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ARTICLE INFO ABSTRACT
Keywords: Concrete production, ubiquitous in global construction, exerts significant environmental strain, notably through
Rubberised concrete cement manufacturing’s carbon footprint and natural sand depletion. As a response, researchers are exploring

Waste-tyre rubber
Waste-tyre steel-fibres
Mechanical performance

eco-friendly alternatives, including Waste Tyre Rubber (WTR) aggregates which replace natural sand in concrete.
This study investigates the impact of WTR particle sizes (ranging from 0.2 to 4 mm) and volumetric replacements
(0-54 %) on Rubberised Concrete Mortar (RuCM) and Rubberised Concrete (RuC) mechanical properties.
Additionally, Waste Tyre Steel Fibre (WTSF) reinforcement effects (volume dosage between 0 % and 3 %) are
examined and compared with Commercial Steel Fibre (CSF). The study optimizes RuCM and RuC mixes via
particle packing theory, incorporating Ground Granulated Blast Furnace Slag (GGBS) and Fly Ash (FA) as cement
replacements. Mechanical tests reveal the compressive and flexural strength reduces with an increasing WTR
dosage, attributed to the inherent softness of WTR and the weak interfacial bonding between WTR particles and
surrounding matrix. Utilizing an optimized RuC mixture with a 10 % WTR replacement yields substantial me-
chanical improvements, showcasing a remarkable 195 % surge in compressive strength and a noteworthy 61 %
elevation in flexural strength over conventional concrete (CC). However, when compared to the control mix
devoid of rubber replacement, there is a modest reduction of 16 % in compressive strength and 4 % in flexural
strength. Moreover, the incorporation of WTSF reinforcement proves beneficial in mitigating compressive
strength losses post rubber particle inclusion and brings about a substantial increase in flexural strength with 3 %
volumetric additions. Quantitative analysis reveals the reinforcement effect from WTSF is comparable to the
effect of CSF reinforcement. These findings underscore the intricacies and potential opportunities in harnessing
WTR and WTSF for the development of resilient and sustainable concrete formulations.

globally, pose significant environmental challenges [1]()(). To counter
this, recycling initiatives, particularly within the construction industry,
have garnered attention. Notably, rubber particles derived from waste
tyres have emerged as a viable replacement for traditional aggregates in
concrete mixtures.

Eldin and Senouci [2] pioneered investigations on WTR aggregates in
concrete, substituting fine aggregates with WTR sized at 1 mm and
coarse aggregates with tire chips ranging between 6 and 38 mm. The
results revealed several challenges in rubberised concrete, including low
workability, decreased compressive and tensile strengths. These me-
chanical limitations were attributed to a loss of adherence between the
cement matrix and WTR particles, with the size of WTR identified as a
primary factor affecting the reduction in material strength. Su et al. (Su
et al.) conducted an investigation involving three sets of singly-sized
WTR concrete specimens, categorized by WTR particle sizes of 3 mm,
0.5 mm, and 0.3 mm. Their study unveiled that concrete composed of

1. Introduction

Concrete, the second most widely utilized material globally, carries a
significant environmental impact. The cement manufacturing process
alone accounts for approximately 8 % of anthropogenic carbon dioxide
emissions and consumes 2-3 % of the world’s energy supply, prompting
concerns about its ecological footprint. Moreover, the construction
sector’s substantial demand for natural sand not only strains the envi-
ronment but also escalates irreparable damage to ecosystems. In
response to these challenges, there’s a growing impetus among practi-
tioners and researchers in the construction industry to reduce the
environmental impact and reliance on natural resources. A key focus has
been the development of eco-friendly construction materials by repur-
posing industrial by-products and waste.

Tyres, recognized as one of the largest landfill waste materials
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Acronyms
WT Waste Tyres.
WTR Waste Tyre Rubber.

WTSF Copper-coated Waste Tyre Steel Fibre.
CSF Commercial Steel Fibre.

RuC Rubberised Concrete.

GGBS Ground Granulated Blast Furnace Slag.
FA Fly Ash.

ITZ Interfacial Transition Zone.

SEM Scanning Electron Microscopy.

XRD X-ray diffraction.
SCM Supplementary Cementitious Materials.

SP Superplasticizer.

LPDM  Linear Packing Density Model.
SSM Solid Suspension Model.

CPM Compressive Packing Model.

PSD Particle-size Distribution.
CM Conventional Mortar mix.
GCM Green Control mix.

RuCM RuC Mortar mix.

CC Conventional Concrete.
GCC Green Control Concrete.
CA Coarse Aggregates.

HRWR  High-range water reducer.

0.3 mm WTR particles exhibited significantly reduced workability and
water permeability due to the larger surface area and higher water
absorbability inherent in finer WTR particles. Moreover, as the size of
the WTR increased, a reduction in concrete compressive strength was
observed. Concrete specimens featuring WTR particle sizes of 3 mm,
0.5 mm, and 0.3 mm demonstrated reductions in compressive strength
by 10.6 %, 9.6 %, and 9.5 %, respectively. This decline in strength was
linked to the low stiffness and inconsistent surface texture of WTR
particles, ultimately weakening the bond between the cement paste and
WTR particles. Similarly, Pham et al. [3] prepared RuC with varying
WTR sizes of 1-3 mm and 3-5 mm, constituting 15 % volumetric dosage
of the mix and revealed RuC incorporating smaller WTR rubber particles
exhibited enhanced static compressive strength as compared to those
with larger WTR particles. Collectively, these studies underscore the
multifaceted challenges and considerations in incorporating WTR ag-
gregates into concrete. The variations in WTR particle sizes, ranging
from 0.3 mm to 38 mm bring varying impacts on the workability, water
permeability, and compressive strength. While smaller WTR particles
demonstrated advantages in compressive strength, challenges such as
low stiffness and inconsistent surface texture were identified across
different studies. Understanding these intricacies is vital for advancing
the development of sustainable RuC formulations in construction
practices.

Khaloo et. al. [4] conducted experiments with fine, coarse, and
mixed WTR replacement dosages, reaching up to 50 % of the total
mineral aggregates’ volume in concrete. Their findings revealed that
rubberised concrete exhibited lower unit weight and workability in
contrast with plain concrete. Higher WTR replacement dosages resulted
in a remarkable reduction in concrete’s brittle behaviour and an
increased toughness index, indicating improved post-failure strength at
25 % WTR replacement dosage. The study also noted that RuC showed a
uniform failure state with restricted specimen separation, a reduced
crack width and propagation velocity was also noted. The ultimate stress
was primarily influenced by the concentration of fine aggregates, while
the shape of the stress-strain curve was contingent on the concentration
of coarse aggregates. The study suggested that RuC’s distinctive
behaviour could be further improved by altering the content of fine and
coarse aggregates. Ahmad et al. [5] performed an extensive review,
encompassing over 100 studies exploring the implications of WTR on the
strength, workability, and durability of rubberised concrete. The review
underscored the presence of a broad and porous weak Interfacial
Transition Zone (ITZ), which negatively impacted the strength of RuC. A
notable reduction in strength, ranging approximately from 4 % to 70 %,
was observed in concrete featuring rubber content within the range of
5-50 % of natural aggregates. This variation encompasses rubber par-
ticles of sizes ranging from 0.075 mm to 6 mm [6] [7]. Thomas and
Chandra Gupta [8] through Scanning Electron Microscopy (SEM)
testing, confirmed the existence of voids and cracks in the
rubber-cement paste interface, highlighting a compromised bonding

condition. This weakened bond, coupled with the development of tensile
stresses along the surface of rubber particles and the connected cement
paste under compressive stress, contributes significantly to the observed
strength reduction in RuC, ultimately leading to premature cracking [9].

The weak bonding is attributed to the inherent softness of rubber
particles, leading to the initiation of cracks near the junction of rubber
and cement paste in concrete. These cracks swiftly propagate, culmi-
nating in structural failure. RuC exhibits a conspicuously wide and
porous weak ITZ, identified as the concrete mix’s weakest section. This
is a consequence of the hydrophobic nature of WTR aggregate, which
tends to repel cement paste [10]. To address this, potential remedies are
developed which include strengthening the bond at the ITZ through
practical and cost-effective techniques, incorporating pozzolanic filler
additives, and pre-treating WTR particles using methods like NaOH or
the silane coating agent process.

Roychand et. al. [11] implemented pre-treatment on WTR particles
to enhance cohesion. In the first trial, WTR particle surfaces underwent
chemical coating using substances like sodium chloride, sulfuric acid,
and potassium permanganate. The second trial involved soaking WTR
particles in tap water, while the third trial subjected the particles to
heating in an oven before mixing. Post-treated WTR particles were
meticulously analysed using x-ray photoelectron spectroscopy to pre-
cisely document the chemical composition of WTR surfaces. Scanning
electron microscopy further enabled the generation of images of WTR
surfaces with atomic-level accuracy. Molecular-scale pre-treatment ef-
fects were scrutinized using the afore- mentioned imaging methods,
providing researchers with insights into the molecular-scale impacts of
each treatment approach on RuC strength and workability. Interest-
ingly, the study observed that water treatment proved more effective
than other pre-treatment methodologies, particularly with extended
treatment times.

