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ABSTRACT: This paper provides a summary of the main outcomes of a research activity aimed at facilitating the use of gravel-

rubber mixtures (GRMs) in geotechnical engineering applications. Specifically, the results of direct shear tests carried out on GRMs 

prepared at different volumetric rubber contents (VRC = 0, 10, 25, 40 and 100%) are reported and discussed. Moreover, an original 

3D hybrid DEM numerical model for rigid-soft particle mixtures is presented, and its performance is assessed. Finally, using newly 

proposed constitutive equations, micro-scale factors such as fabric, force anisotropy and strong-force chains are systematically 

examined throughout the shearing process to gain insight on the micro-mechanical behavior of mixtures with varying VRC.   

RÉSUMÉ: Cet article résume les principaux résultats d'une activité de recherche visant à faciliter l'utilisation de mélanges gravier-

caoutchouc (GRM) dans les applications de génie géotechnique. Plus précisément, les résultats d'essais de cisaillement direct réalisés 

sur des GRM préparés à différentes teneurs volumétriques en caoutchouc (VRC = 0, 10, 25, 40 et 100%) sont rapportés et discutés. 

De plus, un modèle numérique DEM hybride 3D original pour les mélanges de particules rigides-molles est présenté et ses 

performances sont évaluées. Enfin, en utilisant les équations constitutives nouvellement proposées, des facteurs micro-échelles tels 

que le tissu, l'anisotropie de force et les chaînes de force forte sont systématiquement examinés tout au long du processus de 

cisaillement pour avoir un aperçu du comportement micro-mécanique des mélanges avec des VRC variables.      

KEYWORDS: gravel-rubber mixtures; rigid-soft materials; direct shear; DEM simulations; micro-mechanic analyses. 

1  INTRODUCTION 

In Aotearoa New Zealand, the number of disposed tires exceeds 
5 million per year. Only 30% of which are recycled, with most 
ending up in landfills, stockpiles or illegally dumped, posing 
major environmental problems (Ministry for the Environment, 
2015). A viable and sustainable solution to address this issue 
would be the recycling of tire-derived aggregates (TDA) mixed 
with granular soils to produce rigid-soft granular geomaterials 
with excellent mechanical and energy adsorption properties (e.g. 
Lee et al., 2007; Mashiri et al., 2015).  

A comprehensive literature review, compiled by Tasallotti et 
al. (2021b), has revealed that much of previous research on rigid-
soft granular aggregates has focused on the mechanical 
characterization of sand-rubber mixtures, indicating that such 
materials possess adequate strength, but also a high 
compressibility that may limit their use as structural fills in many 
geotechnical applications. Moreover, from a practical viewpoint, 
in the selection of the soil type and recycled rubber size to form 
soil-rubber mixtures, the availability and the cost efficiency of 
both materials should be carefully considered (Hazarika and 
Abdullah. 2016). In actual fact, to avoid inherent segregation of 
binary mixtures made of large and small particles (Kim and 
Santamaria, 2008), the recycled rubber should be cut into smaller 
(sand size-like) pieces when mixed with sandy soils, which 
unavoidably increases the implementation costs. Consequently, 
as an alternative, the use gravel-rubber mixtures (GRMs) has 
been increasingly recommended by researchers in recent years 
(e.g. Hazarika et al., 2020; Pitilakis et al., 2021).  

Yet, compared to sand-rubber mixtures, the mechanical 
behavior of GRMs is still largely unknown (Pasha et al., 2019; 
Tasalloti et al., 2020). Therefore, as part of a research activity 
aimed at facilitating the use of GRMs in geotechnical 
applications in New Zealand (Chiaro et al., 2020), including 
foundation systems for seismic-resilient residential buildings 

(Hernandez et al., 2020), two subsequent steps were undertaken 
by the authors: (i) a number of direct shear investigations were 
carried out on gravel-granulated rubber composites assorted at 
volumetric rubber content (VRC) of 0, 10, 25, 40 and 100% to 
evaluate the combined effects of VRC, aspect ratio (AR = 
D50,R/D50,G) and applied normal stress on the strength properties 
of GRMs (Tasalloti et al, 2021a; Chiaro et al., 2021); and (ii) a 
novel 3-dimensional hybrid Discrete Element Method model 
(named DEM4GRM model) able to accurately describe the 
macro-mechanical direct shear response of rigid-soft particle 
mixtures was developed (Chew et al., 2021). Moreover, ad hoc 
constitutive equations defining key micro-mechanical features of 
such synthetic materials were established for GRMs (Chew, 
2021).  

