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Abstract:

The Quaternary soils, QS, are considered widespread materials found near or at the Earth's surface. Despite their engineering characteristics,
they are characterised by low vibration damping. On the other hand, materials such as rubber tyre waste (TW) exhibit greater damping capacity.
Such material is problematic in the surrounding environment and causes critical hazards. Mixing these materials yields composite geomaterials
with distinct characteristics for varied geotechnical applications and helps address many challenges associated with them. To ensure the benefits
outweigh the likely risks, systematic testing of the Quaternary Soil-Rubber Tyre Waste (QSTW) mixtures is crucial. The current study surveys
the responses of QSTW mixtures under confined-restraint conditions. For laboratory specimens’ preparation, different weight fractions of the
TW were mixed, in the dry condition, with the QS (0.0, 15.0, 30.0, 45.0, and 100.0%). The volume deformability, stiffness, and energy dissipation
were produced from testing these specimens under zero lateral strain in dry and saturated states. The results indicate that the mixtures of QSTW
suffer more deformation and become less stiff with increasing rubber inclusion. Such inclusion permits the grains' rearrangement and allows
additional replacement from the solid skeleton, producing different packing. The degree of the nonlinearity of the stress-strain curves increases
with higher TW, and the mixtures' response seems "rubber — like" at higher content. In contrast, the absorption and the energy dissipation of the
QS augment with the TW inclusion, where the TW acts as a mini damper within the mixtures. These mixtures show high capacity for vibration-
damping and thus can be applicable for various infrastructures subjected to vibrations.
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1. Introduction

The geologists assume the Quaternary soil, QS, is the most
prevalent material found on the Earth's surface, or close to it. This
soil has special characteristics that make it suitable as material
for various engineering infrastructures [1,2]. These
characteristics are related to parent material types, depositional
processes, and resulting engineering behaviour, which influence
their engineering behaviour. It has been demonstrated that the QS
can be used as backfill for retaining structures and as fill material
beneath their footings [3,4]. Developing systematic engineering
methods to exploit these abundant deposits can expand their
engineering applications.

Furthermore, rubber tyre waste, or TW, from scrap tyres
accumulates daily and poses significant risks and problems to the
environment. To identify workable ways to address these
materials' issues, humerous studies have been carried out [5,6].
They employed a variety of recycled tyre forms (including
granulated solids, chips, and shreds) in various civil
infrastructure applications (e.g., improving the material
incorporated into asphalt mixtures [7,8], concrete beams [9],
lightweight geomaterials [10], foundation layers [11]).

When these materials are combined with soils, unique
geomaterial mixtures are created. These materials are useful in a
number of civil engineering projects. These uses include thermal
insulation in roadways [12], drainage applications [13,14],
vibration damping for foundations [15,16], minimising building

heat losses [17], and using lightweight geomaterials as backfill
for earth-retaining walls and fill for highway embankments [10],
[18-21].

Engineered combinations of granular materials may exhibit
unique properties. Mixtures of sand and rubber materials have
been studied by several researchers. The increasing volume of
waste tyres necessitates such investigations [22-24]. These
investigations can help uncover additional specific applications
and provide specifications to facilitate construction and
environmental protection [25]. Mixtures of granular materials
and rubber have been proposed by scholars for isolation
applications to reduce the seismic impact on foundations [26—
28]. Pitilakis et al. [29], Maleska et al. [30] proposed the mixtures
of gravel and rubber as one of these materials. They described
them as high-damping materials with reduced shear stiffness and,
therefore, as eco-sustainable materials for infrastructure.

According to Bernal et al. [31], confined compression tests
on sand reinforced with shredded tyre material (3.81 cm in size)
and compacted in a 15.2 cm mould indicated that compressibility
increases significantly when the tyre shred content exceeds 30 %
(by weight of sand). The primary compression components of
these mixtures are irrecoverable, with some rebound denoted
during the load release [32]. The water absorption of shredded
tyre material, as stated by Humphrey and Manion [33] and
Humphrey et al. [34], is very limited. It has an average unit
weight of 6.17 kN/m?, a strength angle of 19 to 25 degrees, and
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a cohesion intercept of (between 7.7 and 11.5 kPa). These authors
investigated the compressibility of shredded tyres during loading
and unloading cycles. They stated that compressibility decreases
with increasing number of loading-unloading cycles.

The interaction between sand and rubber particles and the
mechanisms of energy dissipation were investigated by Fonseca
et al. [35]. They utilised X-ray tomography and oedometer tests
to explain energy dissipation and support the idea that the
contribution of rubber becomes more significant at higher
applied stresses. Moreover, these authors showed the influence
of saturation on frictional sliding. These authors claim that
oedometer loading — unloading curves can be used to assess
energy dissipation at high strain levels. On the other hand, Wu et
al. [36] used resonant column tests to examine the dynamic
behaviour of sand-rubber mixtures at low strain. The idea of
“increasing the rubber content enhances the damping capacity”
was validated by their analysis. While the damping ratio and the
shear modulus of the granular soil mixed with up to 35% rubber
were studied by Anastasiadis et al. [37] using the "torsional
resonant column tests.” They found that, at small strain, the size
and proportion of rubber used have a significant impact on the
dynamic properties.