While various rubber pre-treatment methods have shown enhanced
bond performance and mechanical properties in RuC, the complex and
time-consuming nature of these processes renders them impractical for
the concrete industry. Therefore, the quest for an economical and
practical method to produce commercially viable WTR is of paramount
importance. Water soaking of WTR emerges as a cost-effective approach,
devoid of additional chemicals or intricate equipment, providing a
streamlined processing method. In a study by Roychand et. al. [11] the
effects of soaking WTR in tap water for both short (2 h) and long (24 h)
durations were investigated. The study utilized XRD and SEM to analyse
compressive strength, bond behaviour, and the rubber/cement ITZ in
rubber cement mortar with 20 % sand volume replaced by WTR. The
2-hour soaking duration demonstrated absorbing/adsorbing approxi-
mately 80 % of water as compared to the 24 h soaked counterpart.
Remarkably, the 2-hour soak not only improved the ITZ between rubber
particles and cement paste but also exhibited enhanced 28-day
compressive strength in contrast with the 24 h soaked WTR mortar.
This reduction in soaking time, coupled with improved strength
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properties, holds promise for expediting material handling and con-
struction processes in rubber concrete.

In addition to the rubber pre-treatment, the mineral fillers have been
employed to improve the bonding in the ITZ of RuC [8,12]. Turki et al.
[13] proposed a solution to elevate the mechanical performance of RuC
by introducing mineral fillers like siliceous or limestone alongside rub-
ber. Xie et al. [14] integrated silica fumes with rubber and steel fibres in
concrete, achieving commendable strength enhancements, particularly
with notable 20 % rubber content. In addition to mineral additives, the
pre-treatment of rubber particles using specified solvents or modifiers,
such as emulsion or resin, has emerged as a proven methodology,
enriching the bonding between rubber and concrete [15]. These artistic
interventions contribute to an elevated bond strength within RuC,
creating a symphony of robust and reliable mechanical prowess.

Besides the benefits of improving the bonding in RuC, SCMs, such as
FA and GGBS also play a pivotal role in concrete mixture. Their
contribution extends to filling voids between cement particles, culmi-
nating in a reduced water-to-cement ratio at the ITZ, fostering improved
coherence with hardened cement paste and elevating packing density
[16]. Delving deeper into this realm, Chen et. al. [17] conducted an
exploration into enhancing the interfacial behaviour of the
rubber-cement matrix within RuC through incorporating SCMs. The
findings accentuated that SCMs facilitate a reduction in the W/B ratio of
RuC, a strategic move that not only enhances interfacial compactness
but also fortifies the bond strength within the rubber-cement matrix
interface.

The integration of steel fibre in concrete offers a solution to enhance
post-crack ductility and tensile strength, addressing the deficiencies of
conventional concrete. Comprising approximately 14-15 % by weight of
waste tyres, WTSF has traditionally been utilized as raw material in steel
manufacturing and iron feedstock in cement plants. However, recent
studies, including those by Bedewi and Nasir [18], showcase the positive
impact of WTSF on early-age tensile and flexural strengths in concrete
mixtures.

However, Aiello et al. [19] found a slight increase in compressive
strength with increasing dosages of WTSF and CSF when the same water
quantity was maintained in the concrete mixtures. This finding is sup-
ported by Yazici et al. [20] and Atis and Karahan [21], who observed an
increase in compressive strength in steel-fibre reinforced concrete
(SFRC) with higher steel fibre dosages. This phenomenon can be
attributed to the effective contribution of fibre reinforcement confine-
ment, which delays material failure [22]. On the other hand, a reduction
in compressive strength can occur due to the physical challenges of
achieving a homogeneous distribution of steel fibres within the concrete
[23]. Papakonstantinou and Tobolski [24] found that concrete mixtures
with steel beads recovered from waste tires were more workable when
the fibre content was less than 4 %.

CSF and WTSF are commonly used to enhance various concrete
properties, such as impact resistance, toughness ratio [25,26], and
ductility [27,28]. Researchers have recently explored the positive syn-
ergy between steel fibres and rubberized concrete (RuC). Turatsinze
et al. [29] conducted a preliminary investigation to enhance the
cracking resistance of concrete, finding that WTR particles, which
included steel fibres, improved strain capacity and delayed shrinkage
cracks. This combination of steel fibres with WTR shows promise for
many concrete engineering applications and could potentially expand
the scope of manufacturing such types of concrete in the future [30].
(Ndayambaje) [31] further highlights the optimal performance achieved
in RuC with a 12.5 % WTR dosage, coupled with a 1.2 % volumetric
fraction of WTSF. The study emphasizes the importance of capping the
maximum fibre length at 60 mm to prevent balling effects. In recent
investigations, researchers have delved into the potential of utilizing
WTSEF as a viable alternative to CSF for reinforcing concrete [19,32—34].
The outcomes of these studies suggest that WTSF demonstrate enhanced
efficacy in inhibiting the propagation of micro- to meso-cracks, while
industrial steel fibres prove more adept at effectively bridging
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macro-cracks [33,34].

In addition, Pan et. al. [35,36] conducted pioneering research
comparing the properties of RuC with Ordinary Portland Cement Con-
crete (OPC) under static and dynamic conditions. Their findings
revealed that RuC with up to 30 % WTR replacement exhibits superior
impact resistance under high loading rates. Unlike OPC, which tends to
fragment into pieces under impact, RuC remains almost intact, signifi-
cantly slowing down crack expansion and progressive destruction. In
another study by Pham et. al. [37] Geopolymer Rubberized Concrete
(GPRuC) was compared to Geopolymer Concrete (GPC). The research
showed that the impact resistance of GPC under high loading rates im-
proves with increasing WTR content. At comparable strain rates, GPRuC
remained relatively intact, whereas conventional GPC shattered into
small fragments. Crack propagation in GPRuC was also significantly
slower than in conventional GPC. Pham et. al. [38] also studied
Ultra-High-Performance Rubberized Concrete (UHPRuC), substituting
silica sand with up to 40 % WTR. This substitution resulted in a reduc-
tion in static compressive strength to 67.8 MPa, attributed to the weaker
ITZ between WTR and cement and the softer properties of WTR
compared to silica sand. However, the compressive strength of UHPRuC
was notably higher than that reported in previous research on Normal
Strength RuC and High Strength RuC with similar replacement levels.
Moreover, the rate of strength reduction in UHPRuC was less pro-
nounced compared to Normal Strength RuC and High Strength RuC at
the same rubber content levels.

In conclusion, the exploration of WTR in concrete presents both
challenges and opportunities for sustainable construction practices.
Various studies have highlighted the varying impact of WTR particle size
and content on the workability, water permeability, and compressive
strength in RuC. This study employs particle packing theory to optimise
RuC mortar and concrete mix designs. The approach involves strategi-
cally selecting SCMs like GGBS and FA for cement replacement. The
investigation incorporates pre-treatment of WTR, exploring varying
particle sizes ranging from 0.2 to 4 mm and different volumetric pro-
portions of WTR (0-54 %), as well as WTSF. These efforts aim to address
the weak ITZ and amplify the bond strength within RuC.

2. Experimental programme

This section presents RuC mixture preparation, casting and curing
regime and key characteristics.

2.1. Materials

2.1.1. Cement and aggregates

The mixtures utilized general-purpose Portland cement (in accor-
dance with AS 3972), GGBS conforming to AS 3582.2, and FA complying
with AS 3582.1. Table 1 provides the physical characteristics of these
materials. Local natural aggregates were employed for both fine and
coarse aggregates. Fine aggregates consisted of natural dune sand with a
particle size of <5 mm and a moisture content of 7.84 %. Coarse ag-
gregates (CA) included single-sized 10 mm and 7 mm CA, with moisture
contents of 0.46 % and 0.67 %, respectively. The bulk density of these
aggregates typically ranges from 1200 to 1750 kg/m?, and the fineness
modulus (FM) ranges from 6.5 to 8.0. It is noteworthy that both fine and
coarse aggregates were produced in accordance with AS 2758.

Table 1

Physical properties and configuration of materials.
Characteristics Cement GGBS FA
Specific Density 3.0-3.2 3.0-3.2 2.35-2.40
Boiling/ Melting Point >1200 C >1200 C >1400 C
pH >11 >10
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2.1.2. WTR and WTSF

WTR was responsibly sourced from end-of-life automobile and truck
tires, acknowledging the variations in physical properties and compo-
sitions from different sources. This study specifically utilized WTR
particles in the size ranges of 0.2-0.7 mm, 0.2-2 mm, 0.7-2 mm, and
2-4 mm. The particles had a bulk density of 335 kg/m>, a moisture
content of 0.83 %, a specific gravity of 1.15 at 20°C, and a flash point
greater than 250°C. These WTR particles were purchased in bulk from a
single local supplier in Sydney, Australia, and stored under controlled
conditions at the university premises. All preliminary experiments were
conducted using material from this source to ensure consistency. The
test results reflect the quality of the locally available material, ensuring
the study accurately replicates local sourcing conditions.