In this paper, due to page limitation, experimental findings are 
reported and discussed for a selected mixture only. Then, the new 
DEM4GRM model is briefly introduced and its predictive 
performance evaluated. Finally, using the newly proposed 
constitutive equations, micro-scale aspects such as fabric, force 
anisotropy and strong-force chains are scrutinized throughout the 
shearing process and compared among mixtures with varying 
VRC. 

2  EXPERIMENTAL INVESTIGATION 

2.1  Testing apparatus, materials and procedure 

The strength of GRMs was estimated by means of a medium-size 
direct shear box (100 mm × 100 mm in cross-section and 53 mm 
in height) at three normal stress (σn) levels of 30, 60 and 100 kPa. 
The horizontal displacement rate was 1 mm/min. 

Rigid-soft granular mixtures were produced by mixing a 
uniformly-graded rounded gravel (D50 = 5.67 mm) and recycled 
rubber particles (D50 = 3.74 mm) that are free from steel wires 
and geotextile reinforcement. Figure 1 shows the particle size 
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distribution curves, photographic images and properties of both 
reference materials. The aspect ratio of the mixtures is AR = 0.66. 
The GRMs were prepared at volumetric rubber contents (VRC) 
of 0, 10, 25, 40 and 100%, where VRC is defined as the ratio 
between the volume of rubber and the total volume of solids.  

All specimens were tested dry and prepared at a degree of 
compaction of 90-95% by dry tamping method, which was 
calculated based on the values of maximum dry density (ρmax) 
obtained by standard Proctor compaction tests (Figure 2). It is 
worth mentioning that, vibratory table tests were found 
ineffective for determining ρmax of GRMs. This could be 
attributed to the low stiffness and high energy absorption nature 
of the rubber particles in the mixtures. Segregation in the GRM 
specimens was prevented by minimizing any vibration and 
avoiding granular flow. 
 

 
Figure 1. Particle size distribution curves and photographic images of 

the gravel and granulated recycled tire rubber investigated in this study. 
 

 
Figure 2. Proctor maximum dry density and initial density state in direct 
shear tests for tested materials.  

2.2  Test results 

Typical stress-strain-volumetric behavior of GRMs in direct 
shear tests at σn = 30, 60 and 100 kPa is reported in Figure 3 for 
VRC = 10 and 40%. It can be seen that irrespective of σn, by 
increasing VRC, the material response gradually changes from 
dilative-like (with a clear peak shear state) to contractive-like 
(with a less evident peak shear state).  

Figure 4 reports the values of the Mohr-Coulomb peak friction 
angle (ϕ’) for all mixtures. Essentially, ϕ’ decreases with 
increasing VRC from about 54o (gravel) to 29o (graduated 
rubber). Therefore, excluding the pure rubber, the investigated 
GRMs have a high strength (i.e. ϕ’> 30o) irrespective of the VRC, 
making them suitable as fill materials for many geotechnical 
applications (Chiaro et al., 2015). Yet, their ultimate adoption 
would depend on their stress-dependent compressibility under 
sustained loads (Chiaro et al., 2020), which is reported in Figure 
5 for comprehensiveness. The higher is the vertical stress (σv) 
applied on GRMs, the higher is the vertical strain (εv) developed, 
and the lower is the VRC in the mixtures that may satisfy 
compressibility requirements. For instance, in foundations 
applications, Chiaro et al. (2020) have recommended that to meet 

serviceability performance requirements, εv of GRMs should not 
exceed 3%, limiting VRC to 40% or less.  

