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1 INTRODUCTION 
 
South Africa’s Gauteng Province is not only the 
smallest province, but also the greatest contributor to 
the country’s GDP. As approximately 25 % of the 
province is underlain by dolomite, an astute under-
standing of the mechanisms associated with sinkhole 
propagation dolomitic soils is essential to ensure the 
optimal utilisation of land.  

The current standard for developing infrastructure 
on dolomitic land, SANS-1936 (2012), recommends 
using the method of scenario supposition, developed 
by Buttrick & Van Schalkwyk (1995), to determine 
the maximum potential size of a sinkhole. As illus-
trated in Figure 1, the maximum surface diameter of 
a sinkhole is highly dependent on both the depth of 
the subsurface cavity and the selected angle of draw 
assigned to each of the blanket materials (layers) 
through which the sinkhole propagates. This method 
is, however, known to predict very conservative 
(large) sinkhole sizes (Jacobsz 2016).  

Sinkhole formation in South African dolomitic 
soils is typified by the collapse of a stable arch, span-
ning the throat of an underlying cavity (Fig. 1) in dol-
omitic residuum overburden material. The spanning 
mechanism, often referred to as arching, is associated 
with the redistribution of stresses within the overbur-
den material, as load is transferred to the abutments 
of the arch with a loss of subsurface support. A dis-
turbing agent is required to alter the equilibrium of 

the stable arch causing the arch to migrate to the sur-
face in an “onion-peeling” manner (Jennings et al. 
1965).  
 

 
Figure 1. Estimation of the maximum potential development 
space of a sinkhole (modified from Buttrick & Van Schalkwyk, 
1995). 

 
Terzaghi (1936) was the first to investigate the arch-
ing effect by means of a trapdoor experiment. The 
trapdoor experiment consists of a confined mass of 
geomaterial underlain by a vertically translating 
trapdoor. The downward displacement of the trapdoor 
simulates the loss of subsurface support and associ-
ated redistribution of stresses, or arching, of the ma-
terial directly above the trapdoor. It was on this basis 
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that the trapdoor experiment was selected to be used 
to investigate the propagation of shear bands, associ-
ated with the loss of subsurface support during sink-
hole cavity propagation.  

As granular materials are inherently discontinu-
ous, the discrete nature of the DEM is suited to study 
the flow of granular material and it is considered the 
ideal tool for the investigation of large soil defor-
mations in which the propagation of material discon-
tinuities governs soil behaviour. In the past, work re-
lated to DEM simulations of granular material had 
been restricted due to the limited computing capabil-
ities of conventional CPU-based DEM codes. Blaze-
DEM, a GPU-based DEM program, developed at the 
University of Pretoria (Govender 2015), was used in 
this study, thereby overcoming particle scaling limi-
tations due to its enhanced computing ability.  

A set of conventional trapdoor experiments were 
undertaken in the centrifuge at the University of Pre-
toria to simulate typical field stress conditions associ-
ated with sinkhole formation in dolomitic ground. 
Trapdoor experiments, using different silica sands as 
well as glass beads, were conducted to investigate the 
effect of material shear strength on the failure mech-
anisms associated with sinkhole propagation. The re-
sults of the glass bead trapdoor experiment were used 
to calibrate the DEM numerical model. Once cali-
brated, a series of DEM trapdoor experiments were 
conducted in which a range of inter-particle rolling 
and sliding friction coefficients were imposed to in-
vestigate the deformation patterns associated with 
materials of various shear strengths.  

The purpose of this study was to ascertain the ef-
fect of a variation in material shear strength on the 
mechanisms associated with cavity propagation dur-
ing sinkhole formation.  

 
 

2 CENTRIFUGE TRAPDOOR EXPERIMENTS 

2.1 Centrifuge model 

The strongbox in which the material was housed dur-
ing testing consisted of a 10 mm aluminium back 
plate, two aluminium channel profiles forming the 
side walls and a 20 mm thick tempered glass window 
which acted as the front face of the strongbox. The 
glass window pane facilitated the observation of the 
cavity propagation in two-dimensional plane-strain 
conditions during trapdoor displacement. A sche-
matic of the strongbox is presented in Figure 2. As 
illustrated, a translating trapdoor with a width of 50 
mm, was located in the centre of the strongbox base.  