To enhance the mechanical properties of RuC, WTSF were incorpo-
rated. To enhance the mechanical properties of RuC, WTSF were
incorporated. These copper-coated fibres, extracted from end-of-life
tires, had varying lengths from 25 to 50 mm and thicknesses ranging
from 0.15 to 0.40 mm. The tensile strength of these fibres varied from
400 to 1600 MPa. Visual representations of GGBS, FA, WTR, WTSF, and
CSF are depicted in Fig. 1.

2.1.3. CSF

In assessing the reinforcement impact on RuC, WTSF was compared
with CSF. Two distinct CSFs were included in the tests for comprehen-
sive evaluation. CSF-Medium (CSF-M), was characterized by a length of
35 mm and a diameter of 0.55 mm, an aspect ratio of 65 and a tensile
strength of 1345 N/ mm?. This fibre featured single-hooked both ends
bent to enhance bonding. In contrast, CSF-Large (CSF-L) was a hooked-
end fibre with a length of 50 mm, a diameter of 1.0 mm, an aspect ratio
of 60, and a tensile strength of 1900 N/mm?. The geometric details of
CSFs are visually represented in Fig. 1.

2.1.4. SCMs and superplasticizer (SP)

GGBS and FA were strategically incorporated as partial substitutes
for cement in the RuC mixtures. This deliberate inclusion aimed to
harness their compound pozzolanic effect, contributing to the overall
enhancement of RuC properties [39]. The chemical compositions of
these SCMs are comprehensively detailed in Table 2. To achieve the
desired workability for various mixtures, a high-range water-reducing
admixture was employed.

2.2. RuC mortar and concrete mix design

Various mix design tools are available for designing mortars and
concretes, each offering distinct approaches. Notably, the Linear Pack-
ing Density Model (LPDM), Solid Suspension Model (SSM), and
Compressive Packing Model (CPM) have been postulated based on the
properties of multimodal, discretely sized particles [40]. However, these
design methods rely on the packing fraction of individual components
(such as cement and sand) and their combinations. Incorporating very
fine particles into these mix design tools poses challenges, as deter-
mining the packing fraction of such fine materials or their combinations
is intricate.

An alternative avenue for mix design involves an integral particle
size distribution approach for continuously graded mixes. This method
offers the advantage of integrating extremely fine particles with rela-
tively less complexity, as elaborated in the subsequent paragraphs.

Establishing a geometrically continuous grading of aggregates in the
concrete mixture has been recognized to enhance concrete properties
[41]. The work of Fuller & Thompson [42] and Andreasen and Andersen
[43] informs that, theoretically, an optimal particle size distribution
(PSD) of all the particles in the mix can lead to minimal porosity, as
illustrated in Eq. (1).

D
Dmax

P(D) = ( ) (€3]
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In the equation, P(D) represents the total solids fraction smaller than
the size D, where D is the particle size in micrometres (pm), Dpqy is the
maximum particle size in micrometres (um), and g denotes the distri-
bution modulus.

In response to the omission of the minimum particle size in Eq. (1), a
modified model has been proposed by Funk and Dinger, expressed as
follows: [42]:

D! — Dmin?
PD) = Dmax? — Dmin? 2
where Dy, refers as the minimum particle size (um).

Optimal algorithms derived from the modified Andreasen and
Andersen packing model have been successfully applied in designing
both normal density and lightweight concretes [44]. Eq. (2) can be
employed to design various types of concrete mixtures by adjusting the
values of the distribution modulus (q), which quantifies the percentage
between fine and coarse particles in the mix. Husken [45] identified the
distribution modulus range for optimum packaging between 0 and 0.28.
However, according to Brouwers [46], self-compacting concrete (SCC)
should be designed with q value ranges between 0.22 and 0.25.

In this study, the optimization of ingredients is facilitated using the
modified Andreasen and Andersen model (Eq. (2)). With a fixed q value
of 0.23 chosen for mixtures abundant in fine particles, the particle size
distribution of selected ingredients is illustrated in Fig. 2. Adjustments to
the percentage of each ingredient in the mixture are made until an
optimal alignment between the mixture and the targeted curve is ach-
ieved, as outlined in Eq. (3). The mixture is deemed optimum when the
eccentricity between the targeted curve and the mixture, expressed by
the sum of the squares of the residuals (RSS) at distinct particle di-
mensions, reaches a minimum [47].

RSS= > (Pmix(Di*') - Ptar(Di'"))® 3)

where P, represents the mixture, and Py, is the aimed grading calcu-
lated from Eq. (2).

Steel fibres can disrupt the packing of aggregate particles, signifi-
cantly increasing the voids between particles, which necessitates more
paste to fill these voids and consequently decreases the workability of
steel-fibre reinforced concrete (SFRC) [48,49]. To address these issues,
the compressible packing model (CPM) proposed by De Larrard [50],
which predicts the particle density of multi-particle mixtures under
various compaction conditions, was considered by Gong et. al. [51].
They observed two limitations, first, the disturbance effect of steel fibres
on aggregate particles cannot be simply evaluated by transforming the
fibre into a wall boundary surface, and second, the loosening effect
coefficient and wall effect coefficient in conventional CPM are derived
by correcting the particle density test data of pure aggregate (without
fibre). Additionally, steel fibres not only occupy the volume of the
aggregate skeleton and disturb nearby aggregate particles but also
negatively affect the interaction between aggregate particles.

Due to the size and shape differences between sand and coarse
aggregate, as the volume of fine particles increases, fine sand gradually
fills the voids between coarse aggregates until the particle system rea-
ches its densest packing. Beyond this point, with further increases in fine
sand, coarse aggregates tend to be suspended in the dominant fine sand,
making the wall effect more pronounced and resulting in a decrease in
particle density. This observation aligns with the research findings of De
Larrard [50] and Bartos et. al. [52].

Regardless of the aggregate combination, the particle density of the
pure aggregate mixture is always greater than that of the Fibre-
Aggregate mixtures, proving the consistent disturbance and occupa-
tion effects of steel fibres on aggregates [53]. According to evaluations
of optimal and average particle density, particle densities can be ranked
from large to small, showing that steel fibres with larger sizes and higher
contents have a smaller effect on the particle density of binary aggregate
(BA) mixtures. The size ratio of the binary aggregate and the size
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Cement (GP)

WTR (2.0—-4.0mm)

CSF—L (50mm) Coarse agg. (10mm) Coarse agg. (7mm)

Fig. 1. Raw materials of RuC.
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Table 2
The core chemical compositions of SCMs.
Components (wt%) Cement GGBS FA
Portland clinker >87 %
Gypsum (CaSO4 2 H;0) 2-5%
Limestone (CaCO3) 0-7.5%
Calcium Oxide 0-1%
Hexavalent Chromium Cr <10 ppm <1 ppm
VD
Total respirable silica Below detection Below reporting
limits limits
Granulated Blast Furnace >90 %
Slag
Mullite 5-30 %
Crystalline Silica (Quartz) <50%
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Fig. 2. Particle size distribution of constituents.

features of the steel fibre and binary aggregate are the governing factors.

In this study, the Fibre-BA mixture was determined based on the
mixing test results of binary aggregate with a combination of distinct
particle classes (10 mm and 7 mm) and steel fibre supplementation up to
3 %. Under a given steel fibre combination, for the two different sizes of
coarse aggregates, dune sand combined with WTR, the particle density
of the F-BA mixture reached an optimum, and then started decreasing.
Within the same binary aggregate mixture (10 mm + 7 mm particles
size), the combinations of steel fibres led to noticeable discrepancies in
the particle density of each F-BA mixture. This is due to the occupation
and perturbation effects of steel fibres on aggregates, as well as the
negative effect of steel fibres on the interaction between aggregate
particles of different sizes. Finally, combined with the steel fibre, the
novel F-BA mixture showed potential for further improvement with
higher particle density compared to the conventional mixtures. This
research highlights the importance of considering steel fibre size and
content, along with the binary aggregate size ratio, in achieving optimal
packing density in fibre-reinforced concrete mixtures.