3  DEM NUMERICAL MODELING 

The Discrete Element Method (DEM) has been widely used as a 
tool to investigate particle-level interactions and develop a better 
understanding of the macro- and micro-mechanical behavior of 
granular matters (O’Sullivan, 2011).  

The granular and discrete nature of GRMs makes DEM an 
ideal numerical modelling method to investigate the micro-
mechanical behavior of such materials. However, the soft and 
low moduli behavior of the rubber particles challenges one of the 
fundamental assumptions of DEM: particle rigidity. Based on 
this assumption, contact forces are determined from the overlap 
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Figure 3. Direct shear behavior for GRMs with VRC = 10 and 40% at 

different normal stress levels.  

 
Figure 4. Mohr-Coulomb friction angle for GRMs in direct shear tests. 
 

 
Figure 5. Vertical strain contours for GRMs from one-dimensional 
compression tests with 2-hour creep stages.  
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between contacting bodies but the particles do not deform 
(O’Sullivan, 2011). While the softness of rubber may be captured 
by prescribing a low particle stiffness, the volumetric behavior 
of pure rubber (Poisson’s ratio, νrubber = 0.5) cannot be imitated 
easily in DEM using the particle rigidity approach.  

In an attempt to address this issue, Asadi et al. (2018) 
implemented a deformable agglomerate to model more accurate 
changes in the shape (deformation) of rubber particles by using 
weak internal bonds between tire rubber particles, allowing the 
spheres within a cluster to move and rearrange. Later, Ren et al. 
(2020) proposed a deformable single rubber particle model, 
calibrated with respect to compression and tensile element tests, 
that is able to capture the volumetric behavior of rubber. It has 
been recommended that with sufficient rows of bonded spheres 
packed in a body-centered cubic (BCC) arrangement, this model 
can reliably and accurately capture the strength and volumetric 
behavior of a single rubber particle as the non-linear mechanical 
behavior of rubber is captured by a piecewise linear contact/bond 
model. 

In this study, taking advantage of both the well-established 
particle rigidity approach applicable to hard-grained soils and the 
possibility to capture the soft rubber behavior using BCC 
deformable particles, a 3D hybrid DEM model for GRMs (called 
DEM4GRM model) was developed using the Particle Flow Code 
3 Dimensional program (PFC3D, version 6.1; Itasca Consulting 
Group, 2018). Such a model makes it possible to explore the 
micro-mechanical direct shear behavior of GRMs under varying 
VRC and normal stress levels.   

The framework in PFC3D is based on the DEM formulation by 
Cundall and Strack (1979), where an explicit numerical scheme 
is used to monitor the interaction of particles individually and its 
corresponding contacts with neighboring particles. Moreover, 
based on the particle rigidity approach earlier mentioned, contact 
forces are evaluated from the overlap between contacting bodies 
but the particles do not deform (O’Sullivan, 2011).  

To define the interactions at each contact, in this study, the 
Hertz-Mindlin contact law (Mindlin and Deresiewicz, 1953) was 
used. It follows a non-linear contact force-overlap relationship 
governed by a user-defined initial shear modulus (G) and a 
dashpot component for damping. The DEM input parameters 
defining the contacts are provided in Table 1. As the gravel and 
rubber particles have different engineering properties, the surface 
property inheritance functionality in PFC3D was used to 
determine hybrid contact properties between the gravel and 
rubber (Itasca Consulting Group, 2018). 

3.1  DEM modeling of single rubber particles 

Recognizing the importance of accounting for the compressive 
volumetric behavior of rubber, an improved tire rubber particle 
model was proposed in this study, which builds on the findings 
from Asadi et al. (2018) and Ren et al. (2020). Specifically, to 
achieve a realistic simulation setup and reduced computation 
time, the BCC rubber model by Ren et al. (2020) was enhanced 
and optimized. Figure 6(a) shows the proposed rubber model 
consisting of a cluster of 35 balls, BCC packed, bonded together 
by linear parallel bonds (Potyondy and Cundall, 2004). The inter-
cluster non-bond contacts, which would form when in contact 
with external particles, are defined using the Hertz-Mindlin 
model (Mindlin and Deresiewicz, 1953). To ensure that 
compressive load is applied more evenly, an outer shell was 
positioned on each side of the cubic assembly. The model elastic 
parameters were defined using the results of a series of uniaxial 
compression tests on single tire rubber particles as shown in 
Figure 6(b). Full details of the proposed single rubber particle 
model are available from Chew (2021). 

