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Waste tyres and their accumulation is a global environmental concern, as 1.5 billion of waste tyres are
generated annually in the world. The products are not biodegradable and, if disposed of in landfills and
stockpiles, are recognized for leaching toxic chemicals into the surrounding environment, acting as
breeding grounds for mosquitoes, and fueling inextinguishable fires. The potential of using rubber from
worn tyres in many civil engineering works has been studied for more than 30 years, and their appli-
cation in construction materials comprises cementitious concrete, asphalts, and granulates for earth
structures. Recycling of tyres in these field represents a suitable way of disposal for both environmental
and economic reasons. Therefore, the aim of this review is to present the state of the art in tyre recycling
in civil applications. In particular, the re-use of waste tyres in cement-based materials has been dis-
cussed, and then the recycling of waste tyres in bituminous mixtures and in geotechnical applications
has been reviewed. This review is mainly focused on the physical properties of construction materials
when recycled rubber is incorporated, trying to highlight the effects deriving from the interaction be-
tween rubber and these materials, and analyzing the proposed technological approaches from a material
science perspective.
© 2022 Kingfa Scientific and Technological Co. Ltd. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.

org/licenses/by/4.0/).
1. Introduction

Recycling end-of-life tyres (ELTs) is one of the most important
environmental issues facing scientific and governmental organi-
zations around the world [1]. It is estimated that one billion tyres
ends its life every year, about half of which is recycled, and the rest
is landfilled [2]. Scrap tyres are generated and accumulated in large
volumes, causing an increasing threat to the environment if not
handled properly [3]. These tyres are often deposited in an un-
controlled manner, because of the noticeable rapid depletion of
sites available for waste disposal, causing major environmental
problems [4]. Moreover, water accumulation inside the tyres pro-
vides ideal temperature and moisture conditions for the spread of
mosquitoes, mice, rats and vermins [5]. At the same time, the
quantity of oxygen present within the tyres is sufficient to cause fire
in appropriate conditions, because of their inflammable compo-
nents, with negative impacts on the atmosphere and on human
health [6]. In order to eliminate the negative effects of these de-
posits and to support a sustainable development, it is crucial to
ato).
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improve existing recycling technologies of tyres and to develop
new applications for ELTs [7,8]. After being shredded into smaller
pieces, rubber from worn tyres can often be reused in engineering
applications as ground tyre rubber (GTR) [9,10]. One of the active
research projects is the partial replacement of conventional ag-
gregates with waste tyre rubber in concrete and pavement appli-
cations [11]. Although this approach shows a tremendous potential,
it comes with its own challenges such as weak inherent strength of
the rubber and poor adhesion with the inorganic matrices, which
limit the use of GTR as an aggregate replacement in large quantities
[12]. To overcome these drawbacks, researchers considered various
rubber treatment methods that not only improve the bond per-
formances, but also significantly increase the mechanical proper-
ties of the rubber filled concrete [13]. The potential of using rubber
from worn tyres in many civil engineering works has been studied
for more than 30 years [14]. Applications where tyres can be used
and where the addition of tyre rubber has proven to be effective in
protecting the environment and conserving natural resources
include the production of cement mixtures, road construction and
geotechnical applications [15]. Recycling of tyres in the applications
mentioned above represents a suitable mean of disposal for both
environmental and economic reasons, due to the large amount of
waste rubber consumed [16].
sevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
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2. Tyres rubber in concrete

Green construction has been an important aspect of the con-
crete industry in the last decades. The use of waste materials in
the manufacturing of concrete is advantageous for both an
economical perspective, with the use of low cost waste parts, and
from an environmental point of view, thanks to the recycling of
the waste [17]. Studies of cement-based products modified with
tyres rubber have been conducted for many years [18], as the
addition of shredded scrap tyres into concrete alters it properties,
providing also some favorable characteristics [19]. For instance,
the ordinary Portland cement based concrete is generally brittle,
and the addition of rubber can lead to the so called rubberized
concrete, with a higher ductility and impact resistance [20e22].
Tyre rubber can be used to produce concrete for specific appli-
cations and tailorable properties, if a proper selection of the
quantity, of the shape and of the chemical nature of tyre particles
is performed [23]. Rubberized concrete is also used in many ap-
plications such as pavements, sidewalks, and road barriers, where
concrete is subjected to dynamic loading deriving from moving
vehicles or people walking on sidewalks [24]. Waste tyres can be
also used to partially replace the aggregates in concrete and in
mortar [25e27]. This Chapter deals with the physical properties of
cements modified with waste rubber, with a particular focus on
the properties of the concrete both in the fresh and in dry state
and its durability issues.
2.1. Fresh concrete properties

2.1.1. Workability
The workability, defined as the ease with which concrete can be

mixed, transported and been put into molds, is affected by the in-
teractions of tyre rubber particles and mineral aggregates. To
evaluate the workability of fresh concrete, a slump cone mold is
filled with a fresh concrete mixture, then the mold is removed from
the concrete by a steady upward lift in a vertical direction with no
lateral or torsional motion. Immediately after the removal of the
slump cone, the slump is measured and recorded by determining
the difference between the height of the mold and that of the
highest point of the slumped test mixture (Fig. 1). Grade and pro-
portion of rubber aggregates in concrete or cement mixture directly
influence the workability. A higher rubber content has generally
been found to reduce workability of concrete [23]. The possible
reasons for this reduction include:
Fig. 1. Representative image of a typical slump test mixture (reprinted from Ref. [32]).
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▪ reduction of surface area and roughness of aggregates, which
increases particles friction within the concrete, that requires
more energy to flow

▪ highwater absorption of rubber particles, which increases water
requirement

▪ reduction of the plastic unit weight of concrete, due to entrap-
ment of air in its jagged surface texture and relatively low
specific gravity of the tyre rubber.

Holmes et al. reported a decrease in workability with increasing
crumb rubber concentration [28]. This was due to the decreased
flowability of larger rubber particles, which implies the use of a
higher water/cement (w/c) ratio for elevated concentrations of
rubber in the mix. A drop in the slump height of 50% was observed
when compared to the control sample when the crumb rubber
content increased from 0 to 120 kg/m3. Zheng et al. measured large
reductions in the initial slump by 43% and 57% at a crumb rubber
content of 45 vol%, utilized to respectively replace fine and coarse
aggregates. This reduction was attributed to a higher level of inter-
particle friction that occurs between rubber aggregates and other
mix constituents, due to the surface texture of the rubber particles
and the overall reduction of the unit weight of the plastic mix [29].
However, Elchalakani found that the reduction in slump height is
less than 15% for rubber concentrations till 40%, due to the larger
admixture amount used for the high strength concrete [30]. Raffoul
et al. reported that the workability of concrete filled with crumb
rubber and chipped rubber was similar, especially at high levels of
aggregate replacement). However, the combined replacement of
both fillers (crumb and chipped rubber) led to a reduction in the
flowability of 34%. In any case, the resulting compound was more
cohesive and homogeneous with respect to the plain mix [31].