2.2.1. RuC Mortar mix design

The experimental trials initially commenced with weight-based re-
placements of WTR particles. However, as the investigation progressed
the approach was shifted to volumetric replacements instead of weight
replacements. This transition aimed to provide a more comprehensive
understanding of RuC mixes and was in alignment with most literature
studies. To comprehensively investigate the influence of WTR particles
as a partial replacement for dune sand in concrete formulations, varying
volumes of WTR were precisely incorporated into Rubberised Concrete
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Mortar (RuCM) mixtures at levels of 9 %, 18 %, 27 %, 36 %, and 54 %.
These formulations were designed to offer insights that could assist
future research in optimizing RuC mixes. Eshmaiel et al. [54] explored
the use of chipped rubber for coarse aggregate replacement and
powdered rubber for cement replacement in concrete at 5 %, 7.5 %, and
10 % by weight. Their findings indicated that up to 5 % replacement, the
mechanical properties remained similar to the control mix, while sig-
nificant differences were observed beyond that level. Camille and
George [55] studied the use of WTR as fine aggregates in concrete,
noting good compressive strength for replacements of less than 25 %
WTR, with a substantial drop in strength beyond 25 %. Additionally,
Thomas and Gupta [56] investigated the long-term behaviour of RuC
and concluded that mixes containing WTR up to 12.5 % exhibited better
resistance to water absorption and carbonation. This approach also
allowed a comparison against literature study which typically covers a
replacement ratio between 10 % and 60 %. Pham et al. [57] experi-
mentally investigated the durability characteristics of RuC with up to
30 % rubber content. They estimated that the service life of 15 % RuC
exceeds 50 years, according to fib CEB-FIP and AS 3600 standards. In
another investigation, Pham et. al. [58] studied the effects of various
pre-treatment methods on WTR and found that WTR-based GPC can
serve as a sustainable construction material, offering a path towards
cleaner production. It aimed to explore the nuanced effects of WTR
dosage considering that strength is more influenced by the total volume
of rubber rather than the type of WTR replacement investigated by
Raffoul et. al. [12], while seamlessly integrating GGBS and FA as sus-
tainable alternatives to traditional cement. In contrast to conventional
mixes (CM), this study introduced the innovative green control mortar
mix (GCM). Unlike traditional approaches, GCM replaces 63 % of
cement with a strategic blend of 36 % GGBS and 27 % FA. Importantly,
this replacement is done without incorporating WTR, thus significantly
enhancing the environmental sustainability of the concrete matrix.

The RuCM formulations substituted sand with WTR across a spec-
trum of replacement levels, ranging from 9 % to 54 %, denoted as
RuCM9 to RuCM54, providing a comprehensive overview of the mate-
rial’s performance across varying concentrations. Furthermore, the
introduction of WTSF at (78 kg/ms) 1 % referred as ‘WTSF1’ and
(156 kg/ms) 2 % referred as ‘WTSF2’ volume fractions allowed us to
explore the synergistic reinforcement effects in RuCM mixtures, with
RuCM18-WTSF1 representing an optimized blend with an 18 % WTR
replacement reinforced with 1% WTSF, meticulously detailed in
Table 3.

The preparation commenced with dry blending all ingredients,
including cementitious materials, for one minute. Pre-treated WTR,
soaked in water for 2 hours and dried for 24 hours, was then added and
mixed for approximately 3 minutes. Subsequently, 80 % of the water,
combined with SP, was introduced, and mixing resumed for 3 minutes
until thorough incorporation. The remaining 20 % of water was added
and mixing continued for an additional 3 minutes. WTSF was manually
dispersed, and wet churning lasted 12-15 minutes until achieving
desired consistency, marking the completion of the process.

Post-compaction, the specimens were covered with a thin plastic film
for 96 hours to attain initial strength. Subsequently, the specimens were
demoulded and cured in an insulated water tank at a temperature of
25°C until mechanical testing. In total 32 mortar mixes and 408 speci-
mens were prepared for assessment of material performance.

Mechanical testing was performed conforming to the Chinese stan-
dards GB/T50081-2019 and CECS13-89 at 7 and 28 days of curing.
Cubic specimens, measuring (40 x 40 x 40) mm, underwent compres-
sion testing utilizing high-precision 500 kN servo hydraulic testing
machines. Compression was applied steadily at a rate of 0.7 mm/min
until the load fell below 10 % of the peak load, ensuring thorough data
collection.

For flexural strength assessment complying with the Chinese stan-
dards GB/T50081-2019 and CECS13-89, beam specimens with di-
mensions of (40 x 40 x 160) mm were subjected to a displacement-
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Table 3

Proportions of RuC mortar and concrete mix.
Sample Cement GGBS FA Sand Agg. Agg. WTR W/B Ratio Sp WTSF

(10 mm) (7 mm) (Vol. Add.)

RuC Mortar mixes (kg/ m®)
CM* 411 - - 833 - - - 0.50 - -
GCM* 400 400 300 1151 - - - 0.30 39 -
RuCM9 400 400 300 1094 - - 57 0.30 39 -
RuCM18 400 400 300 1046 - - 105 0.30 39 -
RuCM27 400 400 300 989 - - 157 0.30 39 -
RuCM36 400 400 300 941 - - 209 0.30 39 -
RuCM54 400 400 300 836 - - 314 0.30 39 -
RuCM18-WTSF1/2 400 400 300 1046 - - 105 0.30 39 78/156
RuCM27-WTSF1/2 400 400 300 989 - - 157 0.30 39 78/156
RuCM36-WTSF1/2 400 400 300 941 - - 209 0.30 39 78/156
*Conventional mix (CM) and green control mix (GCM) do not include any WTR replacement.
RuC Concrete mixes (kg/ m?)
CCo 411 - - 833 788 523 - 0.50 - -
GCCOo 386 386 289 662 397 265 - 0.24 4.2 -
RuC10 386 386 289 622 397 265 40 0.24 4.2 -
RuC17 386 386 289 596 397 265 66 0.24 4.2 -
RuC10-WTSF1/2/3 386 386 289 622 397 265 40 0.24 4.2 78/156/234
RuC17-WTSF1/2 386 386 289 596 397 265 66 0.24 4.2 78/156

controlled loading protocol at a consistent rate of 0.02 mm/min,
maintaining a 100 mm distance between supports. The test proceeded
until the load dropped to 10 % of the peak load or the midspan
displacement reached 5 mm. These stringent testing procedures ensured
reliable and comprehensive characterization of material performance.

2.2.2. RuC concrete mix design

In the current study of RuC concrete, the conventional concrete mix
is labelled as (CC), while the green control concrete mix, designated as
(GCQ), replaces 63 % of cement with GGBS (36 %) and FA (27 %). The
rubberised concrete (RuC) mix is essentially a GCC that replaces sand
with WTR. A typical specimen label ‘RuC10-WTSF1’ denotes a 10 %
rubber replacement and 1 % fibre reinforcement. Whereas CM and CCO
were designated as conventional C50 mortar and concrete mix samples
without incorporating any cementitious materials as cement re-
placements, WTR as sand replacement, relying solely on the water/
binder (w/b) ratio without the addition of superplasticizer (SP) to sta-
bilize the mix. In contrast, all other mortar and concrete samples in this
study were specifically fine-tuned and optimized after several trials to
balance novel proportions of ground granulated blast-furnace slag
(GGBS) and fly ash (FA), which replaced 63 % of the required cement.
Additionally, waste tire rubber (WTR) was used in place of dune sand,
and the w/b ratio was adjusted and balanced with the introduction of
SP. The detailed summary of mixture proportions for the examined RuC
concrete compounds is presented in Table 3.

In the preparation of RuC concrete, the procedure commenced with
one-minute dry blending of coarse and fine aggregates, followed by the
addition of cementitious materials. Subsequently, pre-treated WTR,
water soaked and dried, was added to the mix. The mixing process,
carefully monitored and controlled, involved staged water additions and
manual dispersion of WTSF to guarantee uniform distribution and ach-
ieve the desired mix consistency.

After the mixing process, three cylindrical specimens
(®100 mmx200 mm) and three beam specimens (100 mmx100 mm x
355 mm) were cast. The optimal vibration parameters were determined
using the trial-and-error method, considering different percentages of
WTR dosages prior to casting the first batch of the mix. Vibration rate
and duration were deliberately kept low to avoid any non-uniform
dispersion of the matrix aggregate structure.

After compaction, the RuC concrete specimens were cured in the
same condition as the mortar specimen. A total of 23 concrete mixes,
constituting 276 specimens in total, were prepared to evaluate the me-
chanical characteristics. The RuC concrete mix with a 10 % volumetric
replacement of WTR was identified as the optimal dosage, in contrast to

the RuCM mix, where an 18 % volumetric replacement was found to be
optimal. In the RuCM mix with a 9 % WTR replacement, the mixer failed
to achieve thorough homogeneity, resulting in an 11 % lower
compressive strength compared to the optimized RuCM mix with an
18 % WTR replacement. Post-testing examination revealed the presence
of smaller lumps of WTR particles, indicating insufficient mixing and
mixer limitation due to the quantity of WTR used.

