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ABSTRACT: Understanding the resilience of Rubber-Soil mixtures (RSm) under cyclic loading is cru-
cial for their application in seismic isolation. This study presents an investigation into the dynamic
behaviour, internal stability, and liquefaction resistance of Shredded Rubber Sand mixtures (ShRSm)
under both short and long-term loading conditions. Key material properties including rubber content,
size ratio, and particle shape were compared with existing literature. Utilising resonant column and cyclic
triaxial apparatus, an experimental programme was conducted across small to large strain amplitudes,
applying up to 400 strain-controlled cycles. The findings reveal that mixtures with larger or elongated
rubber particles exhibit greater stiffness degradation but also higher damping capacity. Incorporating
10% to 20% Shredded Rubber (ShR) by mass significantly enhances internal stability, reduces stiffness
degradation under strains up to 1%, and mitigates pore water pressure buildup, thereby improving lique-
faction resistance. While sand-like soils display higher initial energy dissipation that decays under load-
ing, rubber-like soils maintain consistent damping over long-term cyclic conditions. These results not
only advance the understanding of RSm in seismic applications but also demonstrate that ShRSm is a
viable and sustainable material for permanent Geotechnical Seismic Isolation (GSI) technology, with the
potential to influence engineering practices in earthquake-prone regions.
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1. INTRODUCTION

Earthquakes rank among the deadliest natural disasters.

2011). Most fatalities occur in densely populated urban
areas in developing countries, primarily due to substan-

Since 1990, an average of 17 major earthquakes with a
magnitude above 7 have occurred annually, resulting in
approximately 27,000 deaths each year (Spence et al.
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dard construction materials and inadequate urban plan-
ning (Guha-Sapir et al. 2016). Although base isolation
methods have mitigated earthquake damage (Kelly and
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Van Engelen 2016), their implementation is challenging
and costly, especially for low-to-medium-rise buildings
in developing regions.

Geotechnical Seismic Isolation (GSI) systems offer an
alternative to traditional structural isolation methods by
altering soil conditions through flexible or sliding inter-
faces in contact with geological sediments (Tsang 2008,
2009; Tsang et al. 2012). The concept of using Rubber-
Soil mixtures (RSm) for seismic isolation was first intro-
duced by Tsang (2008), while the term GSI was formally
defined in Tsang (2009). Notably, Tsang (2008) demon-
strated that GSI-RSm can mitigate not only horizontal
seismic shaking but also vertical ground motion effects,
further enhancing its potential for earthquake protec-
tion applications. Thereafter, RSm have been adopted
in the literature as a potential geomaterial to reduce the
impact of seismic motions due to their potential capacity
to offset destructive disturbances, primarily strong hori-
zontal accelerations (Hazarika et al. 2008; Tsang and
Pitilakis 2019; Tsang et al. 2021). Despite their benefits,
the recycling of vulcanised rubber is complex, leading to
the disposal of used tires in landfills or stockpiles. Only
3.7% of recovered tyres in Europe are used in civil engi-
neering projects (ETRMA 2015). New applications,
such as the one proposed in this study, are needed to
offer alternative uses for recovered tires and reduce
health risks associated with their use as derived fuel.

The behaviour of RSm under various loading regimes
is challenging to understand due to the incorporation of
deformable rubber particles. This study explores how
rigid and flexible particles interact, influencing macro-
scopic behaviour based on material properties like rub-
ber content, size ratio (SR = drs0/dss0) and shape (Kim
and Santamarina 2008; Fonseca et al. 2019; Bernal-
Sanchez et al. 2023). While RSm shows increased com-
pressibility compared to traditional mineral soils
(Masad et al. 1996; Youwai and Bergado 2003), when it
comes to strength, the situation is less straightforward.
In static conditions, the shear resistance may either rise,
with the inclusion of larger tyre chips or shreds
(Zornberg et al. 2004; Rao and Dutta 2006; Mashiri
et al. 2016), or may fall, with the inclusion of rubber
crumbs or small fibres (Edincliler er al. 2010; Sheikh
et al. 2012; Fu et al. 2017). The shear strength behaviour
is thus known to be governed by various material prop-
erties including rubber mass, size, shape, and stiffness,
and how they interact with sand particles (Bernal-
Sanchez 2020). Lee et al. (2007, 2010) postulated the
concepts of sand-like behaviour, that is mixtures exhib-
iting a higher small-to-large strain shear stiffness, and
rubber-like behaviour, that is mixtures with lower shear
moduli that deform more easily under loading, to
explain the evolution in the macro-scale parameters of
RSm. This study refers to these terms to explain the
evolution in the dynamic properties of the studied
materials.

Understanding both static and dynamic behaviour of
soils is crucial in geotechnical earthquake and offshore
engineering. The dynamic behaviour of geomaterials,

such as RSm, primarily depends on shear modulus (G)
and damping ratio (¢). Unlike static behaviour, dynamic
testing involves factors like frequency and number of
cycles, which influence G and ¢&. These properties must
be characterised at various strain levels under both dry
and saturated conditions to reflect on-site behaviour
(Towhata 2014; Bernal-Sanchez 2020). The dynamic
behaviour of RSm has typically been characterised into
two main groups. One focuses on small-to-medium
deformations using bender element tests (Lee et al.
2010) or resonant column tests (Feng and Sutter 2000;
Anastasiadis ef al. 2012a, 2012b; Senetakis et al. 2012).
The other group concentrates on medium-to-large
strains via cyclic triaxial tests (Nakhaei ez al. 2012;
Ehsani et al. 2015; Li et al. 2016; Pistolas et al. 2017).
All the previous studies agree that the proportion of
rubber, the sand-rubber SR, and the rubber shape (e.g.
aspect ratio, thickness), seem to directly influence the
evolution of both G and ¢&.

The literature generally agrees that the small-strain
shear stiffness of RSm increases with confining pressure
but decreases with rubber content and shear strain
amplitude (Anastasiadis et al. 2012b). This reduction in
stiffness is less pronounced in sand-like behaviour,
observed at lower rubber contents (below 35% by vol-
ume) and with larger rubber particles (Lee et al. 2007;
Lee et al. 2010). Additionally, a more linear stiffness
degradation (G/Gy) occurs under cyclic loading at
small-to-large strains with higher rubber contents
(Anastasiadis et al. 2012a; Senetakis et al. 2012; Pistolas
et al. 2017). This pattern aligns with the transition from
sand-like to rubber-like behaviour observed in the litera-
ture (Lee et al. 2007; Kim and Santamarina 2008).
Regarding damping capacity, minimum damping ratio
increases with rubber content at any stress level due to
friction between sand particles and rubber deformation
(Feng and Sutter 2000). However, predicting damping
at medium-to-large strains is challenging. At high
stresses (o > 200 kPa), damping is largely unaffected by
SR (Ehsani et al. 2015; Li et al. 2016). At lower stresses,
damping capacity varies with rubber size, shape, and
content (Nakhaei ez al. 2012; Pistolas et al. 2017).

Bernal-Sanchez et al. (2018) introduced the first
dynamic characterisation of shredded rubber-sand mix-
tures (ShRSm) using resonant column and cyclic triaxial
tests, focusing on short-term behaviour across various
rubber contents. Bernal-Sanchez (2020) extended this
work offering a detailed examination of the long-term
cyclic response of RSm, including liquefaction resist-
ance, strain-dependent stiffness degradation, and recov-
ery mechanisms under varying amplitudes and cycle
counts. Bernal-Sanchez et al. (2022, 2024) applied these
findings in a GSI context, demonstrating the potential
of RSm layers to attenuate seismic energy transfer in
foundation systems, and proposing implementation
strategies for GSI design. Bernal-Sanchez ez al. (2023)
introduced a grading entropy-based framework to eval-
uate the effect of particle size distribution (PSD) on the
stiffness and liquefaction susceptibility of RSm, offering
a probabilistic interpretation of mechanical behaviour.
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Alternatively, Liu ef al. (2023) showed that RSm cored
composite blocks reduce seismic displacement and
enhance energy dissipation, making them a cost-
effective solution for rural housing applications. Wu
et al. (2023) highlighted that RSm cushions provide
enhanced seismic isolation performance depending on
site conditions, with factors such as thickness and base
pressure playing a crucial role in optimising their effec-
tiveness. Furthermore, Wang et al. (2025) validated that
soilbags filled with RSm effectively dampen high-
frequency seismic waves, offering a scalable and adapta-
ble seismic isolation solution, particularly for low-rise
structures.

Recent research has emphasised the importance of
grading characteristics in governing the mechanical and
dynamic behaviour of RSm. Fiamingo et al. (2025a)
conducted monotonic triaxial tests on well-graded
gravel-rubber mixtures and showed that the inclusion of
shredded rubber, at volumetric contents up to 55%,
maintained appreciable shear strength while signifi-
cantly enhancing energy absorption capacity, suggesting
greater suitability of well graded mixtures for practical
GSI applications compared to poorly graded counter-
parts. Their follow-up work also highlighted the influ-
ence of confining pressure and volumetric thresholds on
the transition from rigid gravel-like to soft rubber-like
responses (Fiamingo et al. 2025b). At the dynamic scale,
Banzibaganye and Vrettos (2022) performed resonant
column tests on sands of varying gradations mixed with
coarse tyre chips, deriving prediction equations for nor-
malised shear modulus and damping as a function of
chip content and confining stress. Their results demon-
strated that uniform medium sands were more sensitive
to rubber addition than poorly graded sands, evidencing
the role of soil skeleton arrangement. Kowalska and
Vrettos (2025) compared layered versus mixed sand—
rubber configurations in resonant column tests and
found that layered specimens behave closer to pure rub-
ber, with very low shear modulus and higher damping
than uniform mixtures of the same rubber fraction. This
line of work underscores that gradation; well-graded
versus uniform, and configuration; layered versus
mixed, may alter both strength and small-strain stiff-
ness, thereby informing mixture design and field imple-
mentation strategies for GSI systems.