3.2  DEM modeling of gravel particles 

As shown in Figure 6(c), to account for different gravel particle 

sizes and shape variability, the gravel particles were modelled 
using a combination of simple clump shapes similar to those 
considered by Garcia and Bray (2019).  
 
Table 1. Input parameters for the DEM4GRM model 

Item Parameter Value 

Gravel Particle density (kg/m3) 2710 

Coefficient of friction 0.72 

Shear modulus (MPa) 90 

Poisson’s Ratio 0.3 

Rubber Particle density (kg/m3) 1140 

Coefficient of friction 0.27 

Rubber - bonds Shear modulus bonded spheres (MPa) 12 

Bond elastic modulus (MPa) 20 

Normal-to-shear stiffness ratio (kn/ks) 4.0 

Tensile strength (Pa) 30E200# 

Shear strength (Pa) 30E200# 

Critical damping ratio 0.25 

Wall Coefficient of friction 0.70 

Shear modulus (MPa) 80,000 

Poisson’s ratio 0.25 

Global Damping coefficient 0.2 

# A very high value is sued to prevent bond breakage 

3.3  DEM modeling of GRMs 

The GRM specimens were generated using the overlapping 
method (Itasca Consulting Group, 2018; Zhang et al., 2019) 
based on the particle size distribution used in the laboratory 
experiments shown in Figure 1. The specimens were quasi-
statically compressed until reaching the target degree of 
compaction. The normal stress was applied to the specimens by 
means of a force applied on the top plate. Following, the 
specimens were sheared by moving the lower box at a rate of 
0.002 m/s (to maintain quasi-static condition). Frictionless lateral 
walls were adopted to minimize k0 effects. Figure 6(d) shows a 
typical DEM specimen obtained for VRC = 25%.  

The model parameters for the reference materials were 
determined by simulating the gravel (VRC = 0%) and rubber 
(VRC = 100%) behavior in direct shear and fitting the shear and 
volumetric behavior that best match the experimental direct shear 
results. No additional model parameters were defined for 
mixtures with VRC = 10, 25 and 40%, but rather the shear and 
volumetric responses in the simulations were merely dictated by 
the proportion of gravel and rubber particles in the mixtures and 
the normal stress level applied on the specimens. 

3.4  DEM numerical simulation results 

In Figure 7, typical DEM simulation results are presented for 
gravel and granulated rubber specimens sheared at σn = 30, 60 
and 100 kPa. It can be seen that, irrespective of the stress level, 
there is a very good agreement with the experimental tests results, 
both in terms of stress and volumetric behaviors. 

On the other hand, the results obtained for GRMs sheared at σn 
= 100 kPa are reported in Figure 8. Despite no specific model 
parameters were defined for the mixtures, there is a good 
agreement with the experimental tests results, both in terms of 
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stress and volumetric behaviors, the model being able to capture 
key features of dilative (rigid gravel-like) and compressive (soft 
rubber-like) mixture responses with varying VRC. To be precise, 
while the stress response is perfectly described, the volumetric 
response appears to be slightly over-predicted, although the 
trends are correct (i.e. showing a more contractive behavior with 
increasing VRC).   
  