In the RuC mix, the optimal WTR replacement was achieved at 10 %
because the presence of coarse aggregates helped break up the smallest
lumps of WTR particles, thereby achieving better homogeneity. This
level of homogeneity was not fully achievable in the mortar mix.
Additionally, a combination of 60 % 10-mm coarse aggregates and 40 %
7-mm coarse aggregates was used instead of the conventional 20-mm
coarse aggregate size. This approach considered Johansson’s investiga-
tion [59], which determined that longer mixing times increased the
homogeneity of discharged concrete up to a certain point. The aggregate
distribution versus mixing duration curve eventually plateaued, indi-
cating that additional mixing would not enhance the concrete’s homo-
geneity. Johansson’s measurements showed that the time to reach this
plateau strongly depended on the type of mixer used and was somewhat
influenced by the maximum coarse aggregate size. RILEM [60] defines a
mixer as efficient when it uniformly distributes all constituents in the
container without favouring one over the other. Therefore, evaluating
mixer efficiency involves closely monitoring properties such as segre-
gation and aggregate grading throughout the mixture. In addition, Pham
et al. [58] identified ultrafine slag (UFS) can effectively compensate for
recycled coarse aggregate (RCA) replacing natural coarse aggregate
(NCA), enhancing the durability characteristics of GPC. For this study,
NCA and RCA of three different nominal sizes (7 mm, 10 mm, and
14 mm) were used. In another study, Pham et al. [61] found that
replacing more than 10 % of natural aggregates with rubber aggregates
significantly reduces concrete strength. Hence, this combination helped
to disperse the lumps more evenly throughout the mix, yielding optimal
results for the RuC mix with a 10 % volumetric replacement of WTR.

Mechanical tests, adhering to the guidelines outlined in AS-1012.8.1
(2014), were performed after 7 and 28 days of curing. Cylindrical
specimens underwent testing utilizing a 4000 kN servo-hydraulic testing
machine. Compression was applied at a consistent rate of 2.62 kN/sec
until the load dropped below 10 % of the peak load.

For flexural strength assessment, beam specimens sized at
100 mmx100 mm x 355 mm were subjected to testing in accordance
with the specifications outlined in AS-1012.11 (2000), employing a
200 kN universal testing machine. The tests entailed controlled loading
at a steady rate of 0.056 kN/sec, while maintaining a clear loading span
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of 300 mm, until the load declined to 10 % of the peak load or the
midspan displacement reached 5 mm.

3. Results and discussions
3.1. Compressive performance

3.1.1. Mortar

The substitution of fine aggregates with WTR particles of larger size
leads to a reduction in mortar strength, as detailed in Table 4. A strength
reduction of 68 %, 47 %, and 59 % for RuC mortar with @#2-4 mm,
?0.7-2.0 mm, and (0.2-2.0 mm particle size was observed when,
compared to the same 18 % WTR volume substitution but with rubber
sizes between 0.2-0.7 mm (RuCM18-(30.2-0.7 mm mix). The varia-
tion in WTR particle sizes had a notable impact on the outcomes of the
RuC mixes. A small variation in WTR particle sizes, ranging from
0.2-0.7 mm, yielded significant improvements in performance. How-
ever, when the range of WTR particle sizes increased to include both
small and medium particle sizes ranging from #0.2-2 mm, the outcome
diminished considerably by approximately 60 %. Interestingly, when
this variation was slightly reduced ranging from (0.7-2 mm, the
outcome improved, demonstrating a 31 % enhancement with a slight
variation of around 0.5 mm in the WTR particle size range.

Conversely, when WTR particle sizes ranged from medium to larger
particles, the compressive strength still reduced by 39 %. This reduction,
while notable, was 21 % less significant compared to the reduction
observed when the particle sizes ranged between small and medium
WTR particles. This study highlights the critical importance of control-
ling WTR particle size variations to optimize the mechanical properties
of RuC mixes. The observed strength reduction can be attributed to the
lower elastic modulus of WTR in comparison with ordinary fine and
coarse aggregates, along with limited bonding between WTR particles
and the cement paste [62].

Fig. 3 shows the stress strain curve from specimens with varying
WTR particle sizes. Besides evident strength loss, the modulus also ex-
hibits significant reduction. The variation in bonding between different
WTR particle sizes and the mixture matrix can induce microfractures,
thereby accelerating concrete cracking [54], therefore leading to
reduced modulus. Similarly, weak interfacial bonding contributes to the
initiation and progression of microcracks around WTR particles. Addi-
tionally, Lee [63] noted that the thin layer of air surrounding WTR
particles could impede cement hydration, further reducing the strength
of concrete. However, the reduction in compressive performance was
observed to be less pronounced for finer WTR particles. This can be
attributed to the packing effect of finer particles, which reduces the
creation of gaps in the paste. Smaller WTR particles exhibited better
cohesion with fewer voids than larger particles. The accumulation of
WTR particles with sizes between 2.0 and 4.0 mm near the top surface of
the casted specimens while settling in the mould is an additional factor

Table 4
Effect of WTR Particles size variations on compressive strength of RuC mortar
mix.
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Fig. 3. Comparison of reduction in mortar compressive strengths (at 28-days)
with different WTR particle sizes.

contributing to lower strength with coarser particles.

The results from the compressive strength tests of RuC mortar
specimens with different WTR dosages are presented in Table 5. The
columns display the average strength obtained from three specimens of
the same mix. It is evident that the compressive performance of RuC
mortar mix improved gradually with curing age, but notably decreased
with an increase in WTR content. For instance, the 7- and 28-day
strengths of specimens with 18 % WTR substitution (RuCM18, the
same as the RuCM18-00.2-0.7 mm in Table 4) were 35.6 and 50.6 MPa,
respectively. However, the strengths of specimens with 36 % WTR
dosage (denoted as ‘RuCM36’) and 54 % WTR dosage (denoted as
‘RuCMb54’) decreased to 14.3 MPa and 6.7 MPa, respectively, repre-
senting reductions of 59.8 % and 81.2 % at 7 days. Similarly, at 28 days,
these strengths further decreased to 22.4 MPa and 11.4 MPa, respec-
tively, indicating reductions of 55.7 % and 77.5 %.

The RuC mortar mixture, featuring an 18 % WTR replacement,
showcased a reduction of 49.6 % and 23.3 % (50.6 MPa vs. 75.7 MPa
and 62.4 MPa) at 28 days in compressive strength as compared to the
CM and GCM blends, respectively. As the volumetric replacement of
WTR increased to 54 %, there was a substantial decrease in compressive
strength, amounting to 39.2 MPa when compared to the optimized
RuCM mix. The RuCM mix showed a 52 % reduction in compressive
strength as the WTR dosage increased from 0 % to 27 %. This finding
aligns with the research by Du, Tianyang et. al. [64], which reported a
40-61 % reduction in compressive strength when WTR content
increased from 0 % to 30 %. The hydrophobic properties of rubber result
in low interface adhesion between the rubber aggregate and cement

Table 5
Compressive strengths of RuC mortar mix incorporating varying WTR content.

Mortar Sample fc’ (MPa) % Decrease
fc’ With reference to
RuCM18-00.2-0.7 mm
at 7- at 28- at 28- at 7-days  at 28-days
days days days
RuCM18- 35.6 50.6 42 %1 0% 0%
30.2-0.7 mm
RuCM18- 16.7 20.6 24 %1 —53 %) —59 %]
?0.2-2 mm
RuCM18- 15.9 27.0 70 %1 —55 %] —47 %\
?30.7-2 mm
RuCM18- 12.0 16.4 37 %1 —66 %) —68 %)
?2-4 mm

Mortar fe’ (MPa) % Increase/ Decrease
S 1
amp’e fc’ With reference to
RuCM18
at 7- at 28- at 28- at 7-days  at 28-days
days days days
CMO 38.2 75.7 98 %1 7.3 %1t 49.6 %71
GCMO 42.4 62.4 47 %1 19.1 %t 23.3 %1
RuCM9 24.6 45 83 %1 -309%| —11.1 %l
RuCM18 35.6 50.6 42 %1 0.0 % 0.0 %
RuCM27 19.7 30.2 53 %1 —44.7 %,  —40.3 %]
RuCM36 14.3 22.4 57 %1 —-59.8%|  —55.7 %l
RuCM54 6.7 11.4 70 %1 —-81.2%| —77.5%]|
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paste, leading to a reduction in strength. The reduction in compressive
strength was more pronounced with larger WTR particles compared to
smaller ones. Similar to the influence of WTR particle size, it is signifi-
cant to note that a higher WTR substitution in the mixture correlates
with a decline in compressive performance, encompassing both strength
and modulus, as delineated in the stress-strain curve illustrated in Fig. 4.
However, concurrently, it enhances the ductility of the specimen,
allowing it to bear loads for an extended period.

The WTR dosage has a notable impact on mortar compressive
strength, with detrimental effects becoming more pronounced as the
dosage of WTR increases. This decrease in compressive strength is
associated with three key factors: (a) deformation of WTR particles as
compared to the neighbouring cement microstructure, leading to the
initiation of cracks correlated with air pockets, (b) weak interfacial
connection between WTR particles and the cement matrix, and (c) po-
tential reduction in the density of the mixture matrix based on the size,
density, and toughness of WTR particles [12,65,66].

Several iterations were conducted to fine-tune the proportions of
cement, SCMs, and fine aggregates for the RuC mortar mixes. Following
meticulous experimentation, the RuC mortar mix was optimized at a
ratio of 1 part (cement + GGBS + FA) to 1.05 parts fine aggregates. The
addition of a SP remarkably bolstered the strength of the RuC mortar
mix. Trials were executed to ascertain the optimal dosage of a high-
range water reducer (HRWR), culminating in optimization at a dosage
of 3.5 % in conjunction with a highly effective water-binder (W/B) ratio
of 0.30. This systematic methodology ensured precise adjustments in
both SP dosage and W/B ratio, thereby contributing to the formulation
of the optimal RuC mortar mix.