Guneyisi et al. found that the slump of the concrete with and
without fumed silica gradually decreased for two different w/c ratios
with increasing rubber content [33]. At a rubber concentrationof 50%
with respect to the total aggregate volume, the slumpdecreased near
tozeroand themixwasnotworkable.Moreover, theobserveddrop in
the slumpwas more remarkable for low w/c concretes. In a paper of
Thomas et al., scrap tyre rubber was employed as a partial substitute
of natural fine aggregates in high strength cement concrete, and a
super plasticizer based onapolycarboxylic-ether polymerwas added
to improve theworkability [34]. Values for theworkabilityabove0.91
were obtained for all the mixes with a rubber replacement level till
20%.Ahigherdemandof superplasticizerwasnecessary in the caseof
concrete containing fillers like silica fumed, as its nanometric sized
particles can partially adsorb the superplasticizer on their surface
[35]. On the contrary, some researchers found improvements in the
workability with the substitution of natural aggregates with rubber
particles. Huang et al. reported an increase of the slumpheight as the
rubber particle replacement percentage increased, suggesting that
using an appropriate amount of lightweight aggregate in place of
natural aggregate could effectively improve slump properties of the
mixture [36]. Also Aiello et al. reported that the workability of fresh
concrete was improved by the partial substitution of coarse or fine
aggregates with rubber shreds [37]. The control mixture was char-
acterized by a fluid behavior, whereas all mixtures obtained by add-
ing rubber particles instead of coarse or fine aggregates showed a
hyper-fluid behavior. So rubberized concrete could be mixed, cast
and vibrated using equipment and procedures adopted for conven-
tional concrete. The workability of the rubberized concrete could be
improved by adding an air-entraining agent due to the generation of
micro air bubbles, as described by Benazzouk et al. [38]. For the
concrete containing 50% rubber particles, the slump improved to a
value from100mmto 169mm. Consequently,mixingwater could be
reduced to maintain the pristine workability, and it enhanced the
mechanical properties of the resulting concrete.
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2.1.2. Density
The specific weight of concrete modified with waste rubber is

reduced as the level of substitution of aggregates with tyre particles
increases. This reduction can be attributed to the specific weight of
tyre rubber, being lower than that of traditional aggregates
(0.9e1.2 g/cm3 for tyre rubber and 2.6e2.7 g/cm3 for aggregates)
[28,31,39], and also to the air entrapment in its jagged surface
texture [40]. In most cases, the density of rubberized concrete re-
duces from 10% to as high as 30% when compared to a plain control
concrete mix [28,41,42]. Su et al. reported that the reduction in the
density of the concrete was minimum for the incorporation of GTR
aggregate with a size 3 mm, while finer rubber aggregates (0.5 mm
and 0.3 mm size) showed a slightly higher level of reduction [32].
Also, Sukontasukkul et al. reported a relatively higher reduction
with the inclusion of smaller size crumb rubber [43]. Pacheco et al.
showed a reduction of 45% in the density of the final concrete when
tyre chips partially replaced coarse aggregates, 34% when crumb
rubber replaced fine aggregates and 33% for concrete inwhich both
coarse and fine aggregates were replaced [44]. Bravo et al. noted
that the incorporation of fine, mechanically-ground, rubber ag-
gregates led to concrete mixes with lower density than those made
with fine cryogenically grinded rubber particles. This phenomenon
was related to the more angular shape of mechanically-ground
aggregates, which led to a greater void volume in the concrete
and thus to a lower density [45]. Therefore, a high shear rate mixing
system was required to prepare a workable concrete if fine aggre-
gate was replaced by crumb rubber, in order tomitigate the gradual
increase in viscosity [46].
2.2. Mechanical properties

2.2.1. Compressive strength
Rubberized concrete compressive strength is commonly

reduced by the presence of rubber particles in cement formulation,
Fig. 2. Effect of the rubber content on the concrete cracking and failure mode. (a and d) No ru
f and g) 40% rubber content, splitting-tensile bottom and formation of parallel cracks (repr
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making it relatively softer than conventional cement, promoting
thus the formation of accelerated cracks around rubber aggregates
that can cause a rapid failure of the specimens [47]. The decrease in
compressive strength could also be caused by a weaker bond be-
tween the rubber aggregates and the cement paste, leading to a
non-uniform stress distribution within the material [48]. Rubber
aggregates have low specific gravity and they are hydrophobic,
causing rubber particles to move upwards in vibration during the
preparation of the cement paste, resulting in inhomogeneity on the
top surface of the concrete [49]. Another problem is air penetration
into concrete due to the hydrophobic nature of rubber aggregates
[38]. Besides these factors, the size, shape, and surface texture of
the incorporated rubber aggregates, the type of surface modifier,
and the mixing conditions have an influence on the compressive
strength. The failure in compression tests of rubberized samples
was found to be gradual, without a total collapse or the formation of
a major crack. It was observed that during cracking rubberized
concrete is able to maintain its shape without shattering to pieces.
Images of failed samples with rubber contents of 0%, 20% and 40%
are shown in Fig. 2(aeg). Unlike the neat concrete, in the other
specimens there were not major cracks responsible for the failure.
Results showed that the rubberized concrete specimens under the
compressive test exhibited a gradual shear failure mode if samples
contained a limited concentration of rubber. On the contrary, a
splitting tensile failure pattern was observed for samples with
elevated rubber amounts [50].

Fig. 3 illustrates the effect of crumb, chipped and shredded
rubber aggregate replacement on the 28-day compressive strength,
according to different literature papers. Note that fc,R and fc,0 are the
compressive strength of the cube at 28 days at a certain rubber
volume concentration and that of the plain concrete, respectively.

A gradual decrease in compressive strength was noticed by
Thomas et al. as the percentage of crumb rubber increased [34]. At 7
days, the maximum compressive strength (65 MPa) was obtained
bber, conical failure mode; (b and e) 20% rubber content, conical-shear failure mode; (c,
inted from Ref. [50]).