Although most seismic events are of lower magni-
tudes, magnitude seven earthquakes can induce soils to
exhibit medium-to-large strains (y > 0.2%) for durations
exceeding ten seconds (Nazari et al. 2014; Towhata
2014). Under strong motions, strains exceeding 1% are
commonly recorded (Kokusho 1980; Kumar et al.
2017). Therefore, understanding the dynamic properties
of geomaterials under large strains is crucial for their
application in critical infrastructure, for example off-
shore foundations, soil embankments, excavations,
slopes, earth dams, and dikes. Specifically, the study of
G and ¢ are vital for GSI systems, which depend on the
ability of materials like RSm to deform and dissipate
energy (Tsang et al. 2021; Bernal-Sanchez et al. 2022;
Vratsikidis & Pitilakis 2023). While evidence suggests

that stiffness and damping are influenced by the number
of cycles at strains as low as 0.15% (El Shamy and
Denissen 2012; Kumar and Krishna 2013; Kumar et al.
2017), few studies have examined the evolution of these
properties in RSm across a broad strain range (<0.5%)
(Mashiri et al. 2016; Madhusudhan et al. 2019).
Additionally, most studies have focused on irregular
scrap tires with varying rubber-sand SR (Kaneko et al.
2013; Mashiri et al. 2016; Pistolas et al. 2017), leaving a
gap in understanding the dynamic response of mixtures
with similar sized rubber and sand particles over
extended deformations.

Additionally, previous research has shown that incor-
porating tyre-derived aggregates can reduce Pore Water
Pressure (PWP) and enhance liquefaction resistance
under saturated conditions (Hazarika et al. 2008;
Kaneko et al. 2013; Mashiri et al. 2016). However, out-
comes vary depending on material properties. For
instance, tyre shreds improve damping capacity and
PWP mitigation, while tyre powder is more effective in
managing pressure build-up (Bahadori and Manafi
2015; Bahadori and Farzalizadeh 2018). Conversely,
high-density mixtures with tyre chips or granulated rub-
ber have shown decreased liquefaction resistance
(Promputthangkoon and Hyde 2008; Shariatmadari
et al. 2018). Bernal-Sanchez et al. (2023) highlighted the
importance of PSD for the internal stability of rubber-
containing mixtures but noted limitations in the stability
criterion due to unaccounted particle characteristics and
test conditions.

This study addresses the aforementioned gaps by
investigating the impact of short-term; understood as a
small number of cycles, versus long-term conditions;
that is numerous cycles accounting for seismic after-
math, on the dynamic behaviour, internal stability, and
liquefaction susceptibility of RSm. It aims to elucidate
how variations in material properties, strain amplitude
and cycle number influence PWP build-up and liquefac-
tion resistance of RSm, providing a more comprehensive
understanding of RSm suitability for permanent GSI
systems.

2. EXPERIMENTAL INVESTIGATION

2.1. Materials

This study employs a mix of Leighton Buzzard sand
(LBS) and rubber from recycled car tires. All the infor-
mation corresponding to material properties of LBS and
particulate rubber can be found in Table 1. The sand is
coarse and rounded to sub-rounded (Figure 1(b)), with
an average particle size of dgso =0.85 mm, a coefficient
of uniformity C, =1.27, specific gravity G, =2.68, and
PSD as depicted in Figure 1(a). According to ASTM
D6270-12, tyre-derived aggregate (TDA) includes tyre
shreds and tyre chips, which are rectangular pieces of
scrap tyres ranging between 12 mm and 305 mm in size.
Tyre shreds typically fall within the 50-305 mm range,
while tyre chips, which have most of the wire removed,
range between 12-50 mm. These larger aggregates are
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Table 1. Material properties of LBS and shredded rubber
particles

Material properties LBS ShR
Effective size, Do (mm) 0.71 1.05
D3, (mm) 0.8 1.31
Mean size, Dso (mm) 0.86 1.62
Dgo (mm) 0.89 1.78
Size ratio, SR — 1.88
Aspect ratio, A; 1 2-6
Sphericity 0.65 0.18
Roundness 0.78 0.82
Coefficient of uniformity, C, 1.25 1.44
Coefficient of curvature, C. 1.01 1.78
Specific gravity 2.68 1.12
Coefficient of friction, i 0.24 1

often used in civil engineering applications such as light-
weight fill, drainage layers, and energy absorption struc-
tures due to their high porosity and compressibility. On
the other hand, particulate rubber refers to finer rubber
particles obtained through mechanical size reduction
processes. This category includes granulated rubber
(425 pym — 12 mm), ground rubber (425 pm — 2 mm), and
buffing rubber, which is generated from the removal of
tread during the tyre retreading process. These smaller
particles are often used in geotechnical applications,
rubberized asphalt, and composite materials due to their
improved workability and distribution within mixtures.

100+

(=) o0
(=1 =
T T

=
o
T

Percent of finer (%)

0.01 0.1 1 10
Grain size (mm)

The rubber fines used in this study are distinct from
both TDA and other particulate rubbers due to their
small particle size and high surface area which result
from producing tyre shreds. Their finer gradation
ensures a more homogeneous distribution within soil
matrices. The recycled rubber of this study, sourced
from car tyre sidewalls after removal of steel belts,
underwent devulcanisation and mechanical shredding to
achieve the desired particle size range, with an average
particle size of drso=1.62mm (as shown in Figure 1(a)).
In this study, rubber fines of a similar size to LBS were
selected to optimise gradation compatibility and reduce
particle segregation, which can occur when materials of
significantly different sizes are mixed. This ensured a more
uniform distribution within the soil matrix, enhancing
compaction efficiency and improving the mechanical per-
formance of the mixture.

These rubber fines resembling small shreds (Figure 1(c))
are henceforth referred to as Shredded Rubber (ShR),
characterised by a low specific gravity G;=1.12 (Edil and
Bosscher 1994; Sheikh et al. 2012). The specific gravity of
both soil and rubber particles was determined using the
pycnometer method in accordance with ASTM D854.
Friction coefficients were assigned based on values from
the literature: u = 0.24 for Leighton Buzzard Sand (LBS)
and p = 1.0 for shredded rubber, as reported by Senetakis
et al. (2012) and Lopera Perez et al. (2016).

(d)

Figure 1. (a) Sieve analysis of LBS and ShR, (b) microscopic image of LBS, (c) microscopic image of ShR, (d) fissures and

cracks on surface of ShR
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To ensure representative sampling and adequate spec-
imen volume, ShR particles were obtained from ten
independent batches supplied by the same manufac-
turer. This common origin resulted in consistent particle
size and morphology across batches. Particle shape was
characterised using three descriptors: sphericity, reflect-
ing similarity to a sphere; roundness, indicating the
smoothness of edges and corners; and aspect ratio,
defined as the ratio of the longest to shortest dimension,
capturing elongation or flatness. Shape characterisation
followed the image-based procedure of Cho et al
(2006), with measurements taken using ImageJ software.
Given the uniformity of the particle size distribution,
ten measurements per batch were sufficient, and varia-
tions in sphericity and roundness were within £ 5% of
their mean values. Aspect ratio ranged between 2 and 6.

Manual inspection during preparation confirmed that
particles were elongated and angular, with visible surface
fissures. These features were documented through stereo-
scopic microscopy (Figure 1(d)), and microfissures were
further confirmed by Scanning Electron Microscopy.
Microscopic imaging also revealed high surface porosity
and the presence of cracks, which are believed to facilitate
localised strain accumulation and energy dissipation dur-
ing cyclic loading. Although fissure density was not quan-
tified statistically, their consistent presence across batches
supports their role in the mechanical response of ShR. As
shown in Table 1, the mixtures of LBS and shredded rub-
ber fibres (ShRSm) exhibited a relatively similar size ratio,
with SR, dRSO/dSSO = 1.88.

The rubber content in this study is primarily defined
based on mass. This approach ensures compatibility
with existing research on the behaviour of RSm, where
rubber content is predominantly reported in terms of
weight percentage (Anastasiadis et al. 2012b; Ehsani
et al. 2015). The mixtures studied in this manuscript
were prepared adding 0%, 10%, 20%, and 30% rubber
by weight.

The minimum and maximum densities of LBS and
ShRSm were calculated according to BS 1377-4 (1990).
For minimum density (pmin), LBS samples were allowed

1800 -
1600 - \
1400 F ¢
1200
1000F %
s00f e
600
400
200}

—m— Max density
—®— Min density

Dry density (kg/m®)

0 20 40 60 80
Rubber percentage, y (%)
(a)

to fall freely in a glass cylinder to maximise voids. For
ShRSm, 2.5% moisture was added to avoid segregation.
Ten tests were performed on each specimen, and the
average values are shown in Figure 2(a). Maximum den-
Sity (pmax) Was determined by compacting the samples
with a vibrating hammer. Each sample was divided into
three equal layers. A circular tamper was positioned on
top of the mould, and each layer was compacted using a
vibrating hammer for 2 min. The vibrating hammer used
had a mass of 10kg and operated at a frequency of
approximately 200 Hz, delivering a consistent down-
ward force of 400 N. These parameters conform to BS
1377-4 (1990) and ASTM D7382-08 specifications. The
highest dry mass from two tests per material was used to
determine p,,.« (Figure 2(a)). LBS specimens were tested
underwater, while ShRSm specimens were tested in
moist conditions to prevent floating due to the low spe-
cific gravity (G = 1.12). It was determined that a mois-
ture content of 2.5% was optimal for compacting
ShRSm. This specific moisture level was selected based
on preliminary trials, which indicated a higher degree of
compaction while preventing the segregation of finer
sand particles to the bottom of the mould.

