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Abstract. Soft-Rigid granular mixtures (SRM) demonstrate complex compaction behaviour due to the pore-
filling mechanism exhibited by the deformable particles. The current study provides a micro-mechanical per-
spective of the compaction behaviour of these soft-rigid granular mixtures (SRM- 30%, i.e., 30% deformable
particles) and pure rigid assembly (SRM-0%, i.e., 0% deformable particles) having rigid realistic angular mor-
phologies. The study first compares the variation of the void ratio during the gravity deposition over a range
of inter-particle friction coefficients between zero and one. Furthermore, the study specifically focuses on
understanding the evolution of pore size distribution during oedometer compression. A normal pressure at a
quasi-static rate is applied on the granular assembly to achieve the 80% of densest volume fraction. The ad-
dition of soft deformable particles alters the compaction behaviour by specifically decreasing the void ratio
more rapidly under minimal compaction effort, compared to a fully rigid particle assembly. The presence of
deformable particles in the mixture enhances the pore filling mechanism which is quantified by computing the
pore size distribution at two different stages of compaction. The post-compaction probability distribution of the
pore radius infers that the smaller voids are drastically increased due to the addition of deformable particles.

1 Introduction

Heterogeneous soft-rigid granular mixtures, such as the
rubber-sand composites, have shown improved perfor-
mance over pure sand or gravel aggregates in various
geotechnical applications, including seismic isolation, re-
ducing ballast degradation in railways, and improving the
stability of retaining structures and embankments [1, 2].

While shear strength is often the primary criterion for
designing sand-rubber mixture proportions, an equally im-
portant property is their compressibility [3], as it directly
influences the hydraulic conductivity of these mixtures [4].
In this context, the pore size distribution (PSD) and its evo-
lution under compaction are critical parameters, as they
govern the connectivity and constriction of flow pathways
within the granular assembly [5]. Therefore, characteriz-
ing PSD is essential for predicting and optimizing the hy-
draulic performance of soft-rigid mixtures when used as
filler materials in geotechnical applications [6]. The evo-
lution of the PSD during compaction is governed by the
combined influence of soft particle content, particle mor-
phology, and inter-particle friction. The deformation of
the soft particles alters the pore structure initially present
between the rigid particles, thereby influencing the pack-
ing fraction and the internal fabric of the granular assem-
bly. Experimental estimation of PSD from the soft-rigid
granular mixtures is extremely difficult and often relied on
statistical analysis assuming simple particle shapes [6].
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The present study employs 2D discrete numerical sim-
ulations that incorporate particle-level deformation to ac-
curately capture the soft nature and contact interactions
within granular mixtures. Despite the significant influence
of soft particle deformation, previous studies [4, 7] have
been constrained by the lack of accurate simulation strate-
gies capable of representing the realistic continuum defor-
mation of soft particles. First, the effect of contact fric-
tion on the initial packing of soft-rubber granular mixtures
(SRM-30) is examined and compared with a fully rigid
granular assembly (SRM-0). Furthermore, an oedometer
test is simulated for both purely rigid and soft-rigid gran-
ular mixtures. The primary objective of this study is to
analyse the influence of soft particle inclusion on the PSD
and compressibility characteristics of granular assemblies
during an oedometer test.

2 Numerical framework

Traditional soft contact Discrete Element Method (DEM)
is limited in its ability to capture the deformation of
rubber-like soft deformation, which is crucial for accu-
rately modeling soft-rigid granular mixtures [4]. To ad-
dress this limitation, the present study employs a coupled
DEM and Element-Free Galerkin (EFG) framework. The
simulations are conducted using an open-source numeri-
cal solver - MELODY 2D [8]. DEM is used to simulate
contact interactions within the multi-body system, while
the EFG framework simulates the continuum deformation
of individual soft particles in the mixture. To simulate the
deformation of soft particles, each individual particle is
discretized using a unstructured set of nodes. The dis-
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placement field within each soft particle is computed by
solving the governing equations by applying the external
contact forces and the boundary conditions.