Fig. 3. Reduction in compressive strength with increasing rubber content reported in
different literature works (reprinted from Ref. [30]).
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for the control mix and the minimum value (27 MPa) for the mix
with the highest content of crumb rubber. The same trend was
observed for the compressive strength at 28 and 90 days. At 28
days, a strength above 60 MPa was obtained for all the mixes in
which the amount of rubber was lower than 10%, while at 90 days
all the mixes in which the crumb rubber was lower than 12.5%
crossed the 60 MPa threshold, obtaining thus the classification as a
high strength M60 concrete. The replacement of fine aggregates
with rubber produces higher compressive strength when
compared to an equal percent replacement of coarse aggregates
[51]. The work by Aiello et al. suggested that the partial inclusion of
rubber shreds instead of coarse or fine mineral aggregates caused a
progressive loss in compressive strength with increasing the
amount of replaced aggregates [37]. It was also observed that
replacing rough aggregates in concrete reduced compression
strength more than replacing fine aggregates. Cement mixtures
prepared with 50% and 75% per volume of coarse aggregate
replacement showed, respectively, a reduction in compression
strength of approximately 54% and 62%, compared to the control
mixture. Instead, the mixtures obtained by fine aggregate
replacement at 50% and 75% showed a compression strength decay
of approximately 28% and 37%, respectively, compared to the con-
trol mixture. For lower rubber replacement levels (such as 5%) the
compressive strength was reduced by only 5% when compared to
the control mixture. Replacements of 7.5% and 10% of powder
rubber reduced the strength by 10e23%, respectively [49]. Different
types of rubber led to a different degree of reduction, as highlighted
by Gesoglu et al. [52]. When the rubber content was increased up to
30%, the reduction in compressive strength was as high as 44%, 48%,
and 69% for concretes with crumb rubber, tyre chips and mixed
rubber, respectively.

As reported by Khaloo, the reduction of compression strength in
rubberized concrete restricts their use for structural applications
when the rubber concentrations exceeds 25% [53]. Reduction in
rubber concentration and rubber particle pre-treatment are
required to enhance the strength and the other mechanical prop-
erties of the resulting concrete. As stated by Gesoglu et al., due to
this significant decrease in compressive strength, the use of rubber
particles in pervious concretes should be encouraged, especially in
the case of pavements, which mostly require limited concrete
compressive strength [42]. Others applications could be road bar-
riers, thin overlays, concrete panels, paving blocks, and materials
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for thermal and acoustic insulation [31]. A wide variety of pre-
treatments is available, ranging from an inexpensive and easy
treatment with water, up to complicated and expensive physical,
chemical, and mechanical processes. According to the work of
Mohammadi et al., the use of a water-soaking treatment to prepare
rubberized concrete led to a relatively modest strength reduction
[50]. Samples prepared with rubber treated by water-soaking had
22% higher compressive strengths if compared to the untreated
ones. It has been found by Liu et al. that the pretreatment using
synthetic resin significantly increased the strength of the rubber-
ized concrete, if compared to other modifiers [54]. The compressive
strength of crumb rubber filled concrete prepared with pretreated
rubber using synthetic resin increased of 12% as compared to the
untreated ones. Then, the synthetic resin modifier could represent
an interesting option to increase the mechanical strength of crumb
rubber filled concrete. A typical treatment for tyre-rubber particles
consists in immersing them in a NaOH solution, to improve rubber
adhesion with the cement paste. Since NaOH solution treatment
can provide an alkaline ambient around the rubber particles, an
improved interphase can be obtained when the treated rubber is
incorporated into the concrete. In addition, NaOH solution treat-
ment improves the hydrophilicity of rubber aggregate, reducing the
porosity between rubber particles and cement paste and enhancing
thus the adhesion between rubber and the cement matrix [55]. As
confirmed by Guo et al. [56], the NaOH solution treatment could
enhance the bonding strength between rubber aggregates and
cement paste, leading to an increase of 23% in the compression
strength compared to the samples with untreated rubber aggre-
gates. The strength loss of the samples with 15% and 25% NaOH
solution treated rubber aggregates were 3.4% and 25.4% respec-
tively, which could both still fulfill the requirements for a rigid
pavement design. The experimental results demonstrated that
NaOH-treated rubber concrete could be successfully applied in the
construction field with very limited processing costs of rubber
particles. Similar results were found by Youssf et al. in their paper in
which the pre-treatment of rubber using NaOH solution increased
the concrete compressive strength by 6% and 15% at 7 and 28 days,
respectively, compared with non-treated rubber concrete at the
same rubber amount. In this sense, this pre-treatment can partially
compensate the loss of mechanical strength due to rubber intro-
duction. Guneyisi et al. suggested the use of fumed silica to enhance
the mechanical features of rubberized concretes and to limit the
strength loss due to the addition of rubber [33]. This positive effect
was evident and consisted in a strength increment of 43%,
depending on the amounts of silica fumed and rubber used [35].
Moreover, Xie et al. noted that the marked decrease of compressive
strength of concrete with rubber introduction could be significantly
reduced by the incorporation of silica fumed when the rubber
content was less than 20% [57]. Although the concrete with rubber
was more porous than that with natural aggregates, when the
rubberized concrete was mixed with silica fumed, part of this
nanofiller penetrated the pores, improving thus the interphase
between the cement matrix and aggregates. Furthermore, hydra-
tion process filled the cracks originally present in the concrete,
resulting in an improvement in the mechanical properties of the
rubberized concrete.

2.2.2. Flexural strength
One of the positive characteristics of rubberized concrete is its

increased toughness, as the material under a critical load breaks
with a certain amount of deformation instead of disintegrating
completely at low deformation levels [58]. The decreasing trend of
flexural strength of rubberized concrete with the increase in rub-
ber content is quite similar to that observable in compressive
strength. However, compared to the reduction in compressive



Fig. 4. (a) Rubberized concrete beam after the cracking and (b) particular of the cracked section of the beam (reprinted from Ref. [37]).
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strength, flexural strength reduction is much steeper due to tensile
stress applied on the outer surface of the material [47,59,60]. The
debonding of rubber from the cement matrix is one of the factors
that reduces the flexural strength of rubberized concrete, but it
increases its toughness. Fig. 4 shows the cracked section of a
rubberized cement beam under flexural loads. The presence of
coarse rubber chips avoided the sudden separation of the beam
into two pieces, as generally happened for plain concrete speci-
mens [37].