The impact of cyclic axial loading on sand—rubber mixtures
is examined by Ozkan et al. [38]. Their experimental program
employed one-dimensional loading tests to report the damping
behaviour, hysteresis loops, and stiffness degradation under
cyclic axial loading. This investigation showed that energy
dissipation varies with loading cycles, rubber content, and
applied stress. In contrast, Tao et al. [39] investigate the
damping of sand-rubber mixtures by exposing them to cyclic
loading. Their analysis demonstrated that damping during
dynamic vibrations reflects the material's energy-dissipation
capacity.

Additionally, Li et al. [40] investigated the energy
dissipation behaviour of sand combined with rubber material.
The damping behaviour and energy dissipation of mixtures
under cyclic triaxial loading were investigated by these authors.
They discovered that the amount of rubber had a substantial
effect on the energy dissipated; they also concluded that
increasing the proportion of rubber leads to higher energy
dissipation. Polito et al. [41] and Polito and Martin [42]
examined the energy dissipation behaviour of clean sand with
silt subjected to cyclic loading using various tests, including
cyclic simple and cyclic triaxial tests (both stress- and strain-
controlled). They discovered that the proportion of energy
dissipated depends on the magnitude of the applied energy and
is not influenced by the duration of dissipation. Fiamingo et al.
[6] used triaxial tests to highlight the potential applications of
the mixtures of granular soils and shredded rubber. They
examined the energy absorption and the paths of stress and
strain in these materials toward failure under drained
conditions. The important contribution from their study, in the
context of the reviewed literature, is the substantial effect of the
amount of rubber on both the amount and pattern of energy
dissipation. The amount of energy dissipated in turn can reflect
damping during dynamic vibrations. Furthermore, the damping
behaviour, hysteresis loops, and stiffness degradation can be
reported from the adopted one-dimensional loading tests.

There is a high similarity between the “volumetric stress —
strain” relationships of geomaterials during both confined
compression and isotropic conditions. In practice, confined
compression is the more common condition in nature. Soil
formation by sedimentation is an example of this condition.

Similarly, soils are under confined compression when they are
subjected to vertical stresses with a large lateral extent. In nature,
as stated by Lambe and Whitman [43], it is seldom that one
encounters isotropic compression. Furthermore, the performance
of an experimental test to represent the confined compression
condition is easier and can be efficiently performed using
oedometer tests. The preceding review highlights that there are
relatively few systematic experimental studies on the stiffness,
collapse, and energy dissipation of sand-rubber specimens
utilising the oedometer apparatus in the literature.

To address this gap, the present experimental investigation
was designed to explore in more detail the compressibility,
stiffness, collapsibility, and energy dissipation of "Quaternary
soil, QS" and its mixtures with rubber, from tyre waste (TW),
under lateral restraint conditions. Three series of oedometer tests
were conducted for pure QS specimens, QS mixed with (15, 30,
and 45%) tyre waste (TW), and specimens of pure TW. The tests
include, in addition to standard physical tests, standard
oedometer tests, double oedometer tests, and cyclic oedometer
tests performed under both dry and saturated conditions.

2. Materials and methods

Quaternary soil (QS) from the centurial Mesopotamian Plain
is used in this study. The selected material is a fine, uniform,
brownish-grey sand. The main physical properties of this soil,
listed in Table 1, show that it is fine-sized, poorly graded sand as
per USCS, the “Unified Soil Classification System,” ASTM
D2487 [49]. The SEM images (Fig. 1) show that the QS grains
have low sphericity, are bulky, and range from subangular to
slightly rounded. The kind of parental grain materials and the
length of the route they transported are among the main factors
that affect the rounding degree of these grains. Accordingly, as
the QS grains are transported over long distances via the action
of the Rivers “Tigris and Euphrates,” they are “sub-angular” to
“slightly rounded”. This characteristic may influence the soil's
engineering behaviour.

Also, the rubber tyre waste, TW, in the form of granulated
rubber tyre from the recycling of scrap tyre waste, was utilised.
This waste material is a black-coloured, poorly graded, sand-
sized particle with a low solid density, as illustrated in Table 1.

The preparation of the quaternary soil and the rubber tyre
waste mixtures involves various weight fractions (Ws) of TW
(ranging from 0 to 100%). W: was calculated using the
expression in Eq. 1 (Wrw and Wgs are the dry weight of the
rubber tyre waste and quaternary soil, respectively). In the first
mixture, the Ws is 0%, indicating a pure quaternary soil (without
rubber) and is denoted as (QSTWO). In the latest mixture, W; is
100%, indicating the material is pure rubber tyre waste
(designated as QSTW100). The remains of the Ws values are
(15%, 30%, and 45%), and are designated as (QSTW15,
QSTW30, and QSTW45), respectively.