To model the rubber-like deformation of soft particles,
the Neo-Hookean hyperelastic constitutive model is em-
ployed [8]. Each deformable particle is treated as a con-
tinuum body, with intrinsic material and contact-related
properties such as Young’s modulus, Poisson’s ratio, and
friction. The normal and tangential stiffness between all
particles are set to 1 GPa. The Young’s modulus (E) and
Poisson’s ratio (ω) for the soft particles are set to 5 MPa
and 0.495 respectively and the coefficient of friction (µ)
is 0.5 between all soft-rigid particles. The contact fric-
tion (µw) between the walls and the particles is set to 0.01.
This methodology enables a detailed investigation of the
mechanical behaviour of granular mixtures, particularly in
systems with diverse particle morphologies and composite
additives like rubber.

3 Initial packing

In DEM simulations, the desired packing fraction, ranging
from the loosest to the densest state, is typically achieved
by controlling the contact friction. This study first exam-
ines the packing characteristics of granular mixtures, with
a particular focus on the influence of inter-particle fric-
tion on packing density. Two types of mixtures are consid-
ered: (i) pure rigid granular assemblies (SRM-0) and (ii)
composite mixtures containing 30% rubber particles by
number (SRM-30). To assess the effect of friction, inter-
particle friction coefficients (between rigid-rigid, rigid-
soft and soft-soft, µ = µrr = µrs = µss) are systematically
varied from 0 to 1, and their impact on the resulting pack-
ing densities are analysed. The minimum and maximum
void ratios obtained from this preliminary investigation
serve as reference bounds for subsequent oedometer com-
paction simulations, where the mixtures are compacted to
80% of their maximum relative density.

Figure 1: 30% Soft-Rigid Mixture (SRM-30) made of
rounded deformable particles and angular non-convex
rigid particles.

The granular composite mixtures consist of both rigid
and soft particles. The rigid particles exhibit four dis-

tinct angular morphologies (as shown in Fig. 1), extracted
from high-resolution images using the method described
by Kalyan and Kandasami [9]. Based on their measured
roundness of 0.3 and sphericity of 0.55, with an equivalent
diameter of 4 cm, these particles are classified as highly
angular [9]. In contrast, soft rubber particles are modeled
as circular and deformable, with a diameter same as the
rigid particles (as shown in Fig. 1). Initially a total of
2000 particles are arranged in a uniform spaced grid with
randomized orientations and placement of rubber. These
particles are then allowed to settle under gravity within a
rectangular container (as shown Fig. 1) until a mechani-
cally stable configuration is achieved (velocity ↑ 0). To
achieve equilibrium condition, contact damping (ε) for all
particle interactions is set to 0.7. The simulations are con-
ducted for six discrete inter-particle friction coefficients:
0, 0.1, 0.25, 0.5, 0.75, and 1.0.

After the packing process, the contour of each parti-
cle is extracted, and a tight convex polygon is constructed
to encompass all particle boundaries, thereby defining the
total occupied area (Aparticles + Avoid). From this, the to-
tal void ratio area is calculated using the precomputed ar-
eas of individual particles(Aparticles), allowing the packing
void ratio to be determined across different friction values.
Similar process is employed for the SRM containing 30%
of rubber particles by number, to assess the influence of
soft particle inclusion on void ratio variations. Three ran-
dom packing arrangements (SRM-0 and 30) for each fric-
tion value are simulated to obtain a range of void ratios.
These measurements offer critical insights into the depen-
dence of maximum (emax) and minimum (emin) void ra-
tios on the inter-particle friction for these two-dimensional
DEM particles.

Figure 2: Variation in initial packing void ratio with fric-
tion coefficient for completely rigid particles (SRM-0) and
30% soft particle (SRM-30) for three samples each.