A consistent reduction in dry density (Figure 2(a)) is
observed with increasing rubber percentage, which
aligns with expectations given the significantly lower
density of rubber compared to sand. Interestingly, the
difference between maximum and minimum dry den-
sities is relatively small for pure sand (y = 0%) and
pure rubber (y = 100%), but this difference becomes
more pronounced for intermediate rubber percentages.
This trend can be attributed to the interaction between
sand and rubber particles, which alters the packing effi-
ciency of the mixture. At low rubber contents, rubber
particles tend to occupy voids within the sand matrix,
leading to a moderate decrease in dry density. However,
as rubber content increases, the rubber particles pro-
gressively disrupt the natural packing of sand grains,
introducing additional voids and increasing the hetero-
geneity of the mixture. The greater disparity between
loose and dense states at intermediate rubber contents

30r [-m—e, min—@—e, max—*—e, eq|
250 * ¢
_‘/
20 B /:
e
1.5}

Void ratio, e

=

"

<
wn

0 20 40 60 80
Rubber percentage, ¥ (%)
()

()

100

Figure 2. (a) Min/max dry sample density, and (b) Min/max void ratio per gravimetric proportion
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(e.g. y = 10%-50%) suggests that rubber compressibil-
ity and irregular shape play a role in reducing packing
efficiency. As rubber content approaches 100%, the
mixture behaves more like pure rubber, exhibiting a
more stable dry density range.

Figure 2(b) shows the dry densities and maximum
(émax) and minimum (e,;,) void ratios for each mixture.
Increasing rubber content increases €.y, While ey
remains nearly constant. The equivalent void ratio (eq),
proposed by previous studies (Feng and Sutter 2000;
Anastasiadis ef al. 2012a), reflects the reduction in soil
stiffness due to low rubber stiffness. Unlike traditional
void ratio calculations, e.q includes the volume occupied
by rubber (V,) in the total void volume (Vy), while only
the sand volume contributes to stiffness (V), calculated
as follows:

Vvt Ve
e eq = VJ

ey

As shown in Figure 2(b), e.q increases more rapidly than
€max, consistent with the literature (Pistolas ez al. 2017),
and it is recommended to analytically calculate dynamic
soil stiffness of RSm (Bernal-Sanchez et al. 2020).

2.2. Equipment

The dynamic properties of ShRSm at very small-to-
medium strains were investigated using a resonant col-
umn/torsional (RC) shear testing apparatus (GCTS
TSH-200), which can vibrate the soil specimen at fre-
quencies up to 250 Hz with a torque capacity of 2.3 Nm
and pneumatic pressure fluid. The Computer Aided
Testing System (i.e. CATS) available offered a digital-
ised servo control over the sensors and transducers of
the system. Experimental data recording was completed
via GCTS control software installed in the equipment.
Recorded data were: time, torque (Nm), back pressure
(kPa), confining pressure (kPa), pore water pressure
(kPa), acceleration (g), and phase shift (rad). One thou-
sand data points per second per variable were stored.

For medium-to-large strains, a cyclic triaxial (CT) test-
ing rig was used, operating within a frequency range of
0.01 to 10 Hz. This rig includes a 50 kN capacity loading
frame with a pneumatic actuator capable of double
amplitude axial displacements up to 25 mm. Precise dis-
placement monitoring was ensured by adopting an inte-
grated linear variable differential transformer transducer,
accurate to 0.00l mm. Additionally, the equipment
includes three standard pressure transducers to measure
variations in cell pressure, PWP, and back pressure. Data
acquisition was carried out as frequently as the resonant
test by means of the software DYNATRIAX. Recorded
data were time (s), confining pressure (kPa), back pres-
sure (kPa), axial load (kN), pore water pressure (kPa),
change in pore water pressure (u) and vertical displace-
ment (mm). A detailed chapter on the equipment used
and procedures followed can be found in Bernal-Sanchez
(2020).

2.3. Methods

Specimens for both RC and CT testing were prepared
with a diameter of 50 mm and height of 100 mm, giving
a 2:1 aspect ratio in accordance with ASTM D3999
and ASTM D4015. This geometry is designed to
reduce end restraint and ensure uniform stress distribu-
tion. The maximum ShR particle length (=6 mm) was
smaller than one-fifth of the specimen diameter, con-
sistent with recommendations for dynamic testing.
Boundary influences were further minimised by the use
of porous stones, lubricated platens, and controlled with
consistent sample preparation later explained. While no
segregation or gradation change was observed during or
after testing, the elongated morphology and fissures of
ShR may introduce local anisotropy that is not fully cap-
tured in small laboratory specimens. This highlights the
need for complementary large-scale or field testing to val-
idate small-strain laboratory results for engineering
application.

The procedure for introducing ShRSm into the rub-
ber membrane was adapted from the dry deposition
method proposed in the literature (ASTM D698;
Ishihara 1996). Wet deposition method was discarded
due to the small rubber particles floating and affecting
the homogeneity and consistency of sample preparation.
Due to the elongated shape of ShR used in this study,
which prevented placement through a funnel-shaped
cone, a modified approach was necessary. To minimise
segregation of the smaller sand particles during sample
preparation, a moisture content of 2.5% was main-
tained. This practice aligns with findings by Li et al.
(2016), who addressed sand segregation issues under dry
conditions. The addition of a small amount of moisture
creates negative pore pressures, helping to hold particles
in place against gravitational forces during pouring.

Both sample height and the overall volume (200 cm?)
were maintained consistently across all samples. As the
rubber content increased, the sand and rubber propor-
tions were adjusted to preserve the rubber-to-sand mass
ratio determined by gravimetric analysis. To ensure uni-
formity, the material was mixed, divided into equal por-
tions, and after introduced into a latex membrane-lined
mould in four distinct layers. A uniform, light tamping
was applied to each layer until an initial height of 25 mm
was reached for the first layer, and the process was con-
tinued until the final sample height was achieved. This
compaction method ensured a consistent material distri-
bution and minimised density variations, thereby enhanc-
ing the reliability of the experimental results.

Saturation was achieved using the back pressure satu-
ration method (ASTM D7181-11). De-aired water was
introduced through the PWP valve, circulated through
the sample, and extracted via the back pressure valve
while maintaining a 20 kPa cell pressure. Saturation was
completed by gradually increasing the cell and back
pressure until a Skempton pore-pressure parameter B
(AU/Ac) of 0.95 was reached.

As observed in Table 2 regarding the experimental
programme, the relative density (D,) of 65%—-85% was
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Table 2. Classification of experimental programme using both resonant column and cyclic triaxial equipment

Test ID x (%0) Strain amplitude, v (%) Sample void ratio, egmple Relative density, D, (%) Number of cycles, N
LBS-RC 0 1.8x 1074-53 %1072 0.61 70.3 —
LBS-0.05 0 0.05 0.60 74.0 400
LBS-0.1 0 0.1 0.59 77.7 100 (Liquified)
LBS-0.2 0 0.2 0.60 74.0 41 (LQ)
LBS-1 0 1 0.59 77.7 14 (LQ)
10ShRSm-RC 10 25%x107%-47x 1072 0.79 74.6 —
10ShRSm-0.05 10 0.05 0.73 81.7 400
10ShRSm-0.1 10 0.1 0.75 79.4 240 (LQ)
10ShRSm-0.2 10 0.2 0.76 78.2 50 (LQ)
10ShRSm-1 10 1 0.77 77.0 400
20ShRSm-RC 20 39x1074-5.6 x 1072 0.81 76.9 —
20ShRSm-0.05 20 0.05 0.74 83.2 400
20ShRSm-0.1 20 0.1 0.78 79.6 400
20ShRSm-0.2 20 0.2 0.76 81.4 400
20ShRSm-1 20 1 0.80 77.8 400
30ShRSm-RC 30 53x1074-6x 1072 0.82 85.0 —
30ShRSm-0.05 30 0.05 0.83 84.8 400
30ShRSm-0.1 30 0.1 0.85 83.0 400
30ShRSm-0.2 30 0.2 0.84 83.9 400
30ShRSm-1 30 1 0.86 82.1 400

selected to reflect expected field conditions for GSI
applications and other civil engineering uses of granular
materials. In engineering practice, medium-to-dense
states are typically achieved to ensure sufficient stiffness,
shear strength, and liquefaction resistance in soils sub-
jected to dynamic loading. According to Jensen (2025)
and Krogh et al. (2022), siliceous sands in offshore and
seismic geotechnical applications commonly exhibit rel-
ative densities above 60%, with improved performance
in the 65%-85% range, making this selection relevant
for seismic resilience studies. This range is also consist-
ent with prior studies on RSm (Nakhaei et al. 2012;
Rouhanifar et al. 2021), where medium-to-dense com-
paction states were found to optimise energy dissipation
and reduce liquefaction susceptibility. Nakhaei ez al.
(2012) observed that rubber-sand mixtures compacted
to D, > 65% exhibited lower shear modulus degradation
and increased liquefaction resistance compared to looser
specimens. Similarly, Rouhanifar et al. (2021) found
that in cyclic triaxial tests, D, values between 70%-85%
resulted in enhanced stiffness retention over multiple
loading cycles, further justifying the selection in this
study.