4  MICRO-MECHANICS ANALYSES AND DISCUSSIONS 

4.1  Fabric and force anisotropy 

The methodology proposed by Rothenburg and Bathurst (1989) 
was used to quantify the fabric and force anisotropy in the 
DEM4GRM model simulations during shearing with some 
modifications in line with the latest research outcomes (e.g. Guo 

and Zhao, 2013). A curve fitting approach using second-order 
Fourier series yielded the following expressions that best 
describe the (polar) distribution of different contact types 
considered in this study. The shape of the distribution of the 
contact vector – fabric can be approximated using the harmonic 
function: 

𝐸(𝜃) =
{1 + 𝑎 𝑐𝑜𝑠2(𝜃 − 𝜃𝑎)}

2𝜋
 (1) 

where 𝑎 represents the magnitude or coefficient of anisotropy 
of the contact orientations, and 𝜃𝑎 is the principal direction of 
this anisotropy. Similarly, the contact normal force distribution 
can be represented by: 

𝑓�̅�(𝜃) = 𝑓�̅�
𝑜{1 + 𝑎𝑛𝑐𝑜𝑠2(𝜃 − 𝜃𝑛)} (2) 

where 𝑓�̅�
𝑜  is the average contact normal force, 𝑎𝑛  is the 

parameter describing the anisotropy of the contact normal force 
component, and 𝜃𝑛  is the direction of the maximum average 
normal forces. The expressions in Eqns. (1) and (2) are found to 
be similar to those used by Rothenburg and Bathurst (1989). 

The following expression was proposed to best approximate 
the tangential force distribution for the GRMs considered in this 
study: 

𝑓�̅�(𝜃) = 𝑓�̅�
𝑜{1 + 𝑎𝑡𝑐𝑜𝑠4(𝜃 − 𝜃𝑡)} (3) 

where 𝑓�̅�
𝑜  is the average contact shear force, 𝑎𝑡  is the 

parameter describing the anisotropy of the contact tangential 
force component, and 𝜃𝑡  defines the direction of the peak 
contact shear force.  

Figure 9 reports the comparison between polar histograms of 
the fabric, normal force and tangential force distribution at 
different shearing stages obtained by the proposed 
approximation functions and DEM simulations for GRMs with 
VRC = 25% at σn = 60 kPa.  

For completeness, the variation during the shearing process of 
the force anisotropy coefficients (𝑎, 𝑎𝑛, 𝑎𝑡) for varying VRC and 
normal stress 60 kPa is shown in Figure 10. Although not 
presented here, it is worth noting that very similar trends were 
obtained at 30 and 100 kPa normal stress.  

Overall, the fabric of the rubber (VRC = 100%) specimens is 
significantly different from that of the gravel (VRC = 0%), and 
that of the mixtures closely resemble one or the other depending 
on the VRC content. Specifically, at VRC = 40%, the trends in 𝑎, 
𝑎𝑛  and 𝑎𝑡  begin to be similar to that of VRC = 100%, 
suggesting that the soft-like rubber-dominated behaviour is 
expected for the mixtures with VRC ≥ 40%. Contrarily, the peaks 
in 𝑎 , 𝑎𝑛  and 𝑎𝑡  coefficients trends during shearing are 
evident up to VRC = 25%, suggesting that rigid-like gravel-
dominated behaviour is predictable for the mixtures with VRC ≤ 
25%. This is explained in more detail in the next section. 

(a) (b) 
  

(c) 

(d) 

Figure 6. Characteristics of the newly proposed DEM4GRM model. 

 

  

Figure 7. Comparison between experimental test and DEM simulation 

results for gravel and granulated rubber at different normal stress levels. 

 

Figure 8. Comparison between experimental test and DEM simulation 

results for GRMs at 100 kPa normal stress. 
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The decrease in the fabric and normal force anisotropy with 
increasing VRC can be attributed to the reduction in bulk friction 
of the assembly. Huang et al. (2014) investigated the effects of 
interparticle friction on the micro-mechanical responses at 
critical state and found that increasing interparticle friction 
resulted in higher degrees on anisotropy at critical state. Figure 
11 shows that, in this study, the overall internal friction (obtained 
by dividing the total shear forces of all the contacts by the total 
normal forces) decreases with increasing VRC, in a similar way 
that the macro-scale friction angle does (Figure 4). This confirms 
that the addition of lower interparticle friction rubber particles 
reduces the bulk friction of the assembly, causing a reduction in 

the degree of anisotropy.  
 