3.1.2. Concrete

Following the mortar study, RuC concrete was prepared. The opti-
mization of RuC mix presented several challenges, particularly when
incorporating coarse aggregates into the mortar mix during the devel-
opment of a new RuC mix. The developed RuC mix aligns with the
particle packing density theory, maintaining the identical q value of
0.23. A total of eleven (11) trials were conducted, encompassing 23
different concrete mixes and 276 samples, to address these challenges
and refine the mix design. Key challenges included:

3.1.2.1. Balancing proportions. The initial RuC mix ratio (1-part cement,
GGBS, and FA to 2-part fine aggregates to 4-part coarse aggregates)
proved unworkable, as specimens could not be casted with the selected
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Fig. 4. Variation in mortar compressive strengths (at 28-days) with different
WTR particle content (0 %, 9 %, 18 %, 27 %, 36 %, 54 %).
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water/binder (w/b) and superplasticizer (SP) proportions, even after
96 hours. This necessitated discarding the materials. Alternative ratios
such as 1:1.8:2.7, 1:1.5:3, and 1:2:2.7 were explored. Through iterative
adjustments, the optimal mix was identified as 1-part cement, GGBS,
and FA to 1-part fine aggregates to 1-part coarse aggregates, which
allowed demoulding after 24 hours—a feat not achievable with the
earlier trials, even after 96 hours.

3.1.2.2. Integration and homogeneity. Achieving proper integration of
WTR particles and uniform homogeneity posed significant challenges.
Initial trials revealed that WTR particles did not mix properly, forming a
thin layer of black water on the surface of freshly poured concrete in the
moulds. Over time, larger particles accumulated in this layer, creating a
thick deposit that had to be manually removed after demolding. Post-
demolding analysis showed that the mix matrix stabilized in distinct
layers: the finest particles on top, a major portion containing cement,
GGBS, and FA particles in the middle, a blend of sand particles below
that, and coarse aggregates settled at the bottom. Although subsequent
trials improved the mixture, they still resulted in a major portion con-
taining a blend of cement, cementitious materials, and fine aggregates,
with some coarse aggregates settling at the bottom. Trial attempts
continued until homogeneity was achieved, as post-testing analysis
eventually revealed an even dispersion of cement, cementitious mate-
rials, fine, and coarse aggregates from top to bottom throughout the
casted specimens.

3.1.2.3. Optimizing the quantity of SP and W/B ratio. Multiple trials
were conducted to fine-tune the proportions of cement, fine aggregates,
and coarse aggregates for RuC mixes, with a particular focus on the role
of superplasticizers (SP) in enhancing strength and stabilizing the mix.
Initial trials began with a high-range water reducer (HRWR) at 10.5 %
and an increased water-to-binder (w/b) ratio. These trials failed, as the
material remained unset in the mould for up to 96 hours. Subsequent
trials tested HRWR proportions of 5.13 %, 3.75 %, 2.57 %, and 1.25 %
with corresponding w/b ratios of 0.33, 0.30, 0.26, and 0.22. Although
these mixes allowed for casting, they exhibited issues with WTR parti-
cles floating to the surface and coarse aggregates settling at the bottom.
These mixes showed inferior compressive and (flexural strengths), with
values such as 20.3 MPa (6.3 MPa), 24.1 MPa (5.2 MPa), 29.8 MPa
(7.3 MPa), and 78.1 MPa (7.6 MPa). Despite these issues, the matrix
formation began to show increased density, partially retaining WTR
particles and coarse aggregates.

As the proportions of SP and w/b were adjusted, the floating of WTR
particles ceased, but the mix still experienced segregation. Further trials
with HRWR proportions of 0.63 %, 0.60 %, 0.50 %, and 0.40 %, and w/
b ratios of 0.26, 0.24, 0.23, and 0.22, progressively addressed these
segregation issues while influencing the workability of the concrete mix.
Optimization was achieved at an SP dosage of 0.4 % with a w/b ratio of
0.24. This systematic approach, involving precise adjustments in both SP
dosage and w/b ratio, led to the formulation of the optimal RuC mix.

The RuC concrete mix with a 10 % volumetric replacement of WTR
(as opposed to the mortar mix with an 18 % volumetric replacement of
WTR) was determined to be the optimum dosage. This choice was based
on the understanding that the presence of coarse aggregates assists in
breaking up the smallest lumps of WTR particles, a feat that was not fully
achievable in the mortar mix. A combination of 60 % with 10-mm coarse
aggregates and 40 % with 7-mm coarse aggregates was found to yield
optimal results for the RuC mix with a 10 % volumetric replacement of
WTR. The decrease in RuC strength due to the inclusion of WTR can be
explained by several factors: (a) Modulus of Elasticity (MoE) Disparity:
Rubber and concrete have significantly different moduli of elasticity
(MoE) [67]. The elastic modulus of concrete is about 5000-24,000 times
that of rubber. This disparity makes RuC prone to cracking around the
rubber particles during the loading process, thereby accelerating the
damage to the concrete, and (b) Aggregate Grading Disruption:
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Aggregates play a crucial role in providing structural integrity to con-
crete, akin to a human skeleton. Proper grading helps the concrete
achieve an optimal state. The introduction of rubber disrupts the grading
between the sand and aggregate, negatively impacting the structural
integrity and strength of the concrete [68].The optimized RuC concrete
mix exhibited a substantial 195 % increase in compressive strength
when compared against base conventional concrete (CC), and only a
marginal 14 % lower strength as compared to the green control concrete
(GCC) without any WTR replacement as depicted in Fig. 5.

3.1.3. Mortar incorporating steel fibres

The WTSF derived from discarded car and truck tires exhibited
diverse thicknesses and lengths, ranging between 0.15-0.40 mm and
25-50 mm, respectively. Extracted from used tires, these WTSF dis-
played curvature and bends, with some still partially covered by rem-
nants of waste tire material. Additionally, certain WTSF was found
clustered together, requiring separation at the time of incorporation into
the mixture. In contrast, CSF maintained consistent thickness and
length, featuring bends and flat ends at both sides.

The results presented in Table 6 suggest that incorporating both
WTSF and CSF has an adverse effect on the compressive strength of RuC
mortar mixes when the rubber particle content is low at 18 %. With the
increase in rubber particle content, i.e., the matrix with more inherent
defects, the fibre reinforcement provided evident benefit. Zamei [69]
reported that incorporating steel fibres in concrete positively impacts
compressive and flexural strength. Additionally, three different shapes
of CSF (straight, corrugated, and hooked-end) were evaluated, with
hooked-end CSFs showing the best performance. Therefore, in this
study, hooked-end CSFs were compared with WTSF.

The results indicate that incorporating WTSF has an adverse effect on
the compressive strength of the RuCM18 mix. For the compressive
strength tests, prism specimens measuring 40 x40 x40 mm were casted.
During casting, the varied lengths and diameters of the WTSF caused the
fibres to disperse in different directions (vertical, diagonal, and hori-
zontal), with some fibres forming lumps due to entanglement during the
extraction process, along with remnants of WTR particles. This hindered
strong bonding with the cement matrix, creating weak zones, air
pockets, and areas where the WTSF was parallel to the applied load
during testing. These factors contributed to the earlier failure of the
specimens, resulting in inferior compressive strength compared to the
same mix without WTSF.

In contrast, the specimens casted for flexural strength tests were
beam-shaped, measuring 40 x 40 x 160 mm, and tested under three-
point bending. The longer dimensions of the beam allowed more area
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Table 6
Compressive strengths of RuC mortar mix reinforced with WTSF and CSF.

