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ABSTRACT 
 
The mechanical and particle scale responses of recycled Waste Rock (WR) were investigated using a 
series of Discrete Element Method (DEM) simulations. Previous laboratory and field experiments 
suggest the viability of using Waste Rock in embankments and pavement subbase layers. This paper 
studies the detailed particle scale information provided in the DEM simulation to develop further 
understanding of the effects of grain shape on mechanical behaviour of Waste Rock. In order to 
simulate particle shapes, image processing with different tools was performed to obtain shape factors 
of material’s grains. A good agreement was found between the predictions of the numerical analyses 
and the experimental results in terms of macro-mechanical responses. DEM results suggest the 
significant effect of particle shapes and particle breakage on the strength of recycled Waste Rock. 
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1 INTRODUCTION 
 
Recycled solid waste materials are usually defined as solid wastes collected near curbsides; or 
produced by Construction and Demolition (C&D) or other commercial and industrial activities. C&D 
materials are the waste materials generated during construction and demolition of buildings and 
structures. The usage of C&D materials in pavement or road embankment applications is a 
sustainable option to minimise the C&D waste while reducing the demand for scarce virgin quarried 
materials. C&D materials which are of interest in relation to road work, pavement (especially pavement 
subbase application) and road embankment applications include Recycled Concrete Aggregate 
(RCA), Crushed Brick (CB), Waste Rock (WR), Reclaimed Asphalt Pavement (RAP), and Fine 
Recycled Glass (FRG)  (Arulrajah et al. (2013), Disfani et al. (2012)). 
 
There has been considerable research on use of C&D material in pavement application mainly 
focused on experimental laboratory scale research (Arulrajah et al., 2014a). Despite these efforts 
there is still a knowledge gap in the behaviour of C&D materials which is one of the main obstacles in 
further usage of these waste materials in road infrastructures. The design and analysis of pavements 
have been under continuous development and progress in the last four decades including 
improvements in material characterisation (shifting from empirical correlations to more rational 
mechanical testing) and use of more advanced analysis tools. Despite all these developments, road 
performance is still not fully investigated. Pavements designed to a definite service life are failing 
severely only a few years after tolerating traffic loading (Collop et al., 2006). Early road studies were 
mainly focused on the asphalt layer since it was easily accessible for maintenance and/or remediation 
measures. As a result, a variety of asphalt mixes are available today to solve many road construction 
and maintenance problems. Nevertheless, the persistence of some distress forms has led to the new 
assumption that considers base and subbase layers as possibly responsible for some of these issues 
(Zeghal, 2004).  
 
However, conventional models for predicting the mechanical response of pavement materials 
generally ignore their microstructure (the interactions of the individual particles) and treat them as 
amorphous continua. Ignoring the microstructure has provided the advantage of offering a relatively 
simple theoretical framework that provides adequate predictions in most cases. It cannot however 
describe phenomena where microstructure comes to dominate the macroscopic behaviour of the 
material. For example, the formation of a failure zone observed under certain conditions cannot be 
adequately described (Evans, 2005). It is clear that laboratory testing alone is unable to provide all the 
answers; hence, other methods have been sought to complement it. Owing to the discrete and 



heterogeneous nature of granular materials, the Discrete Element Method (DEM) emerges as a viable 
method for complementing laboratory testing and empirical relationships. Note that some techniques 
such as the finite element methods cannot realistically represent the discrete nature of granular 
materials (Zeghal, 2004).  
 
In this study, the macro-mechanical and particle scale responses of a Construction and Demolition 
(C&D) material, i.e., crushed basaltic Waste Rock (WR), were investigated using a series of bi-
dimensional DEM simulations with PFC (Particle Flow Code) 2D. The original DEM developed by 
Cundall and Strack (1979) did not consider particle breakage, and particles themselves are idealized 
to circular or spherical balls; however, particle shapes and breakage are two main factors affecting 
failure zone and patterns. The effect of grain shapes and particle breakage were also studied in this 
research. To complement and verify the numerical simulation, Unconfined Compressive Strength 
(UCS) and triaxial tests were performed on WR samples. 
 