 
Figure 2. Schematic of the strongbox and trapdoor apparatus 
used in the centrifuge trapdoor experiments 

 
The trapdoor was set to displace continuously at a rate 
of 0.025 mm/s. The trapdoor translation was con-
trolled by means of a hydraulic system in which a lin-
ear actuator with a stepper motor, connected to a wa-
ter-filled cylinder, was used to extract water from 
another cylinder supporting the trapdoor. A centripe-
tal acceleration of 50 g was applied in the centrifuge, 
so that the trapdoor width corresponded to a sinkhole 
diameter of 2.5 m and an approximate vertical stress 
of 300 kPa at the base of the strongbox (material de-
pendent). 

The centrifuge models were prepared by means of 
pluviation using an overhead sand hopper. A con-
sistent drop height and a comparatively slow and uni-
form flow rate resulted in dense and uniform bulk ma-
terial packings. 

2.2 Materials tested 

The centrifuge trapdoor experiments were conducted 
using fine-grained silica sand, coarse-grained silica 
sand and 2 mm glass beads. The coarse sand com-
prised of rounded grains, whereas the fine sand was 
sub-angular. Both materials were sourced commer-
cially. 

The particle size distributions of the materials are 
presented in Figure 3. Three very dense material mod-
els were prepared, i.e. with relative densities exceed-
ing 90 %. The significant material properties are sum-
marised in Table 1. 
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Figure 3. Particle size distribution of the geomaterials used in 
the centrifuge trapdoor experiments 

 
Table 1. Centrifuge experiment material properties 

 Materials 

Coarse 
Sand* 

Fine Sand Glass beads 

D50 (mm) 0.737 0.307 2.0 
φ’peak (°) 39.0 42.3 16.8 
φ’critical state (°) 32.0 34.8 15.7 
Gs (g/cm3) 2.654 2.675 2.5 
ρd max (kg/m3) 1773 1590 1603# 
ρd min (kg/m3) 1709 1502 1400# 

* Coarse sand material properties from Archer (2014) 
# Random packing arrangement of uniform spheres 

 
 
3 RESULTS OF CENTRIFUGE EXPERIMENTS 
 
GeoPIV (Stanier et al. 2015) was used to produce 
maximum shear strain plots from the photographic 
record of the centrifuge tests. Inflight photographs 
and corresponding shear strain surface plots of the 
fine-grained Afrimat sand at 5 mm, 40 mm and 80 
mm trapdoor displacement are presented in Figure 4. 
 

 
Figure 4. The (a) inflight photographs and (b) maximum shear 
strain plots for the fine-grained sand at (i) 5 mm, (ii) 40 mm and 
(iii) 80 mm trapdoor displacement (units in percentage) 

At the onset of the trapdoor displacement, the dilation 
of both granular materials was evident as shear bands 
propagated from the edges of the trapdoor to form tri-
angular arrangements of shear bands. The stable tri-
angular wedge of granular material then translated 
downwards, with the trapdoor, until an additional 
shear band propagated from one or both of the 
trapdoor edges at a lesser angle to the vertical. With 
further lowering of the trapdoor the propagation of 
new shear bands for both the fine- and coarse-grained 
sands become non-symmetric, appearing to alternate 
from either side of the trapdoor, propagating in an up-
ward direction (Fig. 4b(ii)) until the two vertical shear 
bands reached the surface. The column of material be-
tween the two vertical shear bands then simply dis-
placed downwards with further trapdoor translation.  

With an increase in trapdoor displacement, the 
shear bands associated with the glass beads trapdoor 
experiment propagate away from the trapdoor centre-
line to form an inverted triangular mechanism before 
narrowing towards the surface, forming an approxi-
mately ellipse-shaped (ellipsoidal) deformation pat-
tern at relatively large trapdoor displacements. Maxi-
mum shear strain distributions of the three tests, at 80 
mm trapdoor displacement, are displayed in Figure 5.   