A gradual reduction in the flexural strength was noticed by
Thomas et al. as the percentage of crumb rubber increased [34]. At 7
days, the maximum value (6.2 MPa) was observed for the mixes
with 0% and 2.5% crumb rubber and the minimum one (4.6 MPa)
was observed for the samples with 17.5% and 20% crumb rubber. At
28 days, the maximum value (7.3 MPa) was obtained in the mix
with 2.5% crumb rubber and minimum value (5.5 MPa) was noticed
for the samples with 20% crumb rubber. The same trend has been
observed at 90 days, where the maximum and minimum values
were 7.9 MPa and 5.7 MPa, respectively. Similar results were found
also by Bisht et al., as they observed that flexural strength of crumb
rubber concrete decreased with the rubber content in the concrete,
and this decreasing trend was in line with the variations observed
in compressive strength values [61]. With incorporation of 4% and
5.5% crumb rubber, strength decreased by 2.9% and 16.5% respec-
tively. Ganijan et al. reported that the reduction in flexural strength
occurred for both coarse and fine aggregates replacement, and only
the decreasing rate was different [49]. A reduction of 37% with
respect to the control sample was observed if coarse aggregates
were replaced by chipped rubber at 10%, while a reduction of 29%
was recorded for the mixture in which fine aggregates were
replaced with ground rubber. In this work it was stated that the
most important factor in reducing flexural strength was a lack of
bonding between rubber particles and cement paste, and that the
debonding of chipped rubber was weaker than that observed for
powdered rubber. Khorrami et al. found a reduction in flexural
strength of 31% with respect to the control sample when coarse
aggregates were replaced by shredded rubber with a concentration
of 7.5 wt% [62]. Najim et al. reported a flexural strength decrease of
11% for 5 wt% rubber replacement and a reduction of 39% for 15wt%
rubber replacement [63]. The addition of rubber decreased the load
bearing capacity, whilst increasing the maximum strain values. The
maximum deflection increased from 0.039 mm for the reference
mix up to 0.051 mm for the 10% mix, which corresponded to
maximum stress values of 16.8 and 14.9 MPa, respectively. Elcha-
lakani et al. found a reduction in flexural strength of 72% at 40%
rubber concentration in concrete, while a slightly lower reduction
(69%) was found for the same rubber replacement level by adding
silica fumed in the cement formulation [30]. Aiello et al. noticed a
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greater loss of flexural strength when coarse aggregates were
replaced by rubber particles rather than fine aggregates [37]. For
fine aggregates replacement levels of 50 and 75 vol%, the flexural
strength reduction was respectively 5.8% and 7.3%, while for the
same replacement level of coarse aggregates, a 28.2% strength
reduction was detected. Gupta et al. observed that the reduction in
flexural strength was also dependent on the shape of the rubber
particles [64]. If fine particles were used as partial replacement of
fine aggregates, a reduction in flexural strength was observed due
to the poor interlocking. However, they reported that the flexural
strength of concrete with 10% of rubber fine particles and different
contents of rubber fibers having aspect ratio 8e10 increased with
the fiber amount, thanks to the better bridging effect provided by
the fibers. Yilmaz et al. studied the feasibility of utilizing fly ash and
rubber waste in Portland cement, and contrary to other literature
studies, flexural strength of rubberized concrete samples showed
higher values than the control mix, probably because of the effect of
the different shape of rubber fillers utilized [65]. Flexural strength
of control mix was evaluated as 0.51MPa and 0.73MPa at 14 and 28
days, respectively. The mixtures with a 20% of rubber presented a
maximum flexural strength of 1.40 MPa at 28 days for particles
0.5e1.0 mm in diameter. The increase in rubber waste content from
20% to 30% decreased the flexural strength of the mixtures, and this
decrease was reported to be lower as the size of tyre rubber par-
ticles decreased. Also, Ganesan et al. reported an improvement in
the flexural strength with the increase in the rubber content in the
cement mix [66]. For rubber contents of 15% and 20% in rubberized
concrete specimens, the strength respectively increased by 15% and
9% in comparison to plain concrete specimens. This was explained
by the better tensile load carrying capacity of the rubber particles.
Moreover, the addition of tyre steel fibers at volume fractions of
0.5% and 0.75% to the rubberized concrete specimens resulted in an
increase in the flexural strength by 26% and 35%, respectively.

For as regards the flexural properties of mortar when sand is
replaced by rubber, it has been found that the flexural strength of
mortar increased with increasing the rubber replacement level. Al-
Akhras et al. reported that the flexural strength increased with
increasing tyre rubber ash content from 2.26 MPa for control
mortar to 2.91 MPa for mortar containing 10% tyre rubber ash at 7
days and from 3.48 MPa for control mortar to 5.00 MPa for mortar
containing 10% tyre rubber ash at 28 days [67]. The corresponding
increase at 28 days was 12%, 27%, 32%, and 43% at tyre rubber ash
contents of 2.5%, 5%, 7.5%, and 10%, respectively, compared to
control mortar. The increase in mortar strength with tyre rubber
ash content was explained considering that tyre rubber ash
behaved as a filler in mortar mixtures. This was particularly sig-
nificant in the interfacial zone regions where tyre rubber ash pro-
duced a more efficient packed structure, producing thus a denser
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and more homogeneous transition zone. Wu et al. found that the
addition of styrene acrylate rubber could improve the flexural
strength of mortar, especially after 28 days [68]. The maximum
increase of flexural strength was found for rubber contents be-
tween 15 and 25%.