= W¢ =100 Q)
Wi, +WQS

Wi

The limiting unit weights of the mixtures of quaternary soil
and rubber tyre waste were determined following the procedures
outlined in ASTM standards [48,49]. The limiting values were
used to obtain the limiting void ratios. The relative density, Dr,
adopted for the oedometer tests’ specimens was 75 %. As a result,
the void ratio required for each mixture was specified.
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Table 1. The properties of the experimental materials

Properties Standards [44-50] Quaternary soil Tyre Waste
Colour - brownish grey black
Specific gravity, Gs ASTM D854 2.68 1.32
Gravel size, % ASTM D422 0 0
Particles size distribution Sand size, % ASTM D422 97 100
Fine materials, % ASTM D422 3 0
D50, mm ASTM D2487 0.2 2.0
Unified soil classification system Cu ASTM D2487 0.97 3.35
(USCS), or identification Cc ASTM D2487 1.77 1.25
USCS/ldentification ASTM D2487/D2488 SP Sand-sized
o ASTN D4253
Limiting unit weights Ymin /Ymax ASTMDA4254 0.94 0.89

(@)
Fig. 1. SEM images a; scale of 100; b; scale of 200

In this experimental work, different types of oedometer tests
were conducted employing the standard apparatus with front-
loading. The prepared specimens are 50 mm in diameter and
20 mm in height. The mixtures were first divided into two parts,
then placed in a clean, lubricated stainless steel ring and fixed in
the oedometer cell. This is to mitigate the influence of boundary
friction and segregation. A tamper rod of steel of 5 mm in
diameter, a steel-made bowl and spoon, and a digital scale of
sensitivity 0.01 g were used to obtain the target Dr For each
mixture, the Dr. was specified, the corresponding unit weight
calculated, and then the weight of material required to fit the full
volume of the oedometer cell's ring was determined. The required
material weight was prepared as a dry mixture inside the steel

(b)

bowl fairly and carefully until it looked as homogeneous as
possible, as presented in Fig. 2. Afterwards, from a falling
distance of zero, the homogenous dry mixture was translated into
the inside of the oedometer ring in two steps; an equal part of the
mixture was used in each step. Herein, any possible segregation
was averted. The specimens were tamped with the steel tamper
until the dry mixture reached the oedometer ring volume. The
oedometer was set up, an initial setting load of 5 kPa was applied,
and the dial gauge (with a sensitivity of 0.002 mm) was adjusted
to an initial reading. The laboratory station for the current work
is the central laboratory of the Civil Engineering Department of
the University of Baghdad (Fig. 3).

(a) QSTW15

(b) QSTW30

(c) QSTW45

Fig. 2. Quaternary soil-rubber tyre waste mixtures

3
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Fig. 3. Pictures of the apparatus used in the research station of the current work

In this study, three oedometer test series were conducted for
each mixture. The prepared specimens in the first series were
compressed in both the dry state and after saturation with tap water
(inundation for 24 hrs.). The saturated water content was measured
after the immersion period. The measured water content values
were used to determine the degree of saturation for each specimen
and ensure the required saturation condition was met. The
specimens in both states were subjected to applied stresses in
accordance with ASTM D2435 [49]. The primary objectives of
this series were to evaluate the compression parameters,
compressibility behaviour, and stiffhess of the mixtures.

The second series was focused on the potential collapse under
a double oedometer loading. Identically prepared specimens were
loaded as per Jennings and Knight's [51] procedure, one in a dry
state and the other in an inundation with tap water.

In the final series, a non-classical confined compression test
was conducted. To investigate the energy dissipation and
stiffness of the dry and saturated Quaternary soil and rubber tyre
waste mixtures under different cycles of loading — unloading —
reloading, cyclic oedometer tests were carried out. This series
aims to provide comments on the dynamic responses of these
materials. It should be noted that the procedure adopted in this
test series is as per Fonseca et al. [35]; Ozkan et al. [38]; Edil and
Bosscher [52]; and Ozkan et al. [53]. The initial specimens were
prepared under standard oedometer conditions and an initial
setting load of 5 kPa, but with loading in a different particular
order. Firstly, the specimens were loaded to a specified stress,
then unloaded (in an unloading stage) to the initial loading stress.
Then, the specimens were reloaded in a reloading stage with an
applied load ordering similar to the last stage, but with an applied
stress twice the previous stress. The stated stages (i.e., loading,
unloading, and reloading) represent one loop of applied stress.
These stages were repeated by increasing the stress increment to
create more loops. A schematic diagram of the loading —
unloading stress path is presented in Fig. 4. It is worth noting that
each specimen underwent five cycles and was tested in both the

19

dry and saturated states to reconnoitre the cyclic response under
inundation conditions.