 

Figure 11. Variation of force anisotropy coefficients with VRC at 60 kPa 

normal stress. 

4.2  Force network 

It has been well established that the contact network can be 
separated into two categories: the strong-force network and the 
weak-force network (Radjai et al., 1998). The strong-force 
network consists of contact forces greater than the average force 
in the assembly and represents the load-bearing force chains that 
form during shearing and is responsible for the fabric and force 
anisotropy observed (Guo and Zhao, 2013; Huang et al., 2014; 
Lopera Perez et al, 2017). 

By measuring the amount of gravel-gravel (g-g), gravel-rubber 
(g-r) and rubber-rubber (r-r) contacts participating in the strong-
force network, the plots shown in Figure 12 was obtained. It 
shows that the proportion of r-r contacts in the strong force 
network is irrelevant up to VRC = 25-30%, and more than half of 
the strong contacts are g-g contacts. From VRC = 25% onward, 
the proportion of strong r-r contacts increase significantly while 
the proportion of strong g-g force chains decrease rapidly. At 
VRC = 40%, both the r-r and g-g contacts carry an equal 
proportion of the strong contacts. Yet, the strong-forces chains 
are primarily transmitted via the g-r contacts, giving rise to an 
intermediate behaviour where the specimen displays primarily a 
dilative behaviour during shearing. The peak shear stress is also 
less pronounced. Above VRC = 60%, r-r contacts sustain most of 
the strong-force chains in the assembly.  

 

 

Figure 12. Behavioral zones for GRMs in direct shear tests. 

5  CONCLUSIONS 

In this paper, the results of direct shear tests carried out on gravel-
rubber mixtures (GRMs) – prepared at different volumetric 
rubber contents (VRC = 0, 10, 25, 40 and 100%) and sheared at 
30, 60 and 100 kPa normal stress – were reported and discussed. 
Moreover, an original 3D hybrid DEM numerical model for 
rigid-soft particle mixtures was presented, and its performance 
was assessed. Finally, using newly proposed constitutive 
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Figure 9. Polar histograms of the fabric, normal force and shear force 

distribution at different shearing stages (0, 3.5 and8 mm) for GRMs with 

VRC = 25% at 60 kPa normal stress. Black dash lines (- -) indicate the 

Fourier series approximation functions. 

 

 

Figure 10. Variation of force anisotropy coefficients with VRC at 60 kPa 

normal stress. 
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equations, micro-scale factors such as fabric, force anisotropy 
and strong-force chains were systematically examined 
throughout the shearing process to gain insight on the micro-
mechanical behavior of mixtures with varying VRC. 
The following main conclusion can be drawn from this study: 

Macro-scale 
i) Irrespective of the applied normal stress level, the response 

of GRMs changed rapidly from dilative-like to contractive-
like with the addition of rubber in the mixtures; 

ii) The friction angle (ϕ’) was found to be between 54o (gravel) 
and 29o (rubber) indicating that the majority of GRMs are 
suitable materials for most geotechnical applications (ϕ’≥ 
30o), if also compressibility performance requirements are 
fulfilled; 

Micro-scale  
iii) Fabric and force anisotropy generally decreased with 

increasing VRC. This can be mainly attributed to the 
reduction in the internal friction coefficient of the bulk 
mixture due to the addition of lower interparticle friction 
rubber particles;  

iv) Based on the strong-force network analysis, these distinct 
behavioural zones were identified for GRMs: gravel-like 
rigid behavior zone: VRC ≤ 30%; intermediate 
behaviour/transition zone: 30%≤ VRC ≤60%; rubber-like 
soft behaviour zone: VRC ≥ 60%. It is important to note that 
the above is valid for the level of normal stress and the aspect 
ratio (AR) considered in this study. In fact, at higher stress 
levels the rubber-like behavior could become more 
predominant even at lower VRC levels. Moreover, the aspect 
ration (AR) could also have an effects on the behavioural 
zones. The authors are planning to be addressed these aspects 
by conducting further DEM investigations. 
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