In Fig. 2, the trend lines corresponding to SRM-0 and
SRM-30 represent the mean void ratios obtained from the
gravity deposition simulations, while the shaded bands in-
dicate the standard deviation computed from three inde-
pendent realizations of random particle arrangements. It
illustrates the variation in the initial packing void ratio (e)
as a function of friction. Both the rigid granular assembly
and the soft-rigid mixture exhibit an upward trend with in-
crease in friction values, with the emin occurring at zero

friction. At very low friction values, particles are free to
rearrange, leading to the densest possible packing. The
maximum void ratio (emax) is observed at the highest fric-
tion value of 1.0, where increased inter-particle resistance
restricts rearrangement, resulting in the loosest packing
under gravity.

Interestingly, the packing void ratio (e) of the rigid
and soft-rigid assemblies remains largely similar across all
inter-particle friction values. However, in the intermediate
friction range of 0.4 to 0.6, SRM-0 shows a slight increase
in e, suggesting the development of a relatively loose pack-
ing structure. This is attributed to the deformability of the
rubber particles, which enables them to compress and oc-
cupy interstitial voids that would otherwise remain unfilled
in a system comprising only rigid particles.

4 Oedometer test

Using a friction value of 0.5 and the corresponding initial
packing density from Fig. 2, the two assemblies discussed
in the previous section are subjected to compression in the
vertical direction with the side walls of the container fixed
with zero lateral strain. The compaction is applied through
a piston lid descending at a constant velocity of 5 cm/s (in-
ertial number I < 10↓3). During the loading process, the
normal force exerted on the piston by the particles and the
positions of the particles relative to the wall movement are
recorded. These force measurements are then correlated
with the evolving void ratio over time to construct the pres-
sure–void ratio response of each system (see Fig. 3). The
minimum void ratio obtained with zero friction serves as a
reference bound for compaction and therefore the simula-
tion is halted when we achieve 80% of the maximum rel-
ative density. Excessive compaction beyond this threshold
leads to non-physical and significantly large overlaps at
the particle contacts specifically post minimum void ratio
threshold.

Figure 3: Void ratio vs. pressure for 0% and 30% rubber
with contact friction µ = 0.5

Fig. 3 illustrates the compaction behavior of the two
granular assemblies i.e., the rigid assembly SRM-0 and
the composite mixture SRM-30. The void ratio decreases
with increasing pressure, reflecting the typical densifica-
tion response under oedometer compression. A distinct
difference is observed between the two mixtures. The rigid
particle assembly (SRM-0) exhibits a gradual reduction in

void ratio with increasing pressure, indicating that com-
paction primarily occurs through particle rearrangement
and interlocking. The presence of highly angular rigid
particles limits extensive densification, requiring a high
compaction effort to each densest packing. In contrast, the
composite mixture (SRM-30), which includes deformable
rubber particles, undergoes a more rapid decrease in void
ratio at lower pressures. This behavior suggests that the
inclusion of soft particles enhances the compressibility of
the granular mixture. The deformability of rubber parti-
cles allows them to accommodate local stresses more ef-
fectively, leading to a steeper compaction curve. By calcu-
lating the slope from the Fig. 3, the compaction indices are
0.0201 for SRM-0 and 0.0352 for SRM-30. The steeper
slope observed in the SRM-30 mixture indicates a higher
compaction index compared to SRM-0, demonstrating that
the inclusion of soft particles significantly improves the
packing efficiency under compression. Unlike the rigid as-
sembly that relies on rearrangements and interlocking, the
composite mixture exhibits enhanced compressibility as
the deformable particles facilitate large coordination num-
ber (Z = 8.3 at t2) and stable contacts, resulting in a large
reduction in void ratio at lower pressures (see Fig. 4). The
coordination number of SRM-0 at t2 is observed to 4.5. As
the rubber fills the voids during compaction, the contact
points with rigid increases resulting in high coordination
number.

Figure 4: (a) SRM-30 particle arrangement just before
compaction (t1) and (b) Final particle arrangement post
compaction stage t2.