*Loading stress path (12.5, 25, and 50) kPa

Cycle-1 +Unloading stress path (50, 25, and 12.5) kPa

*Loading stress path (12.5. 25, 50, and 100) kPa

Cycle-2 *Unloading stress path (100, 50, 25, and 12.5) kPa

*Loading stress path (12.5, 25, 50, 100, and 200) kPa

Cycle-3 *Unloading stress path (200, 100, 50, 25, and 12.5) kPa

*Loading stress path (12.5, 25. 50. 100. 200. and 400) kPa

Cycle-4 *Unloading stress path (400, 200, 100. 50, 25, and 12.5) kPa

*Loading stress path (12.5. 25, 50, 100. 200. 400, and 800) kPa
*Unloading stress path (800, 400, 200, 100, 50, 25, and 12.5) kPa

Cycle-5

Fig. 4. Schematic diagram for loading—unloading stresses in cyclic
oedometer test

3. Results and discussions

The limiting densities (maximum and minimum) and the
corresponding void ratios of QS — TW mixtures were calculated
and presented in Fig. 5. The highest maximum and minimum void
ratios were observed for pure rubber tyre waste, 1.309 and 1.052.
This provides a good indication of TW's damping characteristics.
Incorporating TW into QS reduced the solid densities of the
resulting mixtures and altered the void ratios. This is due to
replacing the solid grains of the QS with the soft TW grains. This
may affect the mixtures' responses to compressibility and damping
characteristics, as discussed later. In the context of this effect, the
results of oedometer tests on Quaternary soil-rubber tyre waste
mixtures under lateral resistant conditions are analysed and plotted,
taking into account the impact of TW contents on the
compressibility, stiffness, collapse potential, and energy
dissipation of QSTW mixtures at different states.

15

Dry Density, g/cm3

o
©

0.4

—+&— Maximum Density
—@—— Minimum Density
- —@- - Maximum void ratio
- =3~ = Minimum void ratici.

[
" Void Ratio ©

o

0.0

0 25

50

75 100

Rubber Tyre Waste, %

Fig. 5. Effect of rubber tyre waste on the limiting of Quaternary soil
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3.1. Rubber tyre waste effects on the compressibility

Under the “one-dimensional confinement” condition, the
compressibility of dry and soaked mixtures of Quaternary soil
(QS) — rubber tyre waste (TW) was studied. The outcome of the
oedometer test is presented in Fig. 6 for the diversity of TW
content utilised in this work, in the form of axial strain (%,
normal scale) vs. the effective normal stress (kPa, logarithmic
scale). As shown, the vertical strain of pure QS samples remains

14 }

Strain, %

21 F

28 |—E—QSTWO, Dry

—&— QSTW15, Dry X\
—A— QSTW30,Dry X
—o— QSTW45, Dry

35

1 10 100
Effective Normal Stress, kPa

1000

limited, even at high stress levels. Furthermore, the near-linear
response is clear in the stress-strain curves.

The compressibility curves exhibit strong nonlinearity at
high TW fractions and high stress levels. On the other hand, at
TW content above 15%, the response shows distinct rebound
curves at higher applied stresses. This is also noted for sandy soil
samples tested by other scholars [54-57]. The recorded amount
of rubber, in the literature, in which a similar behaviour was
noted, is greater than 20% [52,53,58-60].

14 }

Strain, %

21 f

28 } —8— QSTWO, Soaked

—6&— QSTW15, Soaked
—A— QSTW30,Soaked
—o6— QSTW45, Soaked

35

1 10 100
Effective Normal Stress, kPa

Fig. 6. Compressibility curves for QSTW mixtures at dry and saturated states

The Quaternary soil mixed with rubber tyre waste reveals
little sensitivity to wetting. In contrast, greater deformability is
observed at higher TW content, where the minimum void ratio
approaches 0.2. Furthermore, at the end of the unloading stages,
higher values of the remnant strain are observed. This increase
with higher rubber content due to the compressible and elastic
nature of the TW particles.

The effect of the rubber inclusion on the compression
parameters is explored in the current work. Figure 7 shows the

variation in compression index (Cc) and rebound index (Cr) with
TW content for both dry and soaked conditions. The
compressibility parameters are directly proportional to TW
content. The relationship between these parameters is highly
linear, with excellent coefficient of determination values
(R2 > 98%). Finally, it can be stated that the axial strain of QS—
TW mixtures under confined loading increases as the material
composition transitions from rigid, pure sand grains to more
elastic and deformable rubber particles.