2.2.3. Modulus of elasticity
It has been shown that the inclusion of rubber in concrete is able

to increase its ductility and stress control capability, because of the
soft structure of rubber aggregates. This leads to the development
of several micro-tensile cracks under load, leading to significant
elastic deformation and increased energy absorption prior to failure
[39]. Rubberized concrete, compared to plain concrete, exhibits
higher values of strain at break, but lower values of elastic modulus
and stress at break [60]. The reduction in strength and elastic
modulus is primarily due to the relatively low strength and elastic
modulus of the rubber. As the percentage of rubber increases, the
properties of the concrete are increasingly controlled by the
properties of the rubber. Atahan et al. found that this is especially
evident when the rubber replacement level exceeded 60% [69].
Beyond this limit, strength and elastic modulus dropped sharply,
suggesting that at this concentration the rubber had greater control
of the properties than concrete. Increasing aggregate amount
resulted in a statistically significant decrease in static elastic
modulus, due to the consequent decrease in cement amount [42].
Ganijan et al. found that the modulus of elasticity of concrete was
reduced with the replacement of rubber for aggregates or cement
[49]. The reduction in modulus of elasticity was 17e25% in the case
of 5e10% aggregate replacement by chipped rubber, while higher
levels of reduction (i.e., 18e36%) were observed for powdered
rubber. A similar trend was found by Li e al., and the decrease of
elastic modulus was higher when finer rubber particles were used
as aggregates with respect to the bigger ones [70]. In particular,
when 10% of aggregates were replaced by rubber particles with
4mm of size, a stiffness reduction of 28%was found, while a drop of
42% was detected if the size of the rubber particles decreased to
0.17 mm. Similar results were found also in the work of Feng et al.
[71]. Milder reductions in the modulus of elasticity were recorded
by Noaman et al. in rubberized steel fibre reinforced concrete [58].
The modulus of elasticity was reduced by 8.3%, 13.7%, and 17.4%
with rubber contents of 5%, 10%, and 15%, respectively. Pelisser et al.
observed that the stiffness reduction was smaller in comparison to
the decrease in the compressive strength for rubberized concrete
[41]. The decrease in the elastic modulus was 49% for the concrete
with a replacement level of 10% sand aggregate by recycled tyre
rubber, in comparison to the reference concrete. Once again, this
was because the elastic modulus of rubber is much smaller than
that of the sand, thereby making the concrete with rubber more
compliant. The strain modulus for concrete with 10% of rubber
modified with alkaline activation and silica fumed addition showed
a reduction of 17% at 28 days, compared to the plain concrete. In
this case, the results obtained for the modified concrete were closer
to those shown by conventional concrete. Najim et al. suggested
that a pre-treatment of the rubber particles could mitigate the
decrease of the elastic modulus upon rubber replacement [63]. An
improvement of the secant static modulus of elasticity of 15% and
10% was found for mortar pre-coated crumb rubber aggregates and
cement pre-coated crumb rubber aggregates, respectively, if
compared to the control sample. This behavior could be attributed
to the improvement in adhesion between the rubber aggregates
and the cement paste and/or to an increase in the mechanical
interaction due to the rough surface morphology of mortar-coated
rubber particles. This suggested that interphase stress transfer was
more effective in the cement paste and mortar pre-coated samples
than in the neat rubber aggregates.
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At a general level, it can be therefore concluded that, although it
causes a decrease of compressive strength and of elastic modulus,
the addition of a limited amount of rubber in concrete could be
favorable for the seismic safety of civil structures [70].

2.3. Durability issues

2.3.1. Water absorption and permeability
Water ingression from surface to the core of concrete is either

by permeability through interconnected macroscopic pores or by
sorptivity (capillary suction) through microscopic pores within
the hydrated cement matrix [72]. Studies have reported incon-
sistent results with regards to water absorption capacity of
rubberized concrete. While some studies observed a considerable
decrease in water absorption upon the inclusion of rubber parti-
cles, there are several works that reported exactly the opposite
trend. Ganijan et al. found that water absorption was reduced but
depth of water penetration was increased [49]. It appeared that
water permeability in concrete containing powdered rubber was
non-uniform in such a way that, even though water absorption
was lower than that of the control mixture, its water permeability
was increased. The reason for this behavior was attributed to the
existence of capillaries filled with water in the concrete contain-
ing rubber. This was also due to lack of adhesion between rubber
particles and cement paste, and interfacial surface between
cement paste and rubber grains acted as the bedding for pres-
surized water to flow in the concrete containing rubber. Conse-
quently, with the same or lower water absorption than the control
mixture, water permeability of the concrete containing rubber
was increased with respect to the unfilled material [73]. Bravo
et al. highlighted that not only the size of the replaced aggregate is
important to the increase of water absorption, but also the
roughness of the particles should be taken into account [45]. A
decrease of the permeability coefficient (K) with the increase of
rubber content was found also by Gesoglu et al. [42]. For instance,
K value of the control mix was 0.46 cm/s, which was reduced to
0.13 cm/s and to 0.15 cm/s in the mixes at a rubber concentration
of 10% and 20%, respectively. Moreover, small rubber particles
seemed to affect the permeability more than larger ones, as they
filled better the pores between natural aggregates. A 10% rubber
replacement diminished the permeability coefficient by 28%,
while the reduction was as high as 68% at a replacement level of
20%. Nevertheless, K of the rubberized concretes produced in this
study fell between the recommended limits (0.025 and 0.61 cm/s)
for pervious concretes. The type of porosity that affects the phe-
nomenon of capillary absorption is not the same that is respon-
sible for the water absorption by immersion. In the first case, fine
porosity is involved, allowing the generation of differences in
pressure that cause the water to penetrate the concrete, while in
the second case larger pores influence the amount of water that is
absorbed [45]. About a 55% water uptake per mass of control
samples after immersion into the water was observed by Kashani
et al. [72]. This water uptake was substantially reduced of the 50%
by increasing rubber content, especially for rubber amounts of
20e30 wt%, even if the samples had comparable porosity. A
similar result was observed by Si et al., but in this study the water
absorption values tended to increase when the rubber content
was higher than 35% [55]. Sukontasukkul et al. observed different
results for concrete filled with crumb rubber having two different
particles sizes [43]. While the concrete with bigger crumb rubber
particles showed higher water absorption, the concrete with small
size rubber particles showed lower water absorption than control
conventional concrete. The increased water absorption in case of
concrete with bigger rubber particles was attributed to the air
entrapment on rubber surface due to their hydrophobicity.
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The increase in void content of rubberized concrete is due to
factors such as the propensity of light crumb rubber to float in the
mixtures at the fresh state, which made the compaction of speci-
mens containing crumb rubber difficult and ineffective. Conse-
quently, the percentage of voids in rubberized mixtures increased
as the crumb rubber concentration increased [74]. Moreover, rub-
ber particles repel water during mixing, thereby allowing the air
entrapment on their surface. Upon hardening, voids are formed
inside the Crumb Rubber Concrete (CRC) mixture [75].

2.3.2. Freeze - thaw resistance
It is known that extreme environmental conditions can cause

durability problems in concrete, and freeze-thaw is a physical
phenomenon that can seriously damage concrete structures
(Fig. 5). Porous concrete can absorb water that can increase its
volume in the solid phase, causing thus deterioration of concrete
and representing also a major cost for an aging infrastructure [76].
The freeze-thaw resistance of concrete can be increased by the
inclusion of rubber particles, that behave like traditional air-
entraining agents. In fact crumb rubber particles, due to their
non-polar rough surface, promote the formation of very small pores
in which the temperatures can fall to �78 �C without the genera-
tion of ice crystals [26].