5 Pore size analysis

The current study proposes a novel 2D pore pixelization
method to compute pore size distribution from polygo-
nal granular system. The particle surface nodal coordi-
nates are extracted at two stages of compaction (initial
t1 and final t2). These polygons are then used to gener-
ate binary masks, where regions corresponding to parti-
cles are assigned a value of zero, while the void spaces
remain as ones. The pore space formed by the particles
in Fig. 5a represents the segmented void, with each void
colour-coded based on its area after extracting the void
space boundaries using MATLAB. Connected component
analysis (bwconncomp) is utilized to segment the void re-
gions and then a unique index is assigned to each distinct
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placement field within each soft particle is computed by
solving the governing equations by applying the external
contact forces and the boundary conditions.

To model the rubber-like deformation of soft particles,
the Neo-Hookean hyperelastic constitutive model is em-
ployed [8]. Each deformable particle is treated as a con-
tinuum body, with intrinsic material and contact-related
properties such as Young’s modulus, Poisson’s ratio, and
friction. The normal and tangential stiffness between all
particles are set to 1 GPa. The Young’s modulus (E) and
Poisson’s ratio (ω) for the soft particles are set to 5 MPa
and 0.495 respectively and the coefficient of friction (µ)
is 0.5 between all soft-rigid particles. The contact fric-
tion (µw) between the walls and the particles is set to 0.01.
This methodology enables a detailed investigation of the
mechanical behaviour of granular mixtures, particularly in
systems with diverse particle morphologies and composite
additives like rubber.

3 Initial packing

In DEM simulations, the desired packing fraction, ranging
from the loosest to the densest state, is typically achieved
by controlling the contact friction. This study first exam-
ines the packing characteristics of granular mixtures, with
a particular focus on the influence of inter-particle fric-
tion on packing density. Two types of mixtures are consid-
ered: (i) pure rigid granular assemblies (SRM-0) and (ii)
composite mixtures containing 30% rubber particles by
number (SRM-30). To assess the effect of friction, inter-
particle friction coefficients (between rigid-rigid, rigid-
soft and soft-soft, µ = µrr = µrs = µss) are systematically
varied from 0 to 1, and their impact on the resulting pack-
ing densities are analysed. The minimum and maximum
void ratios obtained from this preliminary investigation
serve as reference bounds for subsequent oedometer com-
paction simulations, where the mixtures are compacted to
80% of their maximum relative density.

Figure 1: 30% Soft-Rigid Mixture (SRM-30) made of
rounded deformable particles and angular non-convex
rigid particles.

The granular composite mixtures consist of both rigid
and soft particles. The rigid particles exhibit four dis-

tinct angular morphologies (as shown in Fig. 1), extracted
from high-resolution images using the method described
by Kalyan and Kandasami [9]. Based on their measured
roundness of 0.3 and sphericity of 0.55, with an equivalent
diameter of 4 cm, these particles are classified as highly
angular [9]. In contrast, soft rubber particles are modeled
as circular and deformable, with a diameter same as the
rigid particles (as shown in Fig. 1). Initially a total of
2000 particles are arranged in a uniform spaced grid with
randomized orientations and placement of rubber. These
particles are then allowed to settle under gravity within a
rectangular container (as shown Fig. 1) until a mechani-
cally stable configuration is achieved (velocity ↑ 0). To
achieve equilibrium condition, contact damping (ε) for all
particle interactions is set to 0.7. The simulations are con-
ducted for six discrete inter-particle friction coefficients:
0, 0.1, 0.25, 0.5, 0.75, and 1.0.

After the packing process, the contour of each parti-
cle is extracted, and a tight convex polygon is constructed
to encompass all particle boundaries, thereby defining the
total occupied area (Aparticles + Avoid). From this, the to-
tal void ratio area is calculated using the precomputed ar-
eas of individual particles(Aparticles), allowing the packing
void ratio to be determined across different friction values.
Similar process is employed for the SRM containing 30%
of rubber particles by number, to assess the influence of
soft particle inclusion on void ratio variations. Three ran-
dom packing arrangements (SRM-0 and 30) for each fric-
tion value are simulated to obtain a range of void ratios.
These measurements offer critical insights into the depen-
dence of maximum (emax) and minimum (emin) void ra-
tios on the inter-particle friction for these two-dimensional
DEM particles.