05 R*=0.9865
[m] Cc, dry state
O Cc, saturated state R?=0.9924
m  Cr, dry state R2=0.9813
© Cr, saturated state R2=0.9813

Liniowa (Cc, dry state)

03

Compression Parameters

0.0

Liniowa (Cc, saturated state)
Liniowa (Cr, saturated state)

0 20

40 60
Rubber Tyre Waste, %

80 100

Fig. 7. Effect of rubber tyre waste on compression parameters

3.2. Rubber tyre waste effects on the mixture's stiffness

Investigating the stiffness of QSTW mixtures as a function
of TW is a primary objective of the present study. Thus, the
outcome of the oedometer test has been replotted in Fig. 8,
showing effective normal stress (kPa) versus axial strain (%) on
a linear scale for both axes. Unsurprisingly, the QSTW mixtures
show a softer response than the pure QS. As the TW increased,
the non-linearity of the curves was augmented due to the elastic
deformability and less stiffness of TW grains. The slopes of the
curves in Fig. 8 were used to calculate the "one-dimensional
incremental confined stiffness (SM)" using Eq. 2 [43,53,61].

O]

where “Ac and Ag” are the stress increment and strain increment
for each specimen. As per Muir-Wood [58], the form of Eq. 3
shown below can be applied to relate the following parameters:
the Sy and effective normal stresses.

©)

where 6, corresponds to 100 kPa and serves as a reference stress.
The parameters b; and b, are the “modulus number” and
parameter of “stiffness stress dependency,” respectively [38,53].
The o, was utilised in the normalisation of Sy and oy. The stress
and strain values for the current experiments were adopted to
develop the form of the relation shown in Fig. 9. As shown, for
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the dry and inundated conditions, the influence of TW is
noticeable for inclusions at 30 % or above. where the curves are
grouped together. This means that the value and the rate of
augmentation in mixture stiffness are at their lowest state.
Accordingly, the behaviour of the mixtures increasingly
resembles that of pure rubber waste compared to pure granular
soi. Ozkan et al. [53] and Madhusudhan et al. [62] indicated
asimilar trend for sandy soil mixed with high inclusions of
shredded tyre or rubber material.

Muir-Wood [58] demonstrated that a decrease in the
modulus number corresponds to lower material stiffness. The
stiffness of QSTW mixtures is evaluated in this work using the
values of the parameters by and b, as illustrated in Fig. 10. Two
distinct behaviours can be identified in Fig. 10: ‘sand-like” and

1,000

300

600

400

Effective Normal Stress, kPa

i QETWO, Dry
—— QSTW1E, Dry
——— QETW20, Dry
———— QETW4E, Dry
—#— QSTW100. Dry

el
15

20
Axial Strain, %

25 30 35 40

‘rubber-like [36,55,63]. For mixtures with a lower TR inclusion
(£15%), the recognised behaviour is the ‘sand-like'. But with TR
content greater than 30%, the mixtures exhibit behaviour closer
to that of pure rubber. At higher TW content, rubber particle
contacts dominate. This means dominance of rubber-like
behaviour, with the magnitude of parameter bl at a minimum,
and vice versa. In contrast, the stiffness stress-dependency
parameter increases proportionally with the rubber content. The
value of this parameter is close to unity when the TW content
exceeds 45%. This trend would indicate a proportional
relationship between the constrained modulus and the level of
stress. However, the stiffness of the mixture increases with
decreasing TW inclusion, and soaking has a slight effect on the
stiffness of QSTW mixtures.

1,000

800

600

400

Effective Normal Stress, kPa

—— Q5 TWO, Sceked
—— QSTW1E, Scaked
——— QSTW20,Scaked
———— QSTWA45, Scaked
—i— QSTW10D, Scaked

20 30 33 40

13
Axial Strain, %

Fig. 8. Variation of axial strain vs. ov for different TW content

300

600 F

400

sm/f oa

oV /[ oa

Fig. 9. Normalised SM vs

450 1.0
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80 120

Rubber Waste, %

800

—s— QSTWO, Soaked
—=—QSTW15, Soaked

600 —— QSTW30, Soaked

— QSTWA45, Soaked
—ix— QSTW100, Soaked

. ov for various TW content

350

—&— Parameter b1, Soaked state
—e— Pareamter b2, Soaked state

280
0.8

210

06

...
=
Paramter "b2"

Paramter "b1"

04

02

80

120
Rubber Waste, %

Fig. 10. Parameters b1 and b2 versus TW content for dry and soaked states
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According to Muir-Wood [58], the geomaterials can be
distributed in the form shown in Fig. 11. They are distributed
based on their stiffness parameters (stiffness exponent and
modulus number). In the present study, the effect of rubber waste
inclusion on the position of QS — TW mixtures within these
charts is evaluated. The parameters by and b, are superimposed

on this chart, the symbols in red. As shown, the inclusion of more
TW causes an upward shift in b, and a downward shift in bs. In
other words, the mentioned movement indicates a change in the
mixture's behaviour from stiffer and sand-like to softer and
rubber-like. Nevertheless, all mixtures remain within the limits
of defined geomaterials.