2.4. Test programme

Small-strain deformations (y < 0.01%), investigated
using RC tests, are relevant to low-intensity dynamic
loads, such as traffic vibrations, wind loading on struc-
tures, and microtremors from minor seismic activity
(Kramer 1996; Towhata 2014). In these cases, stiffness
degradation and damping remain limited, and the elastic
behaviour of geomaterials dominates (Feng and Sutter
2000). Medium-to-large strain amplitudes (y = 0.05%—1%),
as tested in CT experiments, correspond to strong ground
shaking during earthquakes. For GSI applications, under-
standing the stiffness and damping evolution at these strain
levels is critical, as ShRSm are intended to mitigate seismic
energy dissipation and prevent soil failure under extreme

cyclic loads (Tsang et al. 2021; Vratsikidis and Pitilakis
2023).

The experimental plan involved testing ShRSm with
varying rubber contents using RC and CT equipment
under undrained saturated conditions. All specimens
were uniformly consolidated at a confining pressure of
100 kPa. In the RC tests, the dynamic response was
assessed based on peak deformation under various
torque forces, ranging from 0.0034 Nm to 54.2 Nm for
sand and 0.014 Nm to 5.15 Nm for the 30ShRm, cover-
ing small-to-medium shear strains (0.0001%-0.06%) in
accordance with ASTM 4015-15. During the CT tests,
specimens were subjected to 400 strain-controlled load-
ing cycles at a frequency of 1 Hz. Each test was con-
ducted at a fixed shear strain amplitude, y = 0.1%, 0.2%,
or 1%, to represent medium-to-large strain levels. The
strain amplitude was kept constant throughout the
duration of each test, allowing the effects of cyclic load-
ing on shear stiffness, damping ratio, and PWP develop-
ment to be assessed independently of strain variation.

The study aims to evaluate dynamic properties of
LBS and ShRSm. Shear modulus and damping ratio
were determined by analysing hysteresis loops from the
cyclic loads (ASTM 3999-11). For consistency, dynamic
properties of ShRSm were evaluated from the second
cyclic loop, focusing on stiffness and damping evolution
as a function of the number of loading cycles.
Earthquakes typically involve complex load patterns,
including varying amplitudes and frequencies, charac-
terised by a main shock followed by numerous after-
shocks, which collectively may impact soil behaviour
significantly (Kramer 1996; Towhata 2014).

A total of 400 cycles was selected to capture both the
short-term (7 < 20 cycles) and long-term (n > 100 cycles)
cyclic response of the mixtures. The extended testing
was designed to reflect scenarios involving prolonged
seismic shaking, strong aftershock sequences (Nazari
et al. 2014), and repeated anthropogenic vibrations such
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as railway and traffic-induced loads (Murillo ez al. 2009;
Signes et al. 2017). Previous research (Mashiri et al.
2016; Li et al. 2016) has highlighted that stiffness and
damping degradation in RSm may evolve beyond 100
cycles, making higher cycle counts necessary to assess
cumulative effects. The choice of 400 cycles therefore
provided a practical scenario, sufficient to observe the
transition between short and long-term behaviour, while
avoiding excessive testing durations or specimen degra-
dation not representative of field conditions.
Liquefaction susceptibility was assessed by recording
the number of cycles required for the excess pore pres-
sure ratio to reach a value of one, which corresponds to
the onset of soil liquefaction. In this study, the excess
pore pressure ratio (r,) was defined as the measured
increase in pore water pressure (A,) divided by the ini-
tial mean effective confining stress (o},). Pore water
pressure was monitored using a calibrated pressure
transducer (£0.5% accuracy) located at the base of the
specimen, and the signal was sampled at a frequency of
2 Hz throughout cyclic loading. The condition of lique-
faction was considered to be met when this ratio reached
or exceeded unity and remained at that level for at least
three consecutive cycles. To confirm this threshold,
PWP build-up was compared against strain-based signs
of liquefaction, such as the sudden accumulation of

| ®m LBS A 10ShRSm @ 20ShRSm ¥ 30ShRSm |

large strains and the development of nearly horizontal
stress—strain loops indicating the loss of effective confin-
ing stress. The concurrence of these deformation fea-
tures with the point at which the pore pressure ratio
reached one supports the validity of the criterion, in line
with definitions of liquefaction used in cyclic triaxial
testing (Ishihara 1996; Kramer 1996; Kaneko et al.
2013; Boulanger and Idriss 2014).

Additional details on cyclic behaviour, including
deviatoric stress and stress path evaluations at various
strain amplitudes, can be found in Bernal-Sanchez et al.
(2020). In the context of this study, the term “resilience”
refers to the capacity of ShRSm to maintain shear stiff-
ness, dissipate energy, and resist liquefaction across mul-
tiple cycles of cyclic loading. Therefore, it is the
material-level definition which is employed, consistent
with recent uses in geotechnical engineering (e.g. Qian
et al. 2020; Dushmantha ez al. 2025).

3. RESULTS AND DISCUSSION

3.1. Dynamic properties of ShRSm and RSm

Figures 3(a)—3(c) show the changes in G, G/Gg and ¢
of ShRSm across a range of rubber contents and
strains (y = 0.0001%—-1%). Figure 3(a) illustrates that
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Figure 3. Variation in (a) shear modulus, (b) normalised shear modulus (G/Gy), and (c) damping ratio, with shear strain and

rubber content at n = 2
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G decreases with increasing shear strain and rubber
content. This reduction is attributed to the deforma-
ble rubber particles (Feng and Sutter 2000; Senetakis
et al. 2012; Bernal-Sanchez er al. 2018, 2020). The
observed reduction in shear modulus and concurrent
increase in damping ratio with increasing strain
amplitude align with the strain-dependent behaviour
reported by Feng and Sutter (2000), who demon-
strated that cyclic stiffness degradation in granular
materials is accentuated under reduced loading fre-
quencies due to the time-dependent deformation
mechanisms. This reinforces our findings from CT
tests, where lower frequencies produced greater damp-
ing and modulus reduction compared to RC tests.

In Figure 3(b), specimens with lower rubber content
(x = 0%-10%) exhibit similar stiffness degradation to
pure sand, with a sharper decrease in stiffness at larger
strains. In contrast, specimens with higher rubber con-
tent (y = 20%—-30%) show more linear normalised shear
modulus curves but a more gradual reduction in G
(Figure 3(a)), indicating a rubber-like behaviour (Kim
and Santamarina 2008). The latter is also seen in the
evolution with the rubber content of the reference strain
(yrer) Which expresses the deformation level at which
G/Gy = 0.5, and it is an indicator of the linearity of the
dynamic soil behaviour (Kramer 1996; Nakhaei et al.
2012). This suggests that ShRSm can better withstand
medium-to-large strains.

Figure 3(c) depicts enhancements in both viscous
(small strain) and hysteretic (large strain) damping with
added rubber fibres. This aligns with literature
(Senetakis et al. 2012) showing that energy dissipation
in RSm results from both sand particle friction and rub-
ber deformation. Within the range of y = 0.01%-0.1%, &
increases linearly with rubber content. However, beyond
y = 0.1 or 0.2%, this relationship deteriorates, particu-
larly in LBS and 10ShRSm at high strains, due to a lim-
iting shear strain (y;,) that marks maximum damping
capacity as reported by Pistolas et al. (2017), who estab-
lished an early onset of non-linearity in modulus degra-
dation curves, particularly at strain levels above 0.05%.
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This is consistent with the results in this study, where
ShRSm exhibit a sharper modulus drop at y ~ 0.1%,
highlighting the transition from elastic to plastic behav-
iour, especially at y > 20%. This limit appears to rise
with rubber content. While & decays at y > 10%, sand-
like specimens show an upper limit in damping, con-
trasting with the increasing trend in 20-30ShRSm. This
phenomenon is due to the interlocking mechanism from
the rearrangement of rubber and sand particles and the
high coefficient of friction of rubber, known to be more
pronounced in rubber-like soils (4« = 1) (Lopera Perez
et al. 2016).

Figure 4 presents the normalised shear modulus deg-
radation curves (G/Gy) as a function of shear strain for
ShRSm with rubber contents of y = 10% (Figure 4(a))
and y = 30% (Figure 4(b)), alongside data reported in
prior experimental studies. The literature sources were
selected based on the similarity of their confining pres-
sures (i.e. 50-200 kPa), rubber material properties, and
testing configurations, with the key properties summar-
ised in Table 3 to provide comparative interpretation.
These include the apparatus type, rubber-to-sand SR,
particle morphology, relative density, strain amplitude
range, and number of cycles tested.