Mortar Type fc’ (MPa) % Increase/ Decrease
With reference to RuCM18,
RuCM27 and RuCM36,
respectively.
at 7-days  at 28-days  at 7-days  at 28-days
RuCM18 35.6 50.6 0% 0%
RuCM18-WTSF1 18.7 39.3 —47 %] —22 %]
RuCM18-WTSF2 30.3 37.0 —15 %] —27 %]
RuCM18-CSF-M1  27.0 33.6 —24 %] —34 %]
RuCM18-CSF-M2  26.8 33.4 —25 %] —34 %]
RuCM18-CSF-L1 27.0 35.5 —24 %] —30 %]
RuCM18-CSF-L2 15.5 28.0 —56 %] —45 %]
RuCM27 19.7 30.2 0% 0%
RuCM27-WTSF1 21.9 26.4 11 %t —13 %]
RuCM27-WTSF2 24.0 34.0 22 %7 13 %1
RuCM27-CSF-M1 22.3 28.8 13 %71 —5 %]
RuCM27-CSF-M2  23.0 32.8 17 %t 9 %1
RuCM36 14.3 22.4 0% 0%
RuCM36-WTSF1 17.6 26.6 23 %1 19 %1
RuCM36-WTSF2 15.8 28.9 10 %1 29 %1
RuCM36-CSF-M1  18.0 229 26 %1 2 %1
RuCM36-CSF-M2  14.8 25.6 4 %7 14 %1

for the WTSEF to settle horizontally, positioning them perpendicularly to
the applied load during testing. Compared to the prism samples used for
compressive strength tests, the beams’ longer dimensions provided a
greater area to distribute the applied load across the specimen. This
orientation and the increased area for load distribution resulted in
higher flexural strength for the mixes with WTSF compared to those
without. The WTSF effectively resisted the tensile stresses induced
during the bending tests, enhancing the overall flexural performance.It
is worth noting that WTSF reinforcement, denoted as WTSF1 (1 % fibre)
and WTSF2 (2 % fibre), consistently provided better reinforcement ef-
fects as compared to commercial new fibres CSF-M and CSF-L. The
numeric digit at the end of WTSF, CSF-M, and CSF-L indicates the fibre
percentage, highlighting the varying levels of reinforcement achieved
with different fibre compositions. A possible explanation is the WTSF
fibres with random length and diameter are capable of inhibiting cracks
with wide range of the width, thus effectively retard the formation of
macro cracks in the specimen, leading to better load carrying capacity.
Further discussion on fibre reinforcement effect is presented later in the
flexure behaviour.
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Fig. 6. Difference in mortar compressive strengths (at 28-days) with WTSF and
CSF at 18 % WTR volumetric replacement.
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The stress-strain curves derived from specimens containing 18 %
rubber particles are depicted in Fig. 6. It is hypotheses from the illus-
tration that the inclusion of fibre material diminishes the homogeneity
of the mix, thereby leading to a decline in both strength and modulus.
Particularly, the compressive strength experiences more deterioration
when fibres of similar lengths and thicknesses are utilized, compared to
fibres with varying lengths and thicknesses. This observation further
highlights that shorter fibres are more effective in compression than
longer fibres, contributing to the nuanced behaviour of the composite
material under stress.

For specimens with higher WTR content at 27 % and 36 %, as
depicted in stress-strain curves illustrated in Figs. 7 and 8, it is evident
that fibre reinforcement effectively mitigated the brittleness of the ma-
trix. Medina [70] reported that small percentages of rubber can enhance
the toughness and fire spalling resistance of concrete. While increasing
the rubber percentage generally reduces concrete strength, this reduc-
tion can be mitigated by adding fibres, latex, or fillers. This delay in the
formation of macro cracks contributed to the overall improvement in
strength and modulus of the composite material. Notably, the most
favourable strength gains were observed for 36 % WTR replacement.
With the addition of WTSF2, there was a remarkable 29 % increase in
compressive strength as compared to the base mix, surpassing the
improvement achieved with CSF-M2 by 14 %.

3.1.4. Concrete incorporating steel fibres

The assessment of RuC mix reinforced with WTSF reveals a consis-
tent decrease in compressive strength with an increase in WTSF pro-
portion. The addition of 1 % WTSF denoted as ‘WTSF1’ leads to a 13 %
reduction (74.8 MPa), and the subsequent inclusion of 2 % WTSF
denoted as ‘WTSF2’ results in a further 20 % decrease (69.5 MPa).
Surprisingly, the addition of 3 % WTSF denoted as ‘WTSF3’ shows a
slight 9 % improvement as compared to WTSF2, yet still experiences an
11 % reduction in compressive strength (76.6 MPa) when compared to
the base optimised RuC mix with 10 % WTR replacement without the
addition of WTSF (86.4 MPa), as detailed in Table 7. This reduction in
strength might be due to the impact of WTSF on the homogeneity and
bonding of the mix matrix. The adhesion between WTSF and the con-
crete matrix likely disrupted the mix, leading to decreased strength. This
deterioration continued with further additions of WTSF up to 2 %.
However, when 3 % WTSF was added, there was an unexpected 9 %
improvement. This improvement could be due to several factors. First, it
might have reached the minimum required dosage of steel fibres in the
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Fig. 7. Difference in compressive strengths (at 28-days) with WTSF and CSF-M

at 27 % WTR volumetric replacement.
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Fig. 8. Difference in compressive strengths (at 28-days) with WTSF and CSF-M
at 36 % WTR volumetric replacement.

Table 7
Compressive strengths of RuC mix incorporating WTR reinforced with WTSF.
Concrete Type fe’ (MPa) % Increase/ Decrease
With reference to
RuC10
at 7-days at 28-days at 7-days at 28-days
RuC10 68.2 86.4 0% 0%
RuC10-WTSF1 62.3 74.8 -9 %] —-13 %l
RuC10-WTSF2 63.6 69.5 -7 %] —20 %]
RuC10-WTSF3 60.6 76.6 -11 %] -11 %]

concrete specimen, compensating for the negative impact of WTSF
supplementation. Second, the thorough mixing of 3 % WTSF in the
concrete mix, though challenging, and may have resulted in some
extended entanglement of the steel fibres. This large number of entan-
glements could have allowed the fibres to settle in a series aligned
perpendicular to the load, enhancing the strength without significantly
compromising the bonding of the concrete matrix. As a result, this
configuration led to a slight improvement in compressive strength
compared to the strengths observed with up to 2 % WTSF additions.

However, Eisa, Ahmed S, et al. [71] found that using WTR as a partial
replacement for fine aggregates at 5-10 % showed good mechanical
properties, though it led to a reduction in compressive strength by 10 %
and 24 %, respectively.

3.2. Flexural-tensile performance

3.2.1. Mortar

The flexural performance of the mortar mixtures with 18 % volu-
metric rubber particle content are summarised in Table 8.

The test results indicated a reduction of 27 %, 17 %, and 8 % at 28
days, respectively, for WTR sizes between ¢#2-4 mm, (¢00.7-2.0 mm, and
(0.2-2.0 mm, compared to the particle size ranging between
?0.2-0.7 mm denoted as optimised RuCM18- (0.2-0.7 mm. The flex-
ural strength for fine particles in the size range of 90.2-0.7 mm reached
up to 9.4 MPa at 28 days, in contrast to 6.9 MPa for coarse particle sizes
varying between (#2-4 mm. Fig. 9 depicts the comparison of flexural
strength variation for different WTR particle size ranges through a
stress-deflection curve.

Similar to the observed trend in compressive strength, an increase in
WTR dosage from 18 % (referred as "RuCM18) to 54 % (referred as
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Table 8
Effect of WTR particle size variations on flexural strength of RuC mortar mix.

Mortar Sample fr (MPa) % Increase/ Decrease
fr With reference to
RuCM18-
00.2-0.7 mm
at 7- at 28- at 28- at7- at 28-
days days days days days
RuCM18- 6.9 9.4 36 %1 0% 0 %
0.2-0.7 mm
RuCM18- 6.8 8.6 28 %1 -2 %) -8 %l
30.2-2 mm
RuCM18- 5.6 7.8 40 %1 -19 %] —17 %]
?0.7-2 mm
RuCM18-@32-4 mm 6.4 6.9 7 %1 -7 %l —27 %|
0.0 0.5 1.0
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Fig. 9. Comparison of reduction in flexural strengths (at 28-days) with
different WTR particle sizes.

‘RuCMb54’) results in a reduction in flexural strength. The impact of WTR
content on flexural characteristics is summarised in Table 9.

The results pertaining to the three-point bending strength of RuCM
mix specimens, following 28 days of curing, are depicted in Fig. 10.
Notably, the flexural strength performance mirrors the trends observed
in compressive strength, both demonstrating a decline with increasing
WTR dosage. However, this decrease is more accentuated in compres-
sive strength as compared to flexural strength, particularly evident at
higher WTR dosage replacements. These findings, illustrated in the
stress-deflection curve presented in Fig. 10, underscore the nuanced
mechanical behavior of RuCM mixes under varying WTR dosages. This is

Table 9
Flexural strengths of RuC mortar mix incorporating WTR.
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Fig. 10. Variation in flexural strengths (at 28-days) with different WTR particle
proportions (0 %, 9 %, 18 %, 27 %, 36 %, 54 %).

attributed to the weak connection between cement paste and WTR
particles [72].

3.2.2. Concrete

The optimized RuC mix with 10 % WTR volumetric replacement,
denoted as "RuC10’, showcases significant improvements in mechanical
properties compared to the base CC mix without any WTR replacement,
labeled as *CCO’. Specifically, RuC10 demonstrates a notable 61 % in-
crease in flexural strength (9.0 MPa versus 5.6 MPa). In contrast, the
GCC mix, also without any WTR inclusion and denoted as ’GCCO’, ex-
hibits only a slight increase in flexural strength (9.4 MPa versus
9.0 MPa) compared to RuC10, as shown in Table 10. These findings
underscore the superior flexure performance of RuC10. Further sup-
porting evidence is provided by Bensaci, Hamza et. al. [73] through
their experimental investigation focusing on the production of
self-consolidating Rubberised concrete (SCRuC) using either WTR or
WTSEF. The study involved replacing natural aggregates with WTR par-
ticles by volume ranging from 0 % to 30 %. Additionally, WTSF were
incorporated into SCRuC mixes at volume fractions ranging from 0.5 %
to 1.5 %. The experimental findings reveal that the addition of WTSF
positively impacts the SCC, resulting in increased flexural strength and
reduced shrinkage and risk of cracking.