L5r modulus 1005
stiffness AU K;,\ rocks
exponent -7 mober 108 i
clays -~ x %
o 1.0F & //,///////),//,;/;% 1041
/’\ — ,,’t,o"'normally 03k Jl glacial tills
(2070 compressed .. sands
0.5 ,"QA Sy soils 102 /I/lgh“ Sft clays  ptexico
o N - 51195677 ____________ clays
I N Wk 5 5 [~ TUeRenig, = " Il
sk B overconsolidated soils | e
(1 e ST I ; . 1 i : . : :
1.0 15 2.0 25 3.0 1.0 .5 20 25 30 35

specific volume, v

specific volume, v

Fig. 11. Stiffness parameters for QSTW mixtures over those of different geomaterials Source: [58]

3.3. Rubber tyre waste effects on the mixtures' collapsibility

To understand the collapse behaviour of quaternary soil
mixed with rubber tyre waste, the specimens prepared in this
study were tested using the double oedometer procedure. The
volume changes were recorded for each effective normal stress
and plotted as illustrated in Fig. 12a. Within the range of applied
vertical stresses, all curves exhibit a clear upward concavity. In
fact, for particulate systems, the concave stress-strain form is
very characteristic; Lambe and Whitman [43] called such a form
“locking.” The impact of replacing the QS grains with the soft
compressible TW and the inundation on resultant mixtures is
clear in Fig. 12a. The dense pure QS reveals a high resistance in
dry and soaked states as a result of its rigid grain nature. As the
applied stress increases, collapse first occurs in the loose arrays
and then in denser arrays in the soil. Thus, a further tight packing
is the result of such movement; hence, the grains get stiffer and
stiffer. However, this behaviour changes slightly with the
inclusion of TW. The curves exhibit greater nonlinearity due to
the inclusion of soft grains. With more inclusion, the stated state

Effective Normal Stress, kPa
0 100 200 300 400 500 00 00 300 00

AxizlStrain, %

L —=— QSTWO, Dry” ~
27 F —O- - QSTWO, Soaked K _
QSTWA15, Dry ~
L o - QSTWA15, Soaked
—— QSTW30, Dry -
- —r= — QSTWA30, Soaked -4
-~ QSTW45, Dry a
- —~ - QSTW45,_Soaked

36

becomes more pronounced. For pure TW, due to its elastic
deformability, even at lower applied stress, a large strain is
produced.

On the other hand, the collapse potential (CP, %) at different
effective stresses was also calculated, as shown in Fig. 12b.
Limited collapse potential occurs in QS, its mixtures with lower
TW, and in pure TW. While “moderate” to “moderately severe”
collapse occurs for higher TW mixtures. The limited collapse
observed in wetted QS is attributed to its rigid grain skeleton, low
void ratio, and high stiffness. Inclusion TW allows grain
rearrangement and causes a slight collapse. With further
inclusion of soft grains, more replacement of the solid skeleton
results in producing hybrid packing mixtures. The skeleton of
such  mixtures is weaker, allowing for more grain
rearrangements, and as a result, a greater collapse (this is
particularly pronounced for mixture QSTW45). On the other
hand, the pure TR samples do not appear to undergo structural
collapse due to the nature of the rubber, i.e., its hydrophobicity
and resistance to water ingress.

5.0

OCP, % at Stress 25 kPa b
OCP, % at Stress 50 kPa

B CP, % at Stress 100 kPa

3.8 4 BICP, % at Stress 200 kPa
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Mixture Designation

Fig. 12. Collapsibility of QSTW mixtures, a) axial strain versus. effective normal stress, b) collapse potential
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3.4. Cyclic loading response of mixtures

In light of the energy-dissipating properties of rubber
[64,65], the QSTW mixtures were investigated under confined
compression conditions, in both dry and soaked states, and under
cycles of loading — unloading — reloading, as illustrated in
Fig. 13. As presented, there is a part of the strain recovered from
that which occurred during the loading stage. The irreversible
strain originates from particle fracturing or sliding. As soil is
loaded, its particles store elastic energy. When these particles are
unloaded, the energy causes them to rebound. Figure 13 also

Effective Normal Stress, kPa

Effective Normal Stress, kPa
100

presents the reloading behaviour of mixtures that have been
subjected to a cycle of loading and unloading. Two distinct
responses were observed: one for mixtures loaded at a stress
below the first maximum stress during initial loading, and
another for mixtures loaded above this stress level. In the first
one, the mixtures are stiffer after reloading than after the first
loading. Since the particles of the mixture have already started
sliding during the first loading. While in the second state, similar
stress-strain curves to those that have not been subjected to
unloading.
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Fig. 13. Cycles of loading — unloading — reloading for QSTW mixtures