Therefore, the use of discarded tyres particles as an additive in
the concrete is appropriate for those applications in which an
elevated strength is not needed, but the durability is important. In
fact, Topcu et al. suggested that the use of the rubberized concrete
could be really advantageous in regionswith a cold climate, that are
particularly exposed to the freeze-thaw effect [76]. A noticeable
improvement in the freeze-thaw resistance associated to the use of
crumb rubber concrete has been found also by Richardson et al.
[78]. The optimum crumb rubber particle size was lower than
0.5 mm. The use of smaller crumb rubber particles size permits
crumb rubber to be contained in the surface laitance, which is
subject to the initiation of freeze-thaw induced cracking. In
contrast, the freeze-thaw resistance of concrete is reduced when
the size of crumb rubber exceeded 60 mesh, since the effect of air-
entraining becomes stronger as the crumb rubber size decreases
[79]. As evidenced by Benazzouk [38], the level of air-entrapment
could not only be correlated with the dimension of rubber parti-
cles but also with their morphology, texture, and specific area. The
positive effect played by rubber introduction on the freezing-
thawing resistance of pervious concrete was particularly evident
after 300 cycles, as shown by Gesoglu et al. [80]. The freeze-thaw
Fig. 5. Frost heaving damage on a concrete structure (reprinted from Ref. [77]).
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degradation led to a 34% mass loss in plain concrete after 300 cy-
cles, while the corresponding loss in rubberized concretewas in the
range between 2.7% and 4.1%. As measured by Liu et al. [54], the
strength loss after 25 cycles of freezing-thawing of the reference
concrete was 5.8%, while the strength deterioration in concrete
with 20% crumb rubber modified by ethoxyline resinwas only 1.2%.
Si et al. demonstrated that the freeze-thaw resistance of concrete
could be improved if the rubber aggregates were chemically treated
[55]. The addition of NaOH solution treated rubber aggregates in
concrete decreased the water absorption and increased the void
content. These voids were responsible for the improved freeze-
thaw resistance and durability of the resulting concrete samples.

2.3.3. Drying shrinkage
At a general level, the addition of crumb rubber particles in-

creases the drying shrinkage of concrete. The low stiffness and good
flexibility of rubber aggregates reduce the internal restraint and
consequently increase the dimensional change caused by the
shrinkage. The high porosity and diffusivity of rubberized concrete
can also help to accelerate the loss of capillary water and thus the
drying shrinkage [81]. It has been shown that the more rubber is
added, the greater the shrinkage during drying. Aggregates play a
key role in concrete shrinkage, the increase in rubber content im-
plies a decrease in aggregate content, therefore, the shrinkage of
rubberized concrete increases with the increase in rubber content.
Moreover, the increase in porosity as a result of the addition of
rubber particles in the concrete can also contribute to the greater
shrinkage of the concrete with rubber particles [82]. Huang et al.
found that the drying shrinkage of concrete increased with the tyre
rubber content. At 28 days, the drying shrinkage steadily increased
of 50% as the tyre rubber concentration increased from 0% to 40%
[82]. The shrinkage of rubberized concrete seemed to depend on
the crumb rubber size as well as their content, as coarse rubber
particles were found to exhibit higher shrinkage than the finer ones
[43]. Bravo et al. highlighted that drying shrinkage was influenced
only by the size of the aggregates incorporated and not by their
shape. Moreover, they showed that the shrinkage could increase of
43% for a fine aggregate replacement level of 15% [45]. Also, for
rubberized mortar the drying shrinkage was slightly higher than
that of the plain mortar. However, the observed increase of the
shrinkage level was too small to cause drying shrinkage damages
when the rubber content in the mortar was less than 25% [55].

2.3.4. Abrasion resistance
The abrasion resistance of any pavement is the most important

property since all the surfaces will interface to the tyre and foot
pressure directly. A rough surface is required for pervious concrete
pavements to resist to the skidding, sliding and the breaking fric-
tion of the vehicles, in order to reduce the abrasion effect. Gesoglu
et al. evidenced a positive effect played by rubber addition in
concrete to improve its abrasion resistance [80]. In particular, an
increase in the rubber content from 0% to 20% resulted in a sys-
tematical enhancement of the abrasion resistance. This could be
due to the holding effect of rubber particles, that were able to
preserve the integrity of cement paste. Moreover, fine crumb rub-
ber enhanced the abrasion resistance of pervious concrete more
than tyre chips and coarser crumb rubber particles. In particular,
the depth of wear decreased from 0.91% to 0.17% when natural
aggregates in concrete were replaced by 20% of fine crumb rubber.
A relative decrease of the abrasion rate of 59% and 81% with respect
to the control sample was obtained in concrete containing fine
crumb rubber at a content of 10% and 20%, respectively. At the same
rubber amount, the decrease in the wearing was as much as 39%
and 58% at the same replacement levels when tyre chips were
utilized. Similar results were also found by Thomas et al. [83].
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Crumb rubber particles present in concrete restrict the grinding of
the concrete surface, because they are present on the smooth sur-
face of concrete and act as a brush, thus minimizing the action of
the abrasive dust that can be present on the concrete surface. On
the contrary, Gupta et al. observed that the depth of wear in rubber
ash containing concrete increased with the rubber amount [64].
The depth of wear was 1.17 mm for reference mix with w/c ratio
0.45, whereas it increased to 1.42 mm for a rubber content of 20% at
the same w/c ratio. A similar results was also found by Sukonta-
sukkul et al. [84]. In this case, crumb rubber particles were pulled
off during the rotation of the abrading cutter, creating voids on the
sample surface. These voids pre-disposed the samples to higher
degradation and wear, causing the increase of the mass loss
observed in the rubberized mixtures [85].

2.3.5. Chloride ion penetration
The corrosion of reinforced concrete in the marine environment

and/or in the presence of ice salt is one of the greatest threats to the
durability of concrete structures. It has been proven that the addi-
tion of rubber aggregates, promoting the saturation of fine holes in
the concrete, can reduce the degree of corrosion of the steel in
concrete [86]. Because of the change of the surface tension pro-
moted by rubber aggregates, they can change the local pressure in
fine pores, reducing thus the degree of corrosion of the inner steel.
Thomas et al. replaced natural fine aggregates with crumb rubber
with a substitution level from0% to 20%, observing that the depth of
chloridepenetrationwithin the concretewas slightly reducedwith a
crumb rubber concentration of 7.5% [87]. This reduction in the depth
of chloride penetrationwas due to the fact that rubber particles did
not absorb water and simultaneously did not allow the passage of
chloride ions. When the crumb rubber concentration was higher
than 7.5%, a gradual increase in the depth of chloride ionpenetration
was noticed. After 91 days, the depth of penetration was 21 mm for
the control mix, 22 mm for the mix with 10% crumb rubber and
25 mm for the sample with a rubber concentration of 20%. Similar
trendswere also found by Bravo et al. [45] and byGesoglu et al. [88].
Since corrosion resistance of reinforced concrete strongly depends
by water absorption kinetics and by internal packing of concrete
[89], chloride diffusion coefficient of rubberized concretes was
found to decrease with the increase of water/cement ratio. There-
fore, rubberized cementmixtures can be used in applicationswhere
there is a need for low chloride ion penetration and in structures
where corrosion of the reinforcement must be avoided [90].