 

 
Figure 5. Maximum total shear strain plots at 80 mm trapdoor 
displacement: (a) Fine Sand, (b) Coarse Sand and (c) Glass 
beads (unitless) 

 
These deformation patterns indicate that a signifi-
cantly greater zone of material is influenced in the 
glass beads model in comparison to that of the granu-
lar materials at the same trapdoor displacement. The 
wider zone of influence is attributed to the compara-
tively lower shear strength of the material.  

It is well-known that the shear band width is a 
function of the average particle size. The shear band 
widths for fine-grained sand, coarse-grained sand and 
glass beads in Figure 5a, b and c, respectively, 
demonstrate a distinct increase in the width of the 
shear bands with increasing particle size. 

Vertical displacement contours and maximum 
shear strain plots of the glass bead centrifuge test 
were used to calibrate the corresponding DEM model 
with spherical particles.  
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4 DEM TRAPDOOR EXPERIMENT MODEL 

4.1 Overview of DEM 

The Discrete Element Method, pioneered by Cundall 
& Strack (1979), is an explicit numerical modelling 
method in which soil grains are idealised as individ-
ual particles. The primary purpose of this numerical 
method is to describe the global behaviour of an as-
sembly of individual particles to a disturbance of the 
material. Simply put, DEM is founded on a force-dis-
placement law for the normal (Eq. 1) and tangential 
(Eq. 2) directions, as well as Newton’s second law of 
motion for translation (Eq. 3) and rotation (Eq. 4):  

𝐹" =	−𝑘". ∆𝑛" +	𝑐". 𝑣" (1) 

where Fn = normal contact force; kn = normal contact 
stiffness; ∆nn = normal inter-particle overlap; cn = 
normal damping coefficient; and vn = normal inter-
particle relative velocity. The tangential force on a 
particle is calculated incrementally as detailed below, 
with the maximum tangential contact force dictated 
by the coefficient of friction (µ) according to Ft ≤ µFn: 

𝐹- =	∫ 𝑘-
-
-/

∆𝑣- . 𝑑𝑡 +	𝑐- . ∆𝑣-	 (2) 

where Ft = tangential (shear) contact force; kt = tan-
gential contact stiffness; vt = tangential inter-particle 
relative velocity; and ct = tangential damping coeffi-
cient (Wang, 2017). Newton’s second law of motion 
for translation is as follows:  

 𝑚3
45

4-5
𝑥7888⃑ = 	𝑚3�⃑� +	∑ <𝑓">88888⃑ + 𝑓->8888⃑ ?	@A  (3) 

where mi = mass of particle i; xi = position of particle 
i centroid; g = gravitational acceleration; fnc = sum of 
normal inter-particle contact forces; and ftc = sum of 
tangential inter-particle contact forces. Finally, the 
rotation of a particle is governed by Newton’s second 
law of rotation: 

𝐼3
4

4-
𝜔78888⃑ = 	∑ 𝑟>88⃑ 	× 	𝑓->8888⃑ +	𝑀G88888⃑@>  (4) 

where Ii = moment of inertia about grain centroid; 
ωi = angular velocity of particle i; rc = vector from 
particle mass centre to contact point; and Mr = rolling 
resistant moment (Zhao 2017).  

The basic contact model utilised in the DEM nu-
merical experiments was the linear spring-dashpot 
model, shown in Figure 6. The fundamental particle 
parameters are as follows: 
- The particle contact spring stiffnesses (kn and kt): 

used to simulate the elastic contact force between 
two particles during a collision (spring) 

- Damping coefficients (cn and ct): used to simulate 
energy dissipation during a collision (dashpot). 
These are a function of the material’s coefficient 
of restitution (CoR). 

- Friction coefficient (µ): used to apply a resistance 
to particle-particle sliding (slider) 

- Rolling friction coefficient (µr): used to apply a re-
sistance to particle rotation. This parameter dic-
tates the maximum applied rolling moment ac-
cording to Eq. 5 (not included in Figure 6): 

𝑀H =	𝜇G . 𝑟. |𝐹"| (5) 

where Mp = maximum rolling moment; and r = aver-
age particle radius.  