In Figure 4(a), the mixture tested in the current study
displays the greatest stiffness degradation across the
entire shear strain range, particularly beyond y = 0.01%,
when compared to the other studies. This pronounced
behaviour is primarily attributed to the angular and
elongated shape of the ShR used (i.e. A; = 2-6), which
promotes early onset of non-linearity through localised
strain concentration and reduced effective confinement
within the sand skeleton. In addition to their shape, the
ShR particles exhibited visible fissures and microcracks
on their surfaces (see Figures 1(c)—1(d)), a characteristic
resulting from the mechanical shredding process. These
surface imperfections may act as micro-deformation
zones, allowing for internal strain absorption and dissi-
pation during cyclic loading, thereby contributing to
both the enhanced damping (as shown in Figure 5(a))
and the accelerated stiffness degradation observed in
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Figure 4. Normalised shear modulus versus shear strain of RSm at (a) y = 10%, and (b) y = 30%. [1] = Feng and Sutter 2000;
2] = Kaneko et al. 2013; [3] = Mashiri et al. 2016; [4a] = Pistolas et al. 2017; [4b] = Anastasiadis et al. 2012b; [5] = Nakhaei

et al. 2012
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g I this mixture (Figure 4(a)), further explained and evi-
2l e weo 58 denced in Section 3.2 of this manuscript.
) ¥SF 2 —s&ss § 2 By contrast, Feng and Sutter (2000) observed a more
ElB3F SGRA& - = 5 gradual stiffness degradation using rubber fibres with
§ 'ﬁ SR values between 4 and 6. Their resonant column tests,
3 conducted on dense specimens (D, = 70%-100%),
§ ‘ revealed high G/G, retention, especially at small-to-
T E medium strains. The fibrous geometry likely promoted
- ?—’; =3 interlocking and stable contact chains, reducing the rate
| EEY i €2 § = T of modulus degradation compared to the present study.
i o) Nakhaei et al. (2012) used granular rubber with SR ~ 1 in
LD) f: cyclic triaxial tests. Their specimens were prepared at lower
723 relative densities, and the more spherical shape of the rub-
S sg 9 g § ber may have facilitated particle rearrangement without
Sl 225gg2 144 = = abrupt stress transfer. Yet even their results indicate less
gd stiffness loss than observed in this study, suggesting that
< B rubber geometry and interparticle friction play a critical
2l S -danI?~ 2 % f_'é role in exacerbating modulus degradation. The results of
S - T 22 Mashiri et al. (2016), using large tyre chips with SR = 15,
3z E show a more moderate modulus decline, despite their
‘§ B use of larger rubber particles. Their specimens, com-
’g L8 § § 7 pacted under static uniaxial conditions, were relatively
= :F I # ~ o« :;\‘n S| Q'lq loose (Dr = 50%) and the rubber primarily acted as a
|l acseS i o Z S ] passive filler. The more gradual modulus reduction
§ ) % % 2 e % % 2= : & observed in their work likely reflects the dampening
S= effect of the larger, softer rubber phase, rather than a
g oo gg structural weakening of the sand skeleton. In the case of
E_, @ ; T 9 © 3 9 §§ Pistolas et al. (2017), who employed granulated rubber
é sg2ae == < £ l with SR = 4-8, the degradation curve aligns more closely
a £~ 2 with this study at medium strains (y ~ 0.01%-0.1%).
ERRE However, their curve still sits above the results of this
8 g o S I study, suggesting that the use of highly angular ShR, com-
SIS 7 9z Z B bined with a medium-to-dense sand matrix, results in a
S| 82 gH E 23S § 8 ‘é Z» more fragile contact network under increasing strain
s S O g = Z amplitudes.
§ I3 In Figure 4(b), at y = 30% the trend becomes more
® 5 {‘é ﬁ consistent with literature and the modulus degradation
£ § g = observed in this study aligns more closely with the
= 0O g % i» curves of Kaneko et al. (2013) and Pistolas et al. (2017)
E AR w22 man | g % at large strains. As the volumetric content of rubber
o ,:§ 2 increases, the role of rubber-to-rubber contacts becomes
=§ - S ‘fgj gg more dominant, producmgla no(?.hne:«,l;hresgonsefthat
= = SooaoS =3 is common across several studies. e data from
.g S 2 i i ;‘i q E i i CT'D 2 Anastasigdis et al.. (2012b), however, show less stiffness
el gL I LQ Ll e = degradation despite using comparable rubber content.
= 2% g Their use of granular rubber (SR & 1) appears to have
'q'é R ?;) produced a more homogeneous and stable contact net-
; E :‘3 g% work that resists early non-linearity. The more gradual
Z| g cg O = % % reduction in G/Gy in their study likely reflects the limited
5| 8| 9rUERUERT | E5 L angularity and lower interparticle friction of the granu-
g| Sl EoEopELYe § 58 lated material
= 2 :
% 2 o L“) % é Figures 5(a) and 5(b) illustrate the evolution of & with
E s 3z § fﬁ 23 = increasing shear strain for rubber contents of y = 10%
° SS = - S £ '8§ and y = 30%, respectively. At y = 10%, the damping
g g338 8§ 8§ g £5 behaviour shows considerable variability across the lit-
E ZIEITZTE L | e ture, due largely to diff in rubber particl
Al g| G258y 288 erature, due largely to differences in rubber particle
“ | 5 ié SSES c_E 22 ol 3 morphology and SR. Damping ratio at y = 0.0001% in
_i.; E E, § g 5; é E z é é’ [J &-5 this study are in agreement with prior results from Feng
= vA g and Sutter (2000), Anastasiadis et al. (2012b), Kaneko
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Figure 5. Damping ratio versus shear strain of RSm at (a) y = 10%, and (b) y = 30%. [1] = Feng and Sutter 2000; [2] =
Kaneko et al. 2013; [3] = Mashiri e al. 2016; [4a] = Pistolas ez al. 2017; [4b] = Anastasiadis et al. 2012b; [5] = Madhusudhan

et al. 2019; [6] = Nakhaei et al. 2012

et al. (2013), and Pistolas et al. (2017), all of which used
confining pressures in the 69—-100 kPa range.

However, beyond y =~ 0.02%, the damping in
10ShRSm mixtures increases more sharply, reaching
peak values of & ~ 25%-27% around y = 0.1%-0.2%,
which exceed those in all other compared studies. This
accelerated rise in ¢ is consistent with the early onset of
stiffness degradation observed in Figure 4(a). Compared
to the more uniform, granular rubber used by Nakhaei
et al. (2012) (SR = 1), or the tyre chips used by Kaneko
et al. (2013) (SR ~ 2), ShR adopted in this study enhan-
ces frictional interaction within the soil matrix, promot-
ing energy dissipation even at medium strain levels. In
the present study, ShR particles exhibit not only a high
aspect ratio and angularity, but also visible fissures and
surface cracks (Figure 1). Under cyclic loading, these fis-
sures can deform, compress, and recover, absorbing
part of the input energy and facilitating enhanced damp-
ing capacity, as demonstrated via x-ray tomographic
tests in Fonseca et al. (2019). Additionally, the presence
of cracks may reduce the effective stiffness at rubber-
sand contacts, encouraging slippage and rearrangement,
thereby amplifying the observed damping response at
strain amplitudes beyond y = 0.02%. Similar damping
behaviour was reported by Madhusudhan ez al. (2019)
for mixtures with high rubber content and large tyre
shreds. The limiting shear strain (y;) in 10ShRSm
occurs at lower strain amplitudes than in the referenced
studies, particularly those of Kaneko et al. (2013) and
Pistolas et al. (2017), indicating that the mixture transi-
tions to a peak earlier. This effect is attributed to the
higher angularity and lower stiffness of ShR, which
leads to greater relative motion between particles and
earlier activation of damping mechanisms.

In Figure 5(b), for y = 30%, the damping behaviour
falls within the envelope of previous studies, paralleling
the trends observed for G/G in Figure 4(b). Compared
to the y = 10% case, the absolute damping values are
slightly reduced, particularly in the medium strain
range. This observation is consistent with findings by

Ehsani ef al. (2015) and Li et al. (2016), who noted that
damping increases with rubber content up to an optimal
threshold (typically y ~ 10%—-15%) but may decline at
higher rubber contents due to the development of a
more homogeneous rubber phase and the reduction in
interparticle sliding resistance. Despite not reaching y;;y,
in most referenced studies, the upward trend in & beyond
y ~ 0.5% suggests that larger strain amplitudes (y > 1%)
could yield further increases in damping, particularly in
mixtures with highly deformable rubber content. This
behaviour supports the hypothesis that rubber-like soils
undergo progressive reorganisation at high strain, lead-
ing to more linear and dissipative behaviour dominated
by rubber-to-rubber interactions.

The enhancement in damping is thus more pro-
nounced in mixtures with elongated or high A, rubber
(e.g. ShR in this study; tyre chips in Kaneko ez al. 2013)
and in systems where SR > 1, that is rubber mean parti-
cle size larger than sand. At lower confining pressures,
such as those used here (¢',, = 100 kPa), the benefits of
increased rubber content are most evident in mixtures
where the sand skeleton maintains structural rigidity
(D, > 65%) and the rubber phase contributes primarily
to energy absorption. Conversely, studies using larger
sand particles (SR <1) or uniformly rounded rubber par-
ticles often report more moderate increases in damping,
especially at small-to-intermediate strains (e.g. Nakhaei
et al. 2012; Anastasiadis et al. 2012b).

3.2. Cyclic effect on stiffness and damping properties of
ShRSm

This study examines the evolution of stiffness, damping
capacity, and liquefaction susceptibility in ShRSm with
varying rubber content and strain amplitude (y = 0.1%-1%).
The results in Figures 3, 4 and 5 show the typical
dynamic behaviour of soils and RSm in initial loading
cycles (n = 2-10), commonly used for geotechnical pre-
dictions, simulations and design. However, this provides
an incomplete representation of dynamic behaviour,
especially for changes in stiffness and damping over
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multiple cycles under strong motions and their aftermath.
This investigation distinguishes thus between short-term
and long-term (up to n = 400) cyclic loading regimes.