2.3.6. Acid and sulfate resistance
It is well known that concrete exposed to aggressive sulfuric

acid environment can be easily destroyed by acid erosion, because
alkaline cement hydration products can react with hydrogen ions,
thus negatively affecting the durability and increasing the main-
tenance costs of civil infrastructures. Sulfuric acid in groundwater,
chemical waste or deriving from the oxidation of sulfur bearing
compounds can attack concrete structures. Moreover, concrete
parts in industrial zones are susceptible to degradation due to acid
rains, mainly composed by sulfuric acid [91]. As reported by Xie
et al., rubber particles in modified concrete could act as a bridge
between concrete constituents, limiting thus the generation of
cracks and the surface deterioration [18]. Moreover, rubber in the
presence of sulfuric acid can improve the adhesiveness with the
concrete matrix, limiting the decrease of the compressive strength
due to acidic media exposure [92].

2.3.7. Carbonation resistance
Since the presence of additional voids and cracks can facilitate

the ingression of CO2 within the concrete structures, large contents
of rubber aggregates can result in the generation of a more porous
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microstructure. For this reason, rubberized concrete has been
generally found to exhibit lower carbonation resistance than con-
ventional plain concrete. At a crumb rubber concentration of 10%,
Thomas et al. noted a gradual increase in the depth of carbonation
after 91 days of exposure to a controlled environment, and
increasing the rubber content to 20% the depth of carbonation
increased to 27% [89]. A similar result was also found by Bravo et al.
in a paper in which natural aggregates were partially replaced by
rubber filler. In this work the increase in carbonation depthwas due
to the higher water content of rubberized concrete, needed to
maintain the workability of the mixtures, and to the greater void
volume between rubber aggregates and the cement paste [45]. An
increase in carbonation depth of 13% was reported by Thomas et al.
for concrete samples with 20% crumb rubber after 91 days and at a
water/cement ratio of 0.5 [93]. Gupta et al. attributed the increase
in carbonation depth of the rubberized concrete to an improper
compaction, that generated a preferential path to CO2 diffusion
within the concrete structure [64].

2.3.8. Thermal conductivity
The addition of recycled rubber powder generally improves the

thermal insulation ability of concrete. This enhancement is influ-
enced by the size of rubber particles, with finer size particles
leading to better results [94]. Such this improvement in thermal
insulation capability would lead to lower energy demand, which in
turn translates into economic savings [95]. For instance, Iqbal re-
ported a thermal conductivity value of 1.25 W/mK for conventional
concrete and 0.79 W/mK for recycled aggregate-rubberized con-
crete at a rubber amount of 20 wt%, with a relative decrease of 37%
[96]. The rate of heat transfer was found to decrease as the size of
the crumb rubber decreased, as highlighted in a study of Sukon-
tasukkul [97]. In a study of Fraile-Garcia et al., the thermal behavior
of light concrete construction elements prepared with different
amounts of rubber particles from end-of-life tyres has been
investigated [95]. Closed test cells were built and subjected to
several heating/cooling cycles, recording the temperature within
the cells and in their enclosures. It was found that the construction
elements with recycled rubber optimized the thermal insulation
capacity of the cells, as long as the percentage of rubber was
maintained below 20%, without substantially affecting the me-
chanical properties of the concrete. At this rubber content, the
temperature gradient between interior and exterior parts of the
cells increased to 5.6%, and the inner temperature of the cell
remained stable despite changes in external temperature. Different
rubber waste materials could be added to concrete to improve its
thermal insulation capability. Yesilata et al. studied the incorpora-
tion of waste polyethylene terephthalate (PET) bottles and tyre
rubber pieces in concrete to decrease its thermal conductivity [98].
These fillers were shredded into small pieces of different shapes
and lined into fresh concrete before hardening. The results showed
that waste PET and rubber particles remarkably lowered the ther-
mal transmittance of ordinary concrete. In particular, it was found
that the insulation performance was improved by 18.5% through
the addition of rubber. The reuse of waste rubber in concrete seems
thus to be good choice for promoting a cleaner environment and
reducing the insulation costs. This type of rubberized concrete
could be recommended for constructive solutions that require
substantial thermal insulation without an excessive increase in
porosity, such as enclosures in buildings for industrial or agricul-
tural use, and for many other applications in which structural
concrete is not required.

2.3.9. Sound absorption and insulation
Sound absorption is defined as the incident sound that strikes a

material and is not reflected. In this sense, concrete is often used as



Fig. 6. Sound absorption coefficients for rubberized concrete and plain concrete (reprinted from Ref. [28]).
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external coating to prevent sound transmission through reflection.
However, when sound waves strike concrete cladding panels, they
are reflected away but are not reduced in magnitude, and it could
represent a problem in enclosed spaces. Rubberized concrete has
been found to be more effective than plain concrete in absorbing
sound in low, normal, and high temperature environment. As re-
ported by Holmes at al., better absorption coefficients were
observed for higher rubber replacement levels (about 15%) [28].
Acoustic absorbance properties were found to be affected by the
size and concentration of rubber particles in concrete, and
increasing the mean dimension and relative amount of the elas-
tomeric filler within the cement mixture led to an increase in ab-
sorption coefficient, as it is possible to observe in Fig. 6.