Figure 2: Variation in initial packing void ratio with fric-
tion coefficient for completely rigid particles (SRM-0) and
30% soft particle (SRM-30) for three samples each.

In Fig. 2, the trend lines corresponding to SRM-0 and
SRM-30 represent the mean void ratios obtained from the
gravity deposition simulations, while the shaded bands in-
dicate the standard deviation computed from three inde-
pendent realizations of random particle arrangements. It
illustrates the variation in the initial packing void ratio (e)
as a function of friction. Both the rigid granular assembly
and the soft-rigid mixture exhibit an upward trend with in-
crease in friction values, with the emin occurring at zero

friction. At very low friction values, particles are free to
rearrange, leading to the densest possible packing. The
maximum void ratio (emax) is observed at the highest fric-
tion value of 1.0, where increased inter-particle resistance
restricts rearrangement, resulting in the loosest packing
under gravity.

Interestingly, the packing void ratio (e) of the rigid
and soft-rigid assemblies remains largely similar across all
inter-particle friction values. However, in the intermediate
friction range of 0.4 to 0.6, SRM-0 shows a slight increase
in e, suggesting the development of a relatively loose pack-
ing structure. This is attributed to the deformability of the
rubber particles, which enables them to compress and oc-
cupy interstitial voids that would otherwise remain unfilled
in a system comprising only rigid particles.

4 Oedometer test

Using a friction value of 0.5 and the corresponding initial
packing density from Fig. 2, the two assemblies discussed
in the previous section are subjected to compression in the
vertical direction with the side walls of the container fixed
with zero lateral strain. The compaction is applied through
a piston lid descending at a constant velocity of 5 cm/s (in-
ertial number I < 10↓3). During the loading process, the
normal force exerted on the piston by the particles and the
positions of the particles relative to the wall movement are
recorded. These force measurements are then correlated
with the evolving void ratio over time to construct the pres-
sure–void ratio response of each system (see Fig. 3). The
minimum void ratio obtained with zero friction serves as a
reference bound for compaction and therefore the simula-
tion is halted when we achieve 80% of the maximum rel-
ative density. Excessive compaction beyond this threshold
leads to non-physical and significantly large overlaps at
the particle contacts specifically post minimum void ratio
threshold.

Figure 3: Void ratio vs. pressure for 0% and 30% rubber
with contact friction µ = 0.5

Fig. 3 illustrates the compaction behavior of the two
granular assemblies i.e., the rigid assembly SRM-0 and
the composite mixture SRM-30. The void ratio decreases
with increasing pressure, reflecting the typical densifica-
tion response under oedometer compression. A distinct
difference is observed between the two mixtures. The rigid
particle assembly (SRM-0) exhibits a gradual reduction in

void ratio with increasing pressure, indicating that com-
paction primarily occurs through particle rearrangement
and interlocking. The presence of highly angular rigid
particles limits extensive densification, requiring a high
compaction effort to each densest packing. In contrast, the
composite mixture (SRM-30), which includes deformable
rubber particles, undergoes a more rapid decrease in void
ratio at lower pressures. This behavior suggests that the
inclusion of soft particles enhances the compressibility of
the granular mixture. The deformability of rubber parti-
cles allows them to accommodate local stresses more ef-
fectively, leading to a steeper compaction curve. By calcu-
lating the slope from the Fig. 3, the compaction indices are
0.0201 for SRM-0 and 0.0352 for SRM-30. The steeper
slope observed in the SRM-30 mixture indicates a higher
compaction index compared to SRM-0, demonstrating that
the inclusion of soft particles significantly improves the
packing efficiency under compression. Unlike the rigid as-
sembly that relies on rearrangements and interlocking, the
composite mixture exhibits enhanced compressibility as
the deformable particles facilitate large coordination num-
ber (Z = 8.3 at t2) and stable contacts, resulting in a large
reduction in void ratio at lower pressures (see Fig. 4). The
coordination number of SRM-0 at t2 is observed to 4.5. As
the rubber fills the voids during compaction, the contact
points with rigid increases resulting in high coordination
number.