At low-medium strains (y = 0.1%), LBS stiffness
decreases from G = 19.2 MPa to G = 14 MPa after 20
cycles. The evolution of G in LBS at high cycle counts
contrasts with its minimal stiffness change observed
after the initial 10 cycles, where the specimen main-
tained its structural integrity without significant degra-
dation. However, at higher cycles, the progressive
increase in PWP leads to a reduction in effective stress,
causing the loss of interparticle contacts and a subse-
quent decrease in stiffness. Figure 6(a) shows a gradual
decrease in G of LBS after 130 cycles, leading to lique-
faction as illustrated in the accumulation of r, in
Figure 6(c).

For y = 10%, the rate of stiffness degradation remains
relatively low, while for y = 20%-30%, the reduction in

Bernal-Sanchez, McDougall, Barreto, Dimitriadi, Leak and Anbazhagan

G is almost negligible (Figure 6(a)). This is attributed to
the limited accumulation of PWP (shown in Figure 6(¢)),
which preserves interparticle interactions and maintains
soil rigidity under cyclic loading. Adding 10% rubber to
LBS shifts its behaviour from plastic to elastoplastic, and
nearly elastic at higher rubber contents (y > 10%) as
explained in depth with the use of stress paths in Bernal-
Sanchez (2020). At y = 0.2 and 1% (Figures 6(d)—6(g)), a
substantial drop in G is observed in LBS and 10ShRSm,
with the minimum stiffness recorded just before liquefac-
tion (Figures 6(f)—6(i)). Although LBS begins with
greater initial stiffness, its modulus declines more rapidly
due to higher PWP.

Damping capacity decreases uniformly across differ-
ent rubber percentages until n = 20 (Figure 6(b)), then
continues to decrease at a slower rate. LBS damping is
marginally influenced by the cycle count until n = 10,
then gradually increases until # = 100. This suggests

= LBS 4 10ShRSm e 20ShRSm 1 3US|IRSII1‘ = LBS 4 10ShRSm @ 20ShRSm * 30ShRSm ~——— LBS——— 10ShRSm—— 20ShRSm—— 30ShRSm
100 ¢ 25¢ 10
7=0.1%) ’
) & =
"E . — ‘)':ll.l%‘ —_ 20+ = 08
" man &) . = 0
E ol S = s i '.ﬂ b=
o s saaa 2 aha, % 5
o e 8 o0 = I5F e 8.. 0.6
= X :Q i W ] =
=] .-
E £ 10 o — < 04
E 1 = E—— \ S
5 5 2K Mook ek q:sJ
= 5t - R a— g 02
0.1 . . 0 1 1 0 . 1
10 100 1 10 100 1 10 100
Cycle number, N Cycle number, N Cycle number, N
(a) (b) (c)
| = LBS 4 10ShRSm—®— 20ShRSm - 30ShRSm | = LBS 4 10ShRSm @ 20ShRSm 3OShRSm] ——— LBS— 10ShR Sm=——20ShRSm—— 30ShRSm
100 ¢ 25¢ s 1ol -
_ . 7=02% = i
o =02% 20 2 - _
3 EEC S =
o 10f =i e e s
- = 15} L z L
3 g L g 06
= e X o £
=] ) u =]
S ‘B 10F Woson, oo S 04
5] s £ » KM e, &
= E % e
3 a Z.
= 5t 2 0.2
0.1 L L 0 L 1 0 i L
1 10 100 1 10 100 1 10 100
Cycle number, N Cycle number, N Cycle number, N
(d) (e) )
= LBS 4 10ShRSm &  20ShRSm 30ShRSm = LBS 4 10ShRSm e 20ShRSm * 30ShRSm = LBS——— 10ShRSm——20ShRSm——— 30ShRSm
100 ¢ 25r 1ok
& d
s [v=1%] h: 1%‘ =
HE ¥=1% S 20F 9. a = 08f
T 10t < . E
Q =] &
= . = 15F « u g 0.6f
= " 5 =
= . 0 5
= = ‘£ 10} 3 04F
£ 1 | & * o0e e, £ &
5 taas & 2
2 St Z02f
7] -
0.1 : L 0 L 1 0 I L
1 10 100 1 10 100 1 10 100
Cycle number, N Cycle number, N Cycle number, N
(9) (h) )

Figure 6. Evolution in shear modulus (a, d, g), damping ratio (b, e, h), and liquefaction susceptibility (c, f, i) with the cycle

number at y = 0.1, 0.2 and 1%

Geosynthetics International

Downloaded from http://www.emerald.com/jgein/article-pdf/doi/10.1680/jgein.24.00157/10396829/jgein.24.00157en.pdf by Indian Institute of Science user on 01 November 2025



Effect of rubber content and particle shape on dynamic behaviour, liquefaction and internal stability of shredded rubber-sand mixtures 13

that friction damping in LBS may exceed the combined
effects of particle sliding and rubber deformation in
ShRSm. Estimating ¢ evolution in mineral soils and
ShRSm at medium-to-large strains remains however
challenging and rather complex to predict in the long-
term regime as observed in Figures 6(b)—6(e)-h. While
LBS damping rapidly decays due to loss of interparticle
friction with PWP build-up (Figure 6(c)), ShRSm main-
tains sustained stiffness and damping degradation up to
400 cycles attributed to a lower accumulation of PWP
and r,.

At y = 0.2%-1% (Figures 6(e)-6(h)), the benefits of
ShRSm become more apparent. While LBS shows higher
¢ aty = 0.1% during early cycles (Figure 6(b)), mixtures
with ShR achieve greater damping beyond 20 cycles, par-
ticularly at y > 0.2%. This reflects the limited capacity of
LBS for sustained frictional damping once particle rear-
rangement stabilises, compared with the continued recov-
erable deformation of rubber in ShRSm. As a result,
damping in ShRSm is increasingly governed by the
mechanical behaviour of rubber, with rubber-like charac-
teristics becoming dominant at y > 10%.

ShRSm benefits from the compressibility and deform-
ability of the small, shredded particles under cyclic load-
ing. X-ray microtomography on ShRSm (Fonseca et al.
2019) showed a small, reversible reduction of the rubber-
phase volume during loading with near recovery on
unloading, alongside a persistent increase in sand-rubber
contact area. This behaviour reduces interparticle slip-
page and reinforces shear resistance. Since bulk rubber is
nominally incompressible, the observed volume change
may be attributed to the opening and closure of cavities,
fissures and micro-cracks. The ShR used in this study
exhibits such surface features (Figures 1(c)-1(d)), which
act as micro-deformation zones that accommodate strain
and dissipate energy. These features allow the particles to
bend, compress and recover without structural failure,
supporting a sustained mechanical response of ShRSm
across cycles and enhancing damping by distributing
deformation within the rubber volume rather than con-
fining dissipation solely to contact interfaces.

This long-term performance is consistent with
mechanical stabilisation through void filling and the for-
mation of persistent contact zones, as noted by Platzer
et al. (2018) and Fonseca et al. (2019). The inclusion of
rubber also reduces particle crushing (Fu et al. 2017),
preserving the integrity of the sand skeleton while ena-
bling recoverable deformation.

Alternatively, studies on the mechanics of polymer
materials further demonstrate that the growth of cracks
and cavities increases dissipated energy per cycle and
alters loss parameters (Le Saux et al. 2010; Marco et al.
2017; Han et al. 2019). Cavitation and interfacial
debonding in filled rubbers are also recognised as sour-
ces of volume change under cyclic loading (Federico
et al. 2021; Yakovlev et al. 2025). These observations
are consistent with the behaviour of ShR: the surface fis-
sures and cavities identified in this study provide sites
where local opening, closure, and shear can occur, gen-
erating volumetric strains that supplement conventional

viscoelastic hysteresis. In practice, this means that
ShRSm do not rely solely on interparticle friction to dis-
sipate energy, but also benefit from localised defect
deformation within the rubber phase itself. This dual
mechanism helps to explain why damping in ShRSm
not only persists but often increases with cycling, when
LBS stabilises or decreases. The implication is that fis-
sures are not merely imperfections but functional micro-
structural features that contribute to longer term
resilience by enabling distributed energy dissipation
across the rubber volume, supporting the sustained
damping performance observed at y > 10% and y >
0.2%.

ShRSm dynamic response contrasts with other stud-
ies in the literature that explored RSm under different
testing conditions and particle configurations. For
instance, Madhusudhan et al. (2019) tested dry mixtures
containing coarse tyre shreds with high A,, reporting no
significant damping degradation, even under large cyclic
strains. The absence of PWP and the high deformability
of large rubber particles likely contributed to this behav-
iour. In contrast, Mashiri et al. (2016) performed
undrained cyclic triaxial tests on saturated sand—tyre
chip mixtures and reported a notable reduction in stiff-
ness and damping within the first 15 cycles. Their study
used poorly graded sand (Dsy = 0.35 mm) and rectangu-
lar chips (6 mm x 18 mm) at SR > 15 and observed that
degradation was closely associated with PWP build-up
and loss of contact forces. Compared to these studies,
ShRSm in this investigation, with SR ~ 1.88 and
embedded in a medium-dense sand matrix, demonstrate
intermediate behaviour: while some degradation is
observed in the early cycles, ShRSm maintains internal
stability and sustained damping capacity over a longer
cyclic regime.