The loading—unloading-reloading cycles shown in Fig. 13
were used to examine the permanent and rebound strains of the
pure QS, QSTW mixtures, and pure TW. These strains were
calculated and are presented in Fig. 14. For pure QS, the rebound
strain of the rigid sand grains is much greater compared to the
permanent strain. It is about 57-89% of the total strain (the sum
of permanent and rebound) for each cycle. This percentage,
however, is influenced by the maximum load per cycle. For
QSTW mixtures, the strain behaviour depends on the quantity of

TW and the maximum loading stress. In the mixture of a lower
TW, it was noted that the recoverable strain is lower than the
permanent strain when the maximum loading stress is less than
200 kPa, and vice versa. As TW content increases, the loop with
a maximum loading stress below 100kPa has a lower
irrecoverable strain. This is also noted in pure rubber. The
permanent strain values decrease with increasing cycles of
loading-unloading-reloading.
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Fig. 14. The permanent stain and the

From a geotechnical perspective, the loading-unloading
loops can provide insight into the energy dissipation and damping
of the Quaternary soil-rubber tyre waste mixtures under the
presented conditions. With respect to the dissipated energy,
Fonseca et al. [38] mentioned that the energy can be obtained by
measuring the area enclosed between the loading and the
reloading curves for each loop of the oedometer loading-
unloading cycles, as illustrated in Fig. 13. It is worth mentioning
that the amount of energy dissipation calculated from the
oedometer test is useful to provide comments on the nature of
energy. However, to provide a precise measurement of energy
dissipation, each test sample and the curves in a specific loading-
unloading loop in Fig. 13 are subjected to nonlinear regression.
The fitting using a polynomial function, cubic (Eq. 4), was
applied to capture a smooth transition and the curvature of the
progressive loading and unloading stages. This function is well-
suited to capture the nonlinearity of the loading-unloading
curves, and it remains analytically integrable. The loading branch
is fitted separately from the unloading curve, utilising least-
squares regression. The correlation parameters for the applied
function are determined using NCSS 2025 [67] (advanced
statistical software). The values of the constants (m1, mz, ms, and
m4) and the statistical coefficients for Eq. 4 were determined.
Excellent values of the determination coefficient (R?) are
obtained (greater than 96%), which indicate that the selected
model is successfully approximating the non-linearity of curves
for loops from the cyclic oedometer tests on QSTW mixtures.

g, =Mo;, +M, o, +M,G, +m, @)
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rebound strain of QSTW mixtures

The obtained integrable polynomial functions enable the
determination of the area enclosed in each loop. According to the
scholars [68,69], the analytical integration of the function fitted
to the stress-strain branches is the energy dissipated (Dg). Thus,
the expression in Eq. 5 is used to determine the area of each loop
in Fig. 13.

D; = [€,(6)d0 = [ €101 90— [ iy (5)

By substituting the constants from Eg. 4 for the loading and
unloading curves and integrating the resulting equations in Eq. 5,
the energy dissipated (per unit volume) for each loop (between
the stresses' respective limits). Actually, the area below the
loading branch is the absorbed energy; meanwhile, below the
unloading branch is the “released energy.” Both energies can be
estimated using Eq. 5. Thus, the area for each loop was estimated
to represent the De. Keeping in mind, the amounts of calculated
energy are applicable to provide comments regarding the nature
of energy.

To illustrate the effect of TW and facilitate comparison, the
values of De for each mixture were normalised with respect to
the De of TW from each loop, as in Table 2. The characteristics
of the pure materials have a major role in the dissipated energy
of their mixtures. As noted, the high recovery tendency of TW
under compression, its low stiffness, and its high deformability
compared to QS contribute to the distinct damping behaviour of
the QS—TW mixtures.

Table 2. The variation of the normalized energy dissipation with different rubber fractions

Loop of loading and unloading (stress in kPa)