2 MICRO-SCALE STUDY OF GEOMATERIALS 
 

Global granular assembly response during loading is an essential feature of interest for studying 
particulate materials. There is a need to relate commonly observed global stress strain response of 
granular materials with local force and displacement variations at the particle scale. For most 
engineering applications involving geomaterials, the stress strain relation can be described 
macroscopically based on continuum mechanics. However, it also is well known that the macroscopic 
stress-strain relation of a granular packing depends both on the initial state of the particles’ assembly 
(local and global porosity and particle coordination numbers), past stress history, and its loading path 
(Majmudar and Behringer (2005), Behringer et al. (1999)). Understanding stress and strain relations, 
specifically the response occurring in particles when the granular assembly is subjected to both 
monotonic and cyclic loading processes, represents an important aspect in granular mechanics 
(Penumadu et al., 2009) and can bring further insights into the observed macrospopic behaviour. A 
number of techniques have been developed to interpret the microscopic behaviour in terms of the 
interaction between particles. Figure 1 summarizes different common methods which have been used 
to study micro-scale behaviour of geomaterials.  
 
On the experimental side, recently some major advances in micro-scale study of geomaterials have 
been achieved. For example, measurements of contact forces, contacts and grain kinematics in 2D 
idealised assemblies of photoelastic discs have been achieved and analysed, though very valuable, 
this technique is time consuming. Particle Image Velocimetry (PIV) is a velocity-measuring procedure, 
originally developed for fluid mechanics and later, exploiting the potential of digital photography, used 
for the analysis of displacements in tests on soil models (White et al., 2003). The principal constraints 
are thus that there must be a transparent boundary through which the granular material can be 
observed (Lesniewska and Wood, 2009).  
 
Discrete Element Method (DEM) as a numerical solution can provide detailed information about 
particulate media. DEM models simulating laboratory tests also play an important role in advancing 
our understanding of the mechanics of granular material response, including bonded or cemented 
particulate materials (O'Sullivan, 2011). Comparisons of the macro-scale response observed in a real 
physical test with a “virtual” DEM-simulated test can calibrate or validate DEM models. The detailed, 
particle scale information provided in the DEM simulation can then be used to develop our 
understanding of the material behaviour (Cheung and O'Sullivan, 2008). 
 

 

 
Figure 1. Micro-scale studies of geomaterials 



3 PARTICLE SHAPES 
 
A prime feature of particulate Discrete Element Modelling is that the particles themselves are 
idealised. In a particulate DEM model the particles’ geometries are typically represented as disks (in 
2D DEM simulations) or spheres (in 3D DEM simulations) (Cundall, 2004). These particle shape 
idealisations are popular as it is relatively easy to recognize whether the particles are in contact or 
almost touching, also the geometry of the contact point, including the inter-particle contact overlap or 
separation, can easily be calculated with a high level of accuracy (O'Sullivan, 2011). 
 
The ‘clump logic’ introduces another way to generate a group of glued particles that behave as a rigid 
body to reach a more realistic particle shape. Such a deformable body will not break apart regardless 
of the forces acting upon it. Hence, clumped particles are assumed to be a single slaved particle 
moving as a rigid body. In this sense, a clump differs from a group of particles that are bonded to one 
another (clustered particles) (Cho et al., 2007) (Figure 2). Lu and McDowell (2008) compared 
simulation of ballast particles with different shapes under monotonic loading. They concluded that the 
asperity breakage model is an efficient way to study the micro-scale behaviour of railway ballast 
(Figure 3). Indraratna et al. (2010) also proposed a new approach for the simulation of ballast particles 
(Table 1). They concluded that modelling appropriate behaviour of granular assemblies relies on 
simulation of realistic grain shapes. However, all the previously mentioned methods suffer from model 
complexity which leads to longer run time. The current study presents a method to simply define 
accurate particle shapes and avoid complexities of previous models. 
 