The aforementioned differences highlight the com-
bined effects of rubber-to-sand SR, morphology, and
saturation, all of which influence the extent of particle
rearrangement, contact stability, and ultimately, the
cyclic performance of RSm. The cyclic resilience of
ShRSm under medium-to-large strains is therefore dem-
onstrated through three critical performance indicators:
reduced stiffness degradation, delayed PWP accumula-
tion, and sustained damping capacity with respect to the
sand-only (i.e. stiff) mixtures. These characteristics are
especially relevant for GSI systems, such a retrofitted
RSm foundations, where the ability of the modified geo-
material to deform, recover, and dissipate energy across
multiple seismic cycles is essential for protecting the
overlying structure integrity.

3.3. Internal stability, liquefaction phenomena and
stiffness/damping degradation in ShRSm

The internal stability criterion using normalised entropy
coordinates, based on the PSD of a granular material
(Lérincz 1986), is here adapted to predict the liquefac-
tion susceptibility of rubber-containing mixtures (Figure 7).
According to Bernal-Sanchez et al. (2023), all sand only
specimen are found in the unstable zone, with normalised
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base entropy (A) lower than 0.6. All these samples are
characterised for being better graded than the rubber
only samples (i.e. higher B) but having smaller average
grain sizes and hence lower A-coordinates. All these stud-
ies reported that sand soils eventually liquefed due to the
accumulation of PWP. Bernal-Sanchez et al. (2023) dem-
onstrated that lower PWP accumulation and reduced
liquefaction susceptibility in RSm, consistent with previ-
ous studies (Kaneko et al. 2013; Otsubo et al. 2016;
Bahadori and Farzalizadeh 2018; Enquan and Qiong
2019; Bernal-Sanchez et al., 2020; Amuthan et al. 2020;
Rios et al. 2021), are directly linked to soil gradation. In
the stable zone, rubber-only specimens and RSm with a
normalised base entropy (A) greater than 0.6, character-
ised by larger average grain sizes, exhibited no liquefac-
tion and significantly lower liquefaction potential. This
aligns with findings by Barreto and Imre (2018), who
noted that larger particles bear more stress. Although
these mixtures also fall within the suffusion zone, rub-
ber’s ability to deform and change volume under large
stresses prevents particle detachment. The high interpar-
ticle friction allows rubber particles to remain attached to
surrounding grains, effectively locking contacts and mini-
mising sliding. Consequently, suffusion of rubber par-
ticles is unlikely, as the rubber matrix maintains particle
cohesion. This suggests that, for soft-rigid mixtures such
as RSm, the suffusion zone may function as an extension
of the stable zone, rather than an area of particle
migration.

Conversely, other studies (Promputthangkoon and
Hyde 2008; Shariatmadari ez al. 2018) show increased

liquefaction susceptibility with added rubber. Smaller
rubber particles may also lower the normalised base
entropy below 0.6 (left on Figure 7), creating an inter-
nally unstable matrix that leads to liquefaction as
occurred in the aforementioned papers. The smaller aver-
age grain size in all mineral soils in Figure 7 explains their
higher susceptibility to liquefy under external loading, as
demonstrated in this study (Figure 6).

However, Loérincz’s (1986) stability criterion considers
PSD but not other sample characteristics (e.g. density,
particle shape, stiffness, inter-particle friction, mineral-
ogy) or test conditions (e.g. strain level, or prolonged
cyclic effect). One factor clearly affecting the liquefac-
tion resistance of sands and RSm is the accumulation of
deformation, as observed in Figures 6(c), 6(f), i.
Following Tsuha et al. (2012), who categorised driven
pile behaviour into stable, unstable, and meta-stable
states in offshore foundations, this study identifies two
behaviours under cyclic loading (see in Figure 8(a)) in
undrained saturated conditions:

1. stable, where PWP stabilises or accumulates slowly,
and the specimen does not liquefy;

ii. unstable, where PWP rapidly increases, reaching r, >
0.9, and the specimen eventually liquefies.

Figure 8(a) presents the last recorded value of the
excess pore pressure ratio ry, either at the point of lique-
faction for sand-like soils or at n = 400 for rubber-like
soils that remained stable. The accumulation of PWP
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progressively weakens inter-particle forces, leading to a
reduction in effective stress and, consequently, a loss of
soil strength (Wichtmann & Triantafyllidis 2016; Zhang
et al. 2016). This phenomenon is particularly pronounced
in sand-only specimens, where PWP increases rapidly
under cyclic loading, causing r, to exceed 0.9 within 15,
40, and 130 cycles for shear strains of 0.1%, 0.2%, and
1%, respectively. Such rapid PWP accumulation acceler-
ates soil liquefaction, placing sand within the unstable
zone.

In contrast, mixtures containing ShR exhibit a signifi-
cantly lower accumulation of PWP, thereby enhancing
their liquefaction resistance. Figures 6(c), 8(a) illustrate
that as rubber content increases, the rate of PWP
buildup slows, delaying or even preventing the occur-
rence of r, = 1. This effect is attributed to the higher
compressibility and deformability of rubber particles,
which provide a temporary volume-change mechanism
(Fonseca et al. 2019) that reduces the rate at which PWP
develops under undrained conditions. The influence of
rubber inclusion is most pronounced at y = 20%-30%,
where specimens withstand up to 400 cycles without
liquefying, even at high strain levels. However, at larger
strains, the effectiveness of rubber in mitigating PWP
build-up diminishes slightly due to increased particle
rearrangement and the eventual saturation of energy
dissipation mechanisms. Yet, the results confirm that

higher rubber contents consistently enhance the long-
term stability of RSm under cyclic loading by delaying
or completely preventing liquefaction, reinforcing their
suitability for GSI applications.

Bernal-Sanchez et al. (2023) recommended the addi-
tion of at least 10% rubber, with a normalised base
entropy A > 0.6 exhibited by specimens with larger par-
ticles, to enhance the liquefaction resistance of mineral
soils. The results shown in Figures 6(c), 6(f), 1, and 8a
show that while this is true in the initial cycles, even mix-
tures containing 10% rubber may eventually liquefy
after 80-295 cycles at 0.2% and 1% strains, respectively.
Thus, the latter experimental results shown in this study
demonstrate that the cyclic effect should also be consid-
ered at medium-to-large strains under saturated condi-
tons. The internal stability criterion proposed by
Bernal-Sanchez et al. (2023) remains suitable for higher
rubber contents (y > 10%) at 1% strains.

Figure 8(b) shows the evolution of the normalised
shear modulus (G/Ggy) with the number of cycles at
medium-to-large strain amplitudes, with the final
recorded value (shown in parenthesis) corresponding
either to liquefaction or to n = 400. Compared with
Figure 3(b), which illustrates stiffness degradation at a
fixed cycle (n = 2), Figure 8(b) highlights the progressive
loss of stiffness over time. The results indicate that stiff-
ness degradation is more pronounced in sand-like
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mixtures (y = 0, 10%), which reach liquefaction when
G/G, falls below about 0.3. For instance, 10ShRSm
crosses this threshold after 80 cycles at y = 0.2% and
after 295 cycles at y = 1%. In contrast, mixtures with y
> 20% maintain G/Gy > 0.3 throughout, showing
improved resilience under cyclic loading.

Figure 8(c) presents the variation in damping ratio (&)
with rubber content for different strain amplitudes and
selected cycle numbers. At small strain amplitudes (y =
0.05%-0.1%), damping initially increases with rubber
addition but peaks at y = 10% before declining, with
higher rubber contents (y = 20%—-30%) showing greater
¢ degradation over cycles. At larger strain amplitudes
(y = 0.2%—-1%), however, the trend reverses: mixtures
with y = 20%-30% exhibit more stable damping

behaviour over long cycles, while LBS and y = 10% suf-
fer faster reductions. At y = 1%, ShRSm achieves higher
¢ values than LBS, confirming the improved energy dis-
sipation capacity of ShRSm under large cyclic strains.
Table 4 complements these observations by providing
quantitative values for stiffness and damping degrada-
tion at n = 20, 100 and 400 cycles. At y = 0.1%, LBS
lost around 28% of its initial stiffness after 20 cycles and
liquefied before 400, while y = 20%-30% mixtures lost
less than 15% even after 400 cycles. Damping behaviour
at this strain level differed, with LBS and y = 10% show-
ing smaller & reductions, up to 40% by n = 400, than y =
20%—-30%, with around 50% loss by n = 400. At higher
strain amplitudes (y = 0.2%), stiffness degradation was
much greater in LBS and y = 10%, with 75% and 37%

Table 4. Stiffness and damping degradation with respect to cycle number, rubber content and strain amplitude

Strain amplitude, y (%) x (%0) Number of cycles, N Stiffness degradation (%) Damping degradation (%)
0.1 0 20 -27.6 -1.3
— 40 =523 44
— 130 -94.1 —47.2
— 400 Liquified (LQ) LQ
0.1 10 20 -22.0 -24.0
— 40 -29.7 -28.2
— 130 —43.3 -35.9
— 400 —56.6 —41.7
0.1 20 20 =33 -24.5
— 40 -6.5 -32.0
— 130 -8.8 =399
— 400 -12.6 —48.5
0.1 30 20 -0.9 -25.2
— 40 -2.7 =373
— 130 -2.0 —43.8
— 400 -2.3 -514
0.2 0 20 =754 -14.9
— 40 -934 —48.7
— 130 LQ LQ
— 400 LQ LQ
0.2 10 20 -37.1 -24.8
— 40 —48.0 -30.4
— 130 —64.9 —40.6
— 400 LQ LQ
0.2 20 20 -10.2 -26.7
— 40 -13.7 -30.2
— 130 -19.8 -39.1
— 400 -26.0 —45.6
0.2 30 20 =53 -27.7
— 40 =175 -30.4
— 130 -9.7 -36.4
— 400 -10.9 —43.8
1 0 20 LQ LQ
— 40 LQ LQ
— 130 LQ LQ
— 400 LQ LQ
1 10 20 —64.4 -33.0
— 40 -78.4 —45.2
— 130 LQ LQ
— 400 LQ LQ
1 20 20 -26.6 -26.2
— 40 —34.7 -30.8
— 130 —48.0 —-38.0
— 400 —60.0 —43.6
1 30 20 -144 -19.8
— 40 -18.7 —24.3
— 130 -25.0 -29.7
— 400 -30.8 —34.8
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losses respectively by n = 20, whereas y = 20%-30%
mixtures retained stiffness, with less than 14% loss, and
showed smaller damping reductions over 400 cycles.