Figure 4: (a) SRM-30 particle arrangement just before
compaction (t1) and (b) Final particle arrangement post
compaction stage t2.

5 Pore size analysis

The current study proposes a novel 2D pore pixelization
method to compute pore size distribution from polygo-
nal granular system. The particle surface nodal coordi-
nates are extracted at two stages of compaction (initial
t1 and final t2). These polygons are then used to gener-
ate binary masks, where regions corresponding to parti-
cles are assigned a value of zero, while the void spaces
remain as ones. The pore space formed by the particles
in Fig. 5a represents the segmented void, with each void
colour-coded based on its area after extracting the void
space boundaries using MATLAB. Connected component
analysis (bwconncomp) is utilized to segment the void re-
gions and then a unique index is assigned to each distinct
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Figure 5: (a) Identification of individual pore spaces formed between particles in SRM-30, (b) Inscribing the largest circle
in the identified pore spaces, and (c) Evolution of pore size distribution compared between SRM-0 and SRM-30.

pore region as shown in Fig. 5a. The segmented pores in-
clude both pore chambers and connecting throats. Since
pore throats only serve as connections, we focus on mea-
suring pore chamber sizes without considering the throats.
Additionally for each void space, the Euclidean distance
map is quantified to obtain the maximum inscribed circle
as show in Fig. 5b. The region inside the inscribed cir-
cle represents the pore size, while the area outside it can
be considered as pore throats. The void regions are then
categorized based on these measured maximum inscribed
radius to generate a pore size distribution. Fig. 5c shows
the evolution of pore size distribution from the initial state
(t1) to the post-compaction state (t2) for both SRM-0 and
SRM-30. In the rigid assembly, the pore size distribution
at t1 exhibits a slightly skewed peak relative to t2, indi-
cating only a minor change in pore structure. This limited
shift is attributed to the angular shape of the rigid particles,
which interlock and maintain the existing void structure
during compression. In contrast, the pore size distribu-
tion for the mixture (Fig. 5c) shows a noticeable leftward
shift, reflecting a more significant reduction in pore sizes.
This shift suggests an increased probability of smaller av-
erage pore sizes, resulting from the inclusion and defor-
mation of soft particles within the mixture. Rubber par-
ticles increase local contact area by deforming into sur-
rounding voids with less compaction effort, reducing pore
size and reducing hydraulic conductivity of the granular
assemblies. Although the observed changes in pore size
distribution highlight the role of soft particles in forming
a stable network by increasing coordination number, they
may also pose a risk of clogging when such mixtures are
used as geotechnical fills.

6 Conclusion

The present study investigates the compaction behavior
and pore size distribution (PSD) evolution in soft-rigid
mixtures (SRM) using an oedometer test. Results show
that SRM-30 exhibits a steeper compaction index of 0.035,
approximately 75% higher than the rigid mixture (0.020),
indicating greater compressibility. The inclusion of soft
particles leads to a significant reduction in void sizes com-
pared to the fully rigid assembly. Moreover, SRM-30
shows a major shift toward smaller pore sizes with a higher
probability of voids below 2 mm, achieved with minimal

compaction effort. In contrast, the PSD of the rigid mix-
ture remains largely unchanged even under higher com-
paction effort. The observed behavior is critical for under-
standing the hydraulic conductivity of these mixtures, as
excessive rubber content increases the risk of pore clog-
ging. This highlights the importance of carefully balanc-
ing soft particle deformability and content when designing
geotechnical fills.
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