 

 
Figure 6. Linear spring-dashpot contact models for the (a) nor-
mal and (b) tangential directions (from Jiang, et al., 2006)  

 
An important assumption in the DEM formulation is 
that particle velocity and acceleration remain constant 
within a single timestep. The time step refers to the 
time increment between each iteration of the calcula-
tion cycle in which the dynamic equilibrium of the 
individual particles is maintained. O’Sullivan (2011) 
highlights the importance of limiting the duration of 
the time step to ensure numerical stability of the sys-
tem. The smaller the time step, the greater the com-
putational cost of the simulation.  

The particle normal stiffness is directly propor-
tional to both the particle radius and material’s 
Young’s Modulus (E). Contrarily, the required time 
step is inversely proportional to the Young’s Modulus 
of the material (Thakur et al. 2016). Therefore, the 
higher the particle normal stiffness, the smaller the re-
quired time-step and the greater the computational ef-
fort required to run the analysis. It is therefore com-
mon practice to reduce the particle normal stiffness to 
reduce load (Yousefi & Ng 2017). 

Continuum-based numerical models, such as the 
Finite Element or Finite Difference Methods (FEM or 
FDM, respectively), are often used to investigate the 
behaviour of geomaterials. These methods assign a 
constitutive law to the soil continuum to describe its 
stress-strain response to an external force or disturb-
ance. Over and above the fact that a suitable stress-
strain constitutive law for continuum modelling may 
not exist, the description of a discontinuity or locali-
sation in a soil continuum is a complex problem, spe-
cifically when granular flow or the propagation of nu-
merous cracks are simulated (O’Sullivan 2011). DEM 
overcomes these primary shortcomings as the particle 
boundaries in the DEM model represent the physical 
discontinuities in a granular medium. A complex con-
stitutive model is therefore not required. However, a 
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significant disadvantage of DEM is that it is compu-
tationally expensive to simulate granular problems, 
particularly at large scales.  

4.2 Significance of GPU-based DEM codes 

One of the latest developments in DEM numerical 
modelling is the utilisation of Graphical Processing 
Units (GPUs) instead of more conventional Central 
Processing Units (CPUs). GPUs are able to process a 
large number of simple arithmetic operations in par-
allel whereas CPUs are better suited to solving com-
plex individual problems. A decoupled algorithm in 
which the fundamental DEM calculation cycle is pro-
cessed is therefore required to optimise the utilisation 
of the GPU framework (Govender et al. 2016).  

Blaze-DEM, the DEM code used in this study, is a 
three-dimensional high-performance research code 
that was developed by Govender (2015) at the Uni-
versity of Pretoria and CSIR. The Blaze-DEM frame-
work was developed for GPU architecture and there-
fore utilises the parallelism of a GPU cluster. 

4.3 Blaze-DEM trapdoor experiments 

The width and depth of the numerical model was re-
duced relative to the physical model to 325 mm and 
18.2 mm, respectively, while the height of the model 
remained unchanged at 360 mm. 

The numerical trapdoor experiment was executed 
in three stages. Initially, the strongbox was filled with 
300 000 spherical particles by means of pluviation 
under normal gravitational conditions. Centrifuge 
“spin-up” was then simulated by increasing the grav-
itational acceleration applied to the model to 50 g. Fi-
nally, trapdoor displacement was initiated, and the 
trapdoor continuously lowered at a calibrated rate of 
0.02 m/s.  

A greater trapdoor displacement rate (0.02 m/s at 
prototype dimensions in Blaze-DEM, in comparison 
to 0.025 mm/s at model dimensions in the centrifuge) 
was applied to reduce the computational effort re-
quired to duplicate the centrifuge trapdoor experi-
ment numerically. The particle parameters of the 
DEM model were calibrated to yield vertical dis-
placement contours analogous to those of the centri-
fuge experiment at 10 mm trapdoor displacement.  

In order to generate shear strain plots of the DEM 
trapdoor experiments, Delaunay triangulation was ap-
plied to the particle centroids of the DEM simulations 
to create a network of Constant Strain Triangle (CST) 
elements. The strain formulation by White & Bolton 
(2004) was then applied to these elements to calculate 
the associated maximum shear strains. Once the par-
ticle parameters had been calibrated satisfactorily for 
the purposes of this study, the effect of (simulated) 
particle interlock on the maximum shear strain plots 
was investigated.  