The findings from this study (Figures 8(b), 8(c)) show
thus that G and ¢ for both LBS and ShRSm are notably
affected by cyclic loading at medium-to-large strains,
contrary to other studies where no degradation was
reported when tested under dry conditions (Kokusho
1980; Nakhaei ef al. 2012; Madhusudhan et al. 2019).
Overall, these results highlight that increasing rubber
content delays stiffness degradation and sustains damp-
ing capacity under large strain cycles, while the influence
on damping degradation is more complex at very small
strains.

The stability of RSm under cyclic loading is thus gov-
erned by the interaction mechanisms between rubber
and sand particles, which influence the material’s stiff-
ness evolution, pore pressure response, and liquefaction
resistance. At low rubber contents (y = 10%), the mix-
ture retains a sand-like behaviour, where rigid sand-to-
sand contacts dominate. Rubber primarily acts as a void
filler, providing some additional flexibility but not signifi-
cantly altering the stress transfer mechanisms between
mineral grains. As rubber content increases (y > 20%),
the mixture transitions toward a rubber-like behaviour,
where direct grain contacts are reduced, and rubber-to-
rubber and rubber-to-sand interactions become domi-
nant. This results in a more uniform stress distribution
that prevents localised strain concentrations. Under cyclic
loading, ShR appear to compress and recover, modifying
the contact forces between grains and reducing the likeli-
hood of particle slippage. This behaviour enhances
energy dissipation (Fonseca et al. 2019) and limits excess
PWP buildup, thereby increasing the number of cycles
required for liquefaction, as observed in Figures 6 and 8.
Furthermore, the high interparticle friction of rubber
(u = 1) compared to sand (u« = 0.24) (Lopera Perez
et al. 2016) reduces internal collapse, delaying stiffness
degradation and improving long-term resilience against
cyclic loading. In addition, the fissures and cavities
present in ShR may provide local sites for volumetric
strain and recoverable deformation (Federico et al.
2021; Yakovlev et al. 2025). As the mixture shifts from
sand-like to rubber-like behaviour, dissipation mecha-
nisms therefore move from purely frictional slip at rigid
contacts to rubber deformation and enhanced hysteresis,
as seen in the literature with other polymers (Le Saux
et al. 2010; Marco et al. 2017; Han et al. 2019). This dual
contribution of recoverable deformation and increased
energy loss may explain both the higher damping ratios
at y > 0.2% and the improved resistance to liquefaction,
confirming the enhanced cyclic stability of ShRSm.

The findings of this study have meaningful implica-
tions for the design and implementation of GSI systems.
The inclusion of ShR in sand, particularly at contents of
20%-30%, enhances thus the long-term resilience of the
composite material under cyclic loading. This is espe-
cially valuable for scenarios involving high-cycle
dynamic events such as prolonged aftershocks (Nazari
et al. 2014) or repeated loading from transport

infrastructure (Murillo et al. 2009; Signes et al. 2017).
Although increased rubber content is associated with a
reduction in shear modulus, this trade-off is counterbal-
anced by enhanced damping capacity and reduced PWP
build-up. At rubber contents of y = 30%, damping
remains stable over long-term loading, and liquefaction
resistance is significantly improved under high strain
amplitudes. These benefits would be particularly advan-
tageous in non-load-bearing GSI applications such as
peripheral wave barriers, where lower stiffness relative
to the surrounding soil promotes wave scattering and
energy dissipation (Mahdavisefat er al. 2018; Toygar
et al. 2024; Bernal-Sanchez et al. 2024).

Recent large-scale field testing by Vratsikidis and
Pitilakis (2023) further supports these findings, demon-
strating that gravel-rubber mixtures with at least 30%
rubber by mass attenuated accelerations more effectively
than lower rubber content alternatives, even when
placed directly beneath a structure. This indicates that
reduced stiffness does not necessarily compromise seis-
mic isolation performance, provided the system is cor-
rectly configured. Moreover, the observed increase in
damping ratio at small-to-medium strain levels pro-
motes period elongation, reducing the risk of resonance
by shifting the natural frequency of the soil-structure
system away from dominant seismic frequencies (Tsang
and Pitilakis 2019; Pitilakis et al. 2021; Bernal-Sanchez,
2022, 2024). These findings highlight thus the suitability
of ShRSm not only as resilient materials but also as
functionally adaptive components of seismic protection
systems.

4. SUMMARY AND CONCLUSIONS

This study has examined the dynamic behaviour, lique-
faction susceptibility, and internal stability of ShRSm
under cyclic loading, focusing on how variations in rub-
ber content, particle shape, and size ratio affect their
resilience. The findings provide several conclusions,
some of which reinforce previous work while others pro-
vide new insights into the long-term performance of
rubber-soil mixtures under cyclic loading.

e At small strain levels (y < 0.1%), the expected
increase in damping ratio (¢) and decrease in shear
modulus (G) with rubber content were confirmed.
This is consistent with earlier findings (e.g. Feng and
Sutter 2000; Anastasiadis et al. 2012b), and
attributed to the frictional effects and deformability
of rubber particles.

e By comparing this study with the literature, it was
found that the size and shape of rubber particles
strongly influence the evolution of stiffness and
damping in RSm at medium-to-large strains. Larger
particles (SR > 1) or elongated particles (Ar > 1)
promote greater stiffness degradation but also
enhance damping, as increased sand-to-sand
contacts concentrate strain while allowing more
deformation of the ShR particles. The angular and
elongated ShR used here (Ar = 2-6), together with
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the presence of surface fissures and cracks, led to an
earlier onset of stiffness degradation in mixtures
with y = 10%. These micro-defects act as local
deformation zones that lead to an overall higher
damping. At y = 30%, however, the influence of
particle geometry becomes less pronounced, as
rubber-like behaviour dominates and damping
characteristics converge toward a more uniform
response across mixtures. A key contribution of this
study is the long-term evaluation of cyclic loading
(n = 400). The results reveal that ShRSm maintains
stiffness and damping more effectively than sand-
only mixtures, particularly at y = 0.2% and 1%,
highlighting their resilience under prolonged
dynamic excitation. This demonstrates a material-
level definition of resilience, expanding upon short-
term dynamic tests in earlier works.

e The inclusion of at least 10% ShR improved
liquefaction resistance through reduced PWP build-up
and more stable stiffness degradation. However,
mixtures with y = 10% still liquefied under high strain
amplitudes and longer cycles, suggesting that a
threshold of 20% rubber content is necessary to fully
exploit the liquefaction mitigation benefits under
stronger loading regimes.

e The internal stability of ShRSm is enhanced with
higher rubber content. Both LBS and ShRSm
become unstable when G/Gg < 0.3. However, adding
at least 20% ShR mitigates this reduction, enhancing
the internal stability of ShRSm and prolonging its
resilience against sustained dynamic loading up to
1% strain.

This study highlights the potential of ShRSm as a sus-
tainable and effective material for improving the seismic
performance of retrofitted soils. Incorporating at least
10%-20% ShR in mineral soils can mitigate the degrada-
tion in stiffness and damping capacity, particularly
under saturated conditions and high cycle counts. This
can be beneficial in scenarios involving strong motions
and their aftermath or intense ground vibrations, such
as those from traffic. While this study primarily focuses
on mixtures with specific PSD and SR, future research will
investigate the influence of more realistic soil gradations
on RSm behaviour under dynamic loading. Additionally,
further resonant column and cyclic triaxial tests will assess
the effects of a wider range of confining pressures and rela-
tive densities, providing deeper insights into the macro-
scale performance of ShRSm in seismic applications.
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NOTATION

Basic ST units are shown in parentheses.

A, aspect ratio of rubber particles (dimensionless)
cyclic stress ratio (dimensionless)

D, relative density (kg/m?)
D5y median particle diameter (m)

ey Initial void ratio (dimensionless)

f frequency (Hzors™ ")

G  shear modulus (Pa)
normalised shear modulus (dimensionless)
Gy initial shear modulus at small strains (Pa)
N number of loading cycles (dimensionless)
pore water pressure (Pa)

r, excess pore pressure ratio (dimensionless)
SR particle size ratio, DR50/DS50 (dimensionless)

y  shear strain (dimensionless)

y.  shear strain amplitude (dimensionless)

yim  limiting shear strain for onset of nonlinearity
(dimensionless)

Au increase in PWP (Pa)

¢ damping ratio (dimensionless)
om mean confining stress (Pa)
om  mean effective confining stress (Pa)
x rubber content by weight (dimensionless)

ABBREVIATIONS

CT cyclic triaxial
LBS leighton buzzard sand

LQ [liquified
GSI  geotechnical seismic isolation
PSD  particle size distribution

RC resonant column

RSm rubber-soil mixtures
ShR  shredded rubber
ShRSm shredded rubber-sand mixtures
TDA tyre derived aggregate
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