3.2.3. Mortar incorporating steel fibres

This study meticulously explored the effects of WTSF and CSF rein-
forcement, with varying volumetric fractions up to 2 %. The numeric
annotation "1’ signifies a 1 % addition of steel fibres, while 2’ denotes a
2 % addition, as indicated at the end of WTSF, CSF-M, and CSF-L. The
investigation specifically targeted the flexural strength of RuC mortar
mixes, each characterized by different levels of WTR replacement.

Mortar fr (MPa) % Increase/ Decrease
Sampl
amp’e fr With reference to Table 10
RuCM18 Flexural strengths of RuC mix incorporating WTR.
at 7- at 28- at 28- at 7-days  at 28-days Concrete fr (MPa) % Increase/ Decrease
Sampl

days days days ampie fr With reference to

CMO 6.8 10.4 52 %1t —0.9 %| 10.7 %1 RuC10
0, — 0, 0,
GCMO 4.8 9.4 96 %1 304%  0.0% at7- at 28 a8 at7- at 28
RuCM9 5.1 7.2 41 %1 —26.1 %] —23.4 %]
days days days days days

RuCM18 6.9 9.4 36 %1 0.0 % 0.0 %
RuCM27 5.4 7.8 44 %1 —21.7 %] —17.0 %] CCOo 4.7 5.6 18 %t —35 %] —38 %/
RuCM36 4.4 6.5 48 %1 —36.2 %] —30.9 %] GCCOo 7.9 9.4 19 %t 10 %1 4 %1
RuCM54 3.8 5.4 42 %1 —44.9 %] —42.6 %] RuC10 7.2 9.0 25 %t 0% 0%
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Table 11
Flexural strengths of RuC Mortar mix incorporating WTR reinforced with WTSF
and CSF.
Mortar Sample fr (MPa) % Increase/ Decrease
With reference to RuCM18,
RuCM27 and RuCM36,
respectively.
at 7-days  at 28-days  at 7-days  at 28-days
RuCM18 4.8 9.4 0% 0%
RuCM18-WTSF1 7.1 8.5 48 %1 —10 %/
RuCM18-WTSF2 12.1 15.5 153 %1 65 %1
RuCM18-CSF-M1 7.8 9.2 63 %1 -2 %]
RuCM18-CSF-M2 13.6 15.8 182 %t 68 %1
RuCM18-CSF-L1 9.8 13.5 105 %t 44 %1
RuCM18-CSF-L2 14.0 17.0 193 %1 81 %1
RuCM27 5.4 7.8 0 % 0%
RuCM27-WTSF1 7.2 8.0 34 %1 3 %t
RuCM27-WTSF2 9.0 13.9 66 %1 79 %1
RuCM27-CSF-M1 9.1 9.2 68 %1 18 %t
RuCM27-CSF-M2 11.8 14.0 118 %t 80 %1
RuCM36 4.4 6.5 0% 0%
RuCM36-WTSF1 6.3 7.8 43 %1t 21 %1t
RuCM36-WTSF2 8.2 9.0 85 %1 39 %t
RuCM36-CSF-M1 7.0 8.1 58 %1 26 %1
RuCM36-CSF-M2 10.4 11.1 137 %1 71 %1

Table 11 demonstrates that a reinforcement of steel fibres provides
evident flexures strength enhancement across all mixtures.

The inclusion of WTSF2 and CSF-M2 demonstrated similar outcomes
for RuCM18 and RuCM27 mixtures. However, the introduction of CSF-
L2 resulted in a notable enhancement of flexural strength, approxi-
mately 10 % higher than that achieved with WTSF2, in the RuC mortar
mix featuring 18 % WTR volumetric replacement (referred to as
’RuCM18’). It’s worth noting that while WTSF fibres showcased superior
reinforcement effects in compressive behaviour, CSF-L fibres exhibited
the highest reinforcement effect in flexural tests, attributed to their
longer length and aspect ratio as compared to the other fibre types tested
in this study. CSF-L fibres, being hooked-end high-tensile-strength fi-
bres, have a length of 50 mm, a diameter of 1.0 mm, an aspect ratio of
60, and with a tensile strength of 1900 N/mm?. In contrast with WTSF
fibres have varying disoriented uneven bended lengths from 25-50 mm
and thicknesses ranging from 0.15-0.40 mm, with diverse tensile
strengths and aspect ratios, however CSF-M fibres, were single-hooked,
measure 35 mm in length, 0.55 mm in diameter, have an aspect ratio of
65, and a tensile strength of 1345 N/mm?>.

The superior performance of CSF-L fibres in flexural tests is likely due
to their longer length, thick diameter, and higher tensile strength,
allowing them to hold macro cracks and absorb more energy during
loading. These fibres due to their characteristics able to settle more in
alignment that is perpendicular to the direction of the load, which en-
hances their flexural strength performance. Additionally, the aspect
ratio of 60 for CSF-L fibres, while slightly lower than the 65 for CSF-M
fibres, contributes to their overall effectiveness in improving flexural
strength due to the combined effects of length, diameter, and tensile
strength, when compared to the other fibre types tested in this study.

This finding is supported by research conducted by M.A. Aiello et al.
[19] which showed that the post-cracking behaviour of WTSF reinforced
concrete, as determined by flexural tests, was comparable to that of CSF
reinforced concrete. WTSF reinforced concrete specimens exhibited
good energy absorption and maintained good residual strength after
cracking.

Figs. 11 and 12 provide additional insight into the stress-deflection
curve, indicating that the inclusion of fibre material enhance the
loading capacity i.e. the flexural strength of RuC mortar mix.

3.2.4. Concrete incorporating steel fibres
The addition of WTSF1 led to a 6 % increase in flexural strength
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Fig. 11. Difference in compressive strengths (at 28-days) with WTSF and CSF at
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Fig. 12. Difference in compressive strengths (at 28-days) with WTSF and CSF at
36 % WTR volumetric replacement.

(9.5 MPa), while WTSF2 resulted in a more substantial 15 % increase
(10.3 MPa). Notably, WTSF3 achieved the highest improvement, with a
remarkable 38 % increase (12.4 MPa), as compared to the flexural
strength (9.0 MPa) of the RuC base mix with 10 % WTR replacement,
denoted as 'RuCl0’, without any WTSF addition, as illustrated in
Table 12.

Table 12
Flexural strengths of RuC mix incorporating WTR reinforced with WTSF.

Concrete Type fr (MPa) % Increase/ Decrease
With reference to RuC10
at 7-days at 28-days at 7-days at 28-days
RuC10 7.2 9.0 0% 0%
RuC10-WTSF1 7.4 9.5 3 %1 6 %1
RuC10-WTSF2 7.3 10.3 2 %1 15 %1
RuC10-WTSF3 8.9 12.4 24 %1 38 %1
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4. Conclusion

In conclusion, this study provides a comprehensive analysis of the
mechanical characteristics of an eco-friendly RuC in which the 63 % of
cement is partially replaced by GGBS and FA, and high amount of WTR is
used to replace natural sand as the aggregates, however matrix is further
reinforced with WTSF. The key findings can be drawn as follows:

1) Water treated finer WTR particles demonstrate superior cohesion
with fewer voids, leading to a remarkable 68 % increase in
compressive strength and a 27 % rise in flexural strength as
compared to medium and coarse particles. However, as the propor-
tion of WTR substitution increases, there is a significant decrease in
compressive strength by approximately 77 % and flexural strength
by up to 43 % with up to 54 % WTR replacement. Nonetheless, this
increase in WTR substitution enhances ductility, enabling the spec-
imens to withstand loads for an extended period.

18 % WTR in RuC mortar mix demonstrates approximately 12 %
higher compressive and 31 % higher flexural strengths as compared
to a lower replacement percentage of 9 %. This difference un-
derscores the importance of achieving an optimal replacement level,
as insufficient mixing at lower replacement percentages can result in
decreased mechanical properties.

Despite experiencing a 23 % reduction in compressive strength, the
optimized RuCM18 mix maintains its flexural strength, indicating
uniform distribution of WTR and successful integration with the
mortar matrix.

The inclusion of WTSF in the optimized RuCM18 mix has a signifi-
cant impact on both compressive and flexural strengths. With a 2 %
WTSF addition, there is a decrease in compressive strength by 27 %,
but a 65 % increase in flexural strength. For higher WTR replacement
mixes such as RuCM27 and RuCM36, with 2 % WTSF additions en-
hances compressive strength marginally and evidently in flexural
strength.

The optimized RuC10 mix with 3 % WTSF additions exhibits an 11 %
reduction in compressive strength but exhibits a notable enhance-
ment of 38 % in flexural strength. The WTSF fibre demonstrates close
performance to commercially available new fibres.
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