviours of soil during
sinkhole development. The key conclusions from this work are given as
follow:

e The DEM simulations showed consistent agreement with PIV-
assisted experiment data in producing vertical displacement fields
across different compaction conditions. They confirmed that the
magnitude and upward extent of vertical displacement increased
with increasing D;/B in both loose and dense soils. For any given
triggering depth, dense soil exhibited highly localised deformation
along near-vertical slip surfaces, whereas a laterally broader
displacement zone was observed in loose soil.

Shear bands intersected at middle of the cavity at the beginning,
however, overtime, with continued soil loss and progressive failure,
additional shear bands appeared, expanding and eventually forming
a parabolic profile for dense soil under D;/B = 3. This numerical
finding corroborated past theoretical assessments of sinkhole
progression.

The vertical displacement field at critical stage remained closely
identical when different particle upscaling factors are used.
Specially, varying the particle upscaling factor from 2 to 4 produced
only marginal differences in the displacement fields. This finding
provides confidence in the reliability of the results analysis presented
throughout the paper.

Three transition stages of force-chain network evolution within 4
major stages of sinkhole development were identified. The most
pronounced difference occurred during Transition Phase 1. In
Transition Phase 2, soil exhibited repeated cycles of arch formation
and collapse as the void grew. In both cases, Transition Phase 3 was
marked by fore-chain rupture and a sharp loss of force contacts near
ground surface.

Despite these findings, further works are still needed to develop a
more comprehensive picture of the sinkhole behaviour. This study
focused only on dry soil; therefore, cohesive effects should be incorpo-
rated in the future investigations. In addition, the present study adopted
a 2D plane-strain model for experimental and PIV analysis, whereas a
full 3D model is needed to better capture field-scale sinkhole develop-
ment. The successful calibration and implementation of the proposed
DEM provide a valuable foundation for that extension.
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