Particle rolling and sliding friction coefficients 
were increased incrementally in experiments RF1, 
RF2 and RF3 to simulate varying degrees of particle 
interlock and its effect on the failure mechanisms of 
a soil mass subjected to subsurface loss of support. 

The calibrated particle parameters, as well as the 
particle parameters used to investigate the effect of 
particle interlock on shear band propagation, are sum-
marised in Table 2. The tangential contact stiffness is 
defined within Blaze-DEM as half of the normal con-
tact stiffness corresponding normal parameters and 
are thus not listed below. Furthermore, both damping 
coefficients are calculated within the code and are a 
function of the input coefficient of restitution (CoR). 
The CoR was therefore the calibrated parameter as 
shown in Table 2. It should be noted that two sliding 
friction coefficients are implemented in Blaze-DEM, 
namely the static (µs) and kinetic (µk) friction coeffi-
cients. For the purpose of the numerical experiments, 
the static friction coefficient was kept constant at the 
calibrated value of 0.18. 

 
Table 2. Calibrated vs trial particle properties for DEM trapdoor 
experiments 

 DEM Experiments 

Calibrated RF1 RF2 RF3 

CoR 0.9 0.9 0.9 0.9 

kn (N/m) 4.5E+10 4.5E+10 4.5E+10 4.5E+10 
kt (N/m) 2.25E+10 2.25E+10 2.25E+10 2.25E+10 

𝜇K 0.18 0.2 0.5 0.5 

𝜇G 0.001 0.2 0.2 0.4 

 
 
5 RESULTS OF DEM EXPERIMENTS 
 
Maximum shear strain plots from the calibrated nu-
merical model and the trapdoor experiments RF1, 
RF2 and RF3 were evaluated at a final trapdoor dis-
placement of 80 mm to determine the effect of mate-
rial shear strength (creating particle interlock) on 
shear band propagation to the surface of the overbur-
den material. The results of the numerical trapdoor 
experiments are presented in Figure 7.  

In all four models two primary shear bands propa-
gated from the edges of the trapdoor to meet at the 
surface. Two additional bands then branch off from 
the primary shearing arms near the top of the soil pro-
file and extend outwards, towards the soil surface. 
The maximum shear strain plots demonstrate a 
greater tendency of the shear bands towards vertical-
ity with an increase in rolling and sliding friction co-
efficients. The zone of influence, both in the overbur-
den material and along the soil surface, also narrows 
with an increase in simulated material shear strength. 
This observation is made evident by the incremental 
increase in shear strain magnitude and concentration 
from Figure 7a to d.  
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Figure 7. Maximum shear strain surface plots at 80 mm trapdoor displacement for (a) calibrated model, (b) RF1, (c) RF2, and (d) RF3 
(unitless) 

 

6 DISCUSSION OF RESULTS 

6.1 Material shear strength 

Based on the shear strain results of the physical 
trapdoor experiments discussed in Section 3, as well 
as the results presented in Error! Reference source 

not found., the width of the ellipsoid or column of 
material representing the area of soil deformation, 
and corresponding zone of influence, is governed by 
the shear strength of the soil. The shear bands of a 
material with a low shear strength are curved, with the 
associated deformation ellipsoid tending towards a 
circular shape. Conversely, a material with a high 
shear strength generally exhibits a columnar or rec-
tangular deformation shape. 
 
 
7 CONCLUSIONS 
 
A series of physical and numerical trapdoor experi-
ments were undertaken to investigate the effect of 
material shear strength on the deformation mecha-
nisms in geomaterials during a loss of subsurface sup-
port.  

In the physical experiments the granular materials 
with a greater shear strength yielded vertical shear 
bands. In contrast, the shear bands in the glass beads 
model were curved with a significantly wider zone of 
influence in both the overburden material, as well as 
at the surface. This trend was confirmed by the nu-
merical trapdoor experiments, as the zone of influ-
ence reduced and tended towards verticality with an 
increase in the assigned magnitude of the friction co-
efficients.  
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