 
Figure 2. Particle rotation mechanisms in clustered and clumped particles (Cho et al., 2007)  

 

 
Figure 3. 10-balls triangular clump with eight small balls (asperities) bonded as a ballast particle model 
(Lu and McDowell, 2008) 

 
 

Table 1:  Representative Ballast Particles for the DEM Simulation (After Indraratna et al. 
(2010))  
 

Ballast Particles 

 
  

PFC Particles 

  
 

  



4 MODELLING IN PFC2D 
 

In the Discrete Element Method (DEM), the interaction of the particles is treated as a dynamic 
process. The contact forces and displacements of a stressed assembly of particles are calculated by 
tracing the movements of the individual particles, and whenever the internal forces balance, the state 
of equilibrium is achieved. Walls and particles’ motion and/or body forces result in disturbance to the 
particle system and the movement of the particles (Thakur, 2011). The calculation performed in the 
DEM includes the application of Newton’s second law to the particles and a force-displacement law at 
the contacts. PFC2D models the movement and interaction of stressed assemblies of rigid circular 
particles using the DEM. The discrete particles displace independently from one another and interact 
only at contacts or interfaces between the particles (Cundall, 2004). Two basic bond models are 
provided in PFC: the ‘‘Contact Bond (CB) model’’ and the ‘‘Parallel Bond (PB) model’’. A CB model 
acts like a pair of elastic springs (or a point of glue) with constant normal and shear stiffness. A PB 
model simulates the physical behaviour of two cemented particles. The PB model acts in parallel with 
the slip or contact–bond constitutive models. It can also be assumed as a set of elastic springs 
uniformly distributed over a rectangular cross section with constant normal bond stiffness and shear 
bond stiffness lying on the contact plane and centred at the contact point (Cho et al., 2007). 
 
PFC micro-parameters input, unlike other geotechnical engineering codes or models, needs to be 
calibrated. The macro-scale properties of the granular material are determined by simulating 
laboratory tests on the same granular material. These macro-scale properties are equivalent to those 
measured in the laboratory. The calibration of a PFC model requires adjusting the micro-scale 
parameters, such as the choice of the contact model, contact model properties, ball size, among the 
most important parameters (Camusso and Barla, 2009). In this study this calibration was done by 
simulating biaxial and UCS tests on rectangular samples (2D models) having approximate dimensions 
of 100 mm × 200 mm and comparing the results in relation to deformability and strength behaviour 
with those obtained during laboratory tests (more details can be found in Afshar et al. (2014)). 
 

4.1 Modelling Particle Shapes of Waste Rock 
Typical discrete element modelling of granular materials uses simple shapes of particles (discs in 2D 
or spheres in 3D). Although the computation time is short using this method, these models cannot 
reflect some of the more complex aspects of real granular material behaviours, such as high shear 
resistance or volumetric changes. In order to model these mechanisms properly, e.g. resistance to 
intergranular rolling, other grain shapes must be used (Szarf et al., 2011). In this research in order to 
replicate more realistic grain shapes, two common shape factors which are Circularity (Eq.1) and 
Aspect Ratio (AR) (Eq. 2) were used (Abràmoff et al., 2004). 
 

Circularity= 


 (1) 

AR=  (2) 

 
Circularity is a function of the perimeter P and the area A, and AR is a function of the largest diameter 
and the smallest diameter orthogonal to it. Table 2 shows Circularity and Aspect Ratio of some basic 
shapes. To obtain the aforementioned parameters for Waste Rock; in this study 267 grams of coarse 
fraction of Waste Rock (diameter > 2mm) as a representative of this material was spread on a sheet, 
then the image of the sheet was imported to Image Processing and Analysis in Java (Image J 1.45s) 
(Figure 4,a). Circularity and Aspect Ratio (AR) distribution of grains are shown in Figure 5. CILAS 
Particle Size Analyser was used to capture images and analyse the fine fraction (diameter < 2mm) 
(Figure 4,b). Five images from several attempts (1 gr was used for each attempt) with reasonable 
resolution were selected for image processing (Figure 4,c). Based on Table 3 and Figure 5, Circularity 
and Aspect Ratio of the majority of WR particles are around 0.6-0.7 and 1.3 respectively. Regarding 
these values, three predominant shapes, as shown in Table 4, were chosen to model WR clumps. 
These clump shapes later were changed to clusters to model particle breakage with a subroutine 
developed (using the Fish Language) in PFC

2D 
as discussed in more detail in Afshar et al. (2014). 

 
4.2 Simulation of Unconfined Compressive Strength (UCS) and biaxial tests 

Crushed Waste excavation Rock (WR) is a coarse-grained material with a maximum particle size of 20 
mm and 10.2 precent of fine content (smaller than 0.075 mm). Some geotechnical characterisation of 
this material is provided in Table 5. 
 