Mixture State
12.5t050 12.5t0 100 125t0200 125t0400 12.5to0 800

Dry 0.01 0.02 0.07 0.07 0.12
QSTWO

Soaked 0.01 0.01 0.12 0.10 0.19

Dry 0.16 0.22 0.23 0.14 0.26
QSTW15

Soaked 0.22 0.27 0.25 0.15 0.33

Dry 0.34 0.45 0.68 0.35 0.37
QSTW30

Soaked 0.54 0.49 0.72 0.42 0.40

Dry 0.43 0.50 0.58 0.53 0.83
QSTW45

Soaked 0.63 0.71 0.66 0.54 0.83

Dry 1.00 1.00 1.00 1.00 1.00
QSTW100

Soaked 1.00 1.00 1.00 1.00 1.00
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Dissipated energy (De) reflects the internal friction and
permanent deformation of geomaterials under cyclic loading.
The De represents the work lost by the material during each
loading cycle. The energy is associated with the geomaterials'
capacity to dampen the vibrations caused by dynamic loads. In
combinations of rubber materials and granular geomaterials,
damping and energy dissipation are directly proportional. The
interfacial friction, particle rearrangement, and viscoelastic
hysteresis of the TW grains are the mechanisms governing the
damping and energy dissipation of such mixes. The cyclic
odometer's loop-loading and unloading curves allow
straightforward evaluation of the De. Mixtures with a larger loop
area should dissipate more energy. From Fig. 13 and Table 2, it
is evident that the inclusion of TW soft grains in the mixture of
QS enhances the energy dissipated. The generated mixes gain
increased viscoelastic resistance and deformability as a result of
this inclusion. However, this depends on the magnitude of the
applied stresses. At low to moderate stress levels (less than
400 kPa), the TW particles and the QS skeleton both experience
simultaneous compression and rearrangement. Higher stresses
cause TW grains to compress strongly, thereby enlarging the
loading — unloading loop area and increasing energy dissipation.
Under very high strains, the mixtures become denser, with both
QS and TW grains compacting substantially, resulting in
additional energy release.

This work examines the impact of saturation on the energy
dispersion of QSTW mixtures. The loading-unloading loops
were produced for both dry and soaked mixtures, as shown in
Fig. 15. Overall, saturation has a negligible effect on energy
dissipation. Soaking causes a slight reduction in the loading-
unloading loop area at stress levels between 50 and 100 kPa. At
a stress level of 100 kPa, however, less severe changes are
observed. Additionally, mixtures loaded to 200 and 400 kPa
showed slight variations in DE compared to the unsoaked state.
At 800 kPa, however, the viscoelastic behaviour of TW primarily
governs the dissipated energy [35,66,70-71].
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Fig. 15. Normalised energy dissipation with different rubber fractions

4, Conclusions

The compressibility, stiffness, and energy dissipation of
Quaternary soil-rubber tyre waste Mixtures Under lateral
restraint conditions have been analysed and deduced.
Accordingly, conclusions from the results are drawn as shown

1. The mixes exhibit high compressibility and increased

deformation with higher TW content, reaching

10

a minimum void ratio of approximately 0.2. When the
applied stresses exceed 400 kPa, and the mixtures contain
more than 30% TW, the compressibility curves appear to
be more nonlinear. Moreover, at the end of the unloading
stages, higher rebound deformation values are observed.
Cc and Cr almost increase linearly with increasing TW
content, whereas the pattern is nonlinear with decreasing
rubber content.

. Because rubber grains are less stiff and elastically
deformable, the normal stress-axial strain curves become
increasingly nonlinear with higher TW content. Sand-like
behaviour predominates, and the stiffness parameter
decreases with decreasing TW content because rubber
particle contacts are less prevalent. However, the stiffness
of the QSTW mixtures is insignificantly affected by the
soaking.

. Due to its stiff structure, high stiffness, rigid skeleton, and
low void ratio, wetted QS exhibits minimal collapse. As
the TW inclusion grows, the CP rises as well, permitting
grain rearrangement and resulting in a slight collapse (less
than 2%). Hybrid packing combinations are created when
soft TW materials are added in greater quantities,
replacing the solid skeleton. The weaker skeleton in these
mixtures permits greater grain rearrangement, leading to
increased collapse. However, because of their
hydrophobic nature and resistance to water intrusion, the
pure TW samples do not appear to undergo structural
collapse.

. The QSTW mixtures absorb and release more energy as a
result of the TW incorporation. Within the mixtures, the
TW functioned as a miniature damper. The loading and
unloading loops in the cyclic oedometer tests make this
evident. Additionally, when the TW fraction increases,
the unloading branch becomes more curved, indicating
a more gradual response, while the loading curves flatten.
In contrast, pure QS exhibits a narrow loop with minimal
energy dissipation, as the loading and unloading branches
are closer together. This explains the viscoelastic
character of TW particles and the rise in the interface slip
between QS and TW.

Ultimately, the QSTW mixtures' increased damping capacity
proves their further use. They can be used in a variety of
infrastructure applications to reduce seismic strain on retaining
structures and to dampen foundation vibrations. Mitigating
seismic loading impacts through isolation techniques for
retaining structures and foundations is an emerging trend. The
potential of QSTW mixtures as a sustainable solution warrants
investigation in engineering practice.

Finally, it should be noted that the present study focuses on
a geotechnical perspective and is applicable to small samples of
poorly graded fine-quaternary sand mixed with up to 45% rubber
from scrap tyres. Beyond this limit, further investigation is
worthy to conduct. Moreover, to facilitate the application of
sand-rubber mixtures in real applications that mitigate
dynamic/seismic excitations, it is recommended to further
investigate the limitations and requirements for estimating the
thickness of the QSTW layer to achieve a proper mitigation
effect.
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