Table 2:  Some basic shapes and their shape factors  
 

Shape  Round  Polygonal  Elongated  Stellate 

Area (px2) 5000 5000 5000 5000 

Circularity 0.91 0.62 0.24 0.20 

Aspect Ratio 1.1 1.7 9.5 1.0 

Solidity 0.98 0.96 0.94 0.59 

 

 
Figure 4. Image processing and shape factor determination of WR particles: a) Coarse fraction, b) 
Particle Size Analyser (CILAS), c) Fine fraction 
 



 
Figure 5. Circularity and Aspect Ratio (AR) distribution of 247 WR’s coarse particles (267 grams) 
 
Table 3: Predominant Circularity and Aspect Ratio (AR) of WR’s fine particles 
 

Modes of shape factors 

Circularity  0.61- 0.7 

Aspect Ratio 0.99 -1.2 

 
Table 4: The proposed clumps’ shape factors used in DEM  
 

Shape  

   

Circularity 0.673 0.609 0.674 

Aspect Ratio 1.163 1.506 1.481 

Solidity 0.938 0.945 0.932 

 
Table 5: Geotechnical properties of crushed basaltic Waste Rock 
 

Geotechnical Parameters Value  

Particle density - coarse (Mg/m
3
) 2.86 

Particle density - fine (Mg/m
3
) 2.85 

Fine content (smaller than 0.075 mm in %) 10.2 

Modified Compaction: Maximum Dry Density (Mg/m
3
) 2.23 

Modified Compaction: Optimum Moisture Content (%) 9.3 

D50 = 4 mm             Cu = 7.33                 Cc = 0.54            



 
DEM simulation of Unconfined Compressive Strength tests on WR resulted in strength values that 
were in a good agreement with the actual laboratory results. Unconfined Compressive Strength of WR 
from both numerical and experimental results was between 153 to 207 kPa. Also, this range was 
reported by Arulrajah et al. (2014b). The comparison of the clustered model, which has more realistic 
particle shapes, with the circular particles model showed that the proposed clustered model is more 
accurate than the unbreakable and simple shape (circular disks) model (Table 6). More importantly, 
comparison of these two models under biaxial conditions (confining pressure: 50 kPa) showed that the 
degree of contact and interlocking of aggregates were a function of the shape and angularity of the 
grains. Modeling angular particles in the DEM assembly means achieving more aggregate contacts 
and a more uniform distribution of internal forces, with a better interconnection between elements and 
improvement in sample strength (Figure 6). 
 
Table 6: Unconfined Compressive Strength of Waste Rock 

 

Unconfined Compressive Strength (kPa)

DEM simulation (Clustered model) 155  

DEM simulation (Circular disks model) 125 

Laboratory tests 153 - 207 

 
Figure 6. Top: Contact force distribution (yellow lines) (biaxial test simulation): a) Clustered model, b) 
Circular disks model (Max CForce= 90 kN); Bottom: c) Grain crushing simulation in clustered model  

 
5 CONCLUSION 

 
The mechanical behaviour of recycled Waste Rock materials, which are of interest to road work and 
pavement construction, is largely affected by particle shape and breakage. However, granular 
materials’ shape and size have only been qualitatively characterised in previous works. This study 
presented a quantitative assessment of shape of WR using a 2D laser scanning method and image 
processing tools through the analysis of over 500 particles in different size ranges. 
 
DEM simulations on circular particles tend to overestimate the magnitude of particle rotations, leading 
to unrealistic material response. To avoid this problem and to accurately investigate material 
behaviours, DEM simulation of more realistic particle shapes and breakage was performed in two-
dimensional models. Shape factors like Circularity and Aspect Ratio are simple criteria used to model 
reasonable and efficient grain shapes. The degree of contact and interlocking of aggregates were 
found to be dependent of the shape and angularity of the grains. Adding more angular particles to the 



assembly means achieving more aggregate contacts and a more uniform distribution of internal 
forces, with a better interconnection between elements and a significant improvement to the stability 
and the load distribution capability of the sample. As a future research goal, the effects of a wider 
range of Circularity and Aspect Ratio on failure mechanisms and patterns of geomaterials will be 
studied, extending the technique to other Construction and Demolition (C&D) materials. 
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