For as concerns the acoustic insultation properties, a rubber
content of 20% in concrete showed a better response than the
standard concrete, for low frequencies up to 140 dB in the case of
airborne insulation, and up to 190 dB in the case of impact sound
insulation. In the first case, the relative improvement was up to
50%, while in the second case the insulation improvement was as
low as 15%. Therefore, highly filled construction elements could be
conveniently applied to insulate from very low frequency sounds,
such as low frequency instruments (bass guitar, bass drum, etc.),
low frequency road traffic vehicles (heavy trucks, tractors, etc.),
barking dogs, green cuts, and chainsaws. An explanation for this
behavior can be found in the interface between concrete and rub-
ber. The microvoids present in the interface are able to attenuate
and even absorb low frequency sound waves, while their efficacy
for high frequency waves is much lower [99]. A pre-treatment
aiming to modify the surface of the recycled rubber aggregates to
reduce the interfacial bonding with the cement matrix was found
to improve the sound insulation properties of rubberized light-
weight aggregate concretes. As reported by Zhang et al. [100], a
simple cement slurry coating pre-treatment resulted in a weaker
bonding between the rubber aggregates and the cement paste, with
a consequent increase of the vibration absorption capacity and an
enhancement of the noise insulation properties. Noise reduction
effect increased by 58.3% and 67.9% for concrete prepared with
recycled rubber aggregates at replacement levels of 50% and 75%,
respectively. Ghizdavet et al. showed that materials made of con-
crete with 5% of rubber had exceptional values of the sound ab-
sorption coefficient ranging from 0.82 to 0.93, in contrast to the
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control samples with sound absorption values from 0.22 to 0.37
[101]. It has been argued that this remarkable effect was due to the
presence of a large number of rubber grains on the concrete surface
and by the samples texture produced accidently by the mechanical
damaging of the specimens during the preparation stage. In fact,
quite good absorbance values (0.6e0.7) were obtained by simply
producing artificial macroscopic pores in the plain material. The
acoustic absorption capability of concrete is a function of porosity
and of the pore constriction in the cement matrix, which increases
the frictional losses. Therefore, porous concrete with bigger size
aggregates has a higher porosity but lower frictional loss, resulting
in a markedly lower sound absorption coefficient. This implies that
finer andwell-connected poresmay bemore efficient in dissipating
sound than larger pores [102]. Also the shape of the rubbers par-
ticles has a significative effect, as reported in the study of Angelin
et al. [100]. The sound attenuation was higher for rubberized con-
crete with fibrous rubber than with spheroidals elastomeric parti-
cles. It was thus recommended to use the fibrous rubber fillers for
structural elements that need to provide good acoustic
performance.

2.4. Rubberized concrete for additive manufacturing technologies

Nowadays, the integration of advanced technologies and tradi-
tional manufacturing methods is a strategy that is deeply exploited
in different industrial sectors, such as biomedicine, automotive,
aerospace, and design. Unlike traditional methods of casting
cementitious materials into molds or formworks, additive
manufacturing has gained increased popularity in the construction
sector due to the possibility of combining digital technologies and
new insights frommaterial science to allow freeform constructions,
without the use of expensive formworks [103].

In the challenge of proposing increasingly sustainable building
materials, rubber particles of 0e1 mm and 2e4 mm in diameter
were used to replace themineral fraction of a concrete 3D printable
mixture by Sambucci et al. [104]. In this study, they used a concrete
extruder mounted onto a robotic arm in order to print civil struc-
tures through a layer-by-layer deposition, as shown in Fig. 7. The
replacement of mineral aggregates by GTR particles modified the
surface tension of the fresh compound, increasing its fluidity and
ensuring amore efficient layer-by-layer deposition process in terms



Fig. 7. Representative image a 3D printing system and of a rubber-cement slab after 28 days of curing (reprinted from Ref. [105]).
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of adhesion between the deposited strands, compaction of the
hardened material, and mechanical isotropy. It has been found that
the incorporation of rubber particles improved the printing quality
of the mixes over the plain mortar also in terms of inter-layer
adhesion, promoting the mechanical isotropy of the hardened
material. This effect was a consequence of the change in rheology
that rubber induced in the cementitious mixes, increasing its
fluidity and bringing appropriate conditions of humidity between
the printed layers [105]. The ductility of the material increased
upon the addition of rubber particles, but its compressive and
flexural strength was reduced, due to the low density and the poor
rubber-cement interfacial bonding. Therefore, these materials
could find application where structural deformability is a primary
requirement and limited stresses are involved (e.g., flexible paving
bricks, flexible sub-base for pavements, anti-shock barriers).

The replacement of 40% sand with crumb rubber was shown to
be optimum for 3D printing applications by Ye et al. [106]. The
tensile strength and strain at break of the printed material was
4.7 MPa and 7.5%, respectively, but still lower than those realized by
traditional mold-cast technique. The obtained samples showed a
limited anisotropy in flexural strength, but a significant anisotropy
in flexural deformability, compressive and flexural energy dissi-
pation capacity. Partial sand replacement with rubber provided
good mechanical properties, but it is clear that replacing the entire
amount of sand with tire rubber would be the optimal solution to
increase the recycling rate of rubber and to save natural resources.
A 3D-printed cementitious mortar with cement-coated recycled
crumb rubber was developed by Liu et al. [107]. In this work, three
different cement/rubber weight ratios (i.e., 0.25, 0.40 and 0.55)
were designed, to achieve a different extent of cement coating on
the rubber surface. The strength in the direction parallel to layer
deposition gradually increased with the dosage of cement coating,
while in parallel direction the maximum strength increment was
registered for a cement/rubber ratio of 0.4 (25.7%). Moreover, the
anisotropy in the compressive strength of 3D-printed specimens
was more pronounced for higher ratios of coating, while it was
almost negligible in the 3D-printed specimens with a cement/
rubber ratio of 0.25.

3. Tyres rubber in asphalt

Nowadays, the utilization of waste materials in pavements
construction has gained much attention, in order to consume them
without compromising the pavement quality [14]. The use of scrap
tyre rubber as a modifier for asphalt has been developed for more
than 50 years. However, since the late 1980s, the emphasis for this
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approach was focused on the use of scrap tyres to partially solve the
environmental problems related to the end of life management of
solid waste [14]. Pavement performance is a key component in
determining if the use of scrap tyre rubber is cost-effective. The
benefits of using rubber modified asphalts have been widely
experienced and recognized, and the incorporation of GTR into
asphalts is likely to increase in the future [108]. In fact, the com-
bination of asphalt with polymers can inhibit the formation of
cracks and can prolong pavement life [109]. More generally, road
pavements are mostly built with asphalt mixtures, to provide good
long-term performance and increase the constructive quality.
Asphalt mixtures are typically viscoelastic materials, mainly
composed by an asphalt binder, mineral fillers and aggregates. The
asphalt mixture performance is dependent on the filler properties,
and the interaction between the fillers and the binder can greatly
influence the mechanical performance of the resulting materials
[110]. Plastic deformation caused by vehicle traffic loads on pave-
ment surface is one of the most problematic types of deterioration
in road engineering. Such deformations reduce the service life of
the pavement and increase the rehabilitation and maintenance
costs. Many studies documented the impact of fillers on the
improvement of the fatigue life, moisture susceptibility and rutting
resistance of asphalt mixtures [110]. Many design factors should be
taken into account for these issues, such as the mineral skeleton,
the aggregate properties, the filler content and the binder quantity
[111]. For example, the type of bitumen used in the asphalt mix
strongly influences the plastic deformation of the resulting mate-
rial, since the mixtures can be manufactured with conventional
bitumen or bitumen modified with elastomeric or thermoplastic
polymers. Modified bitumen has been considerably developed in
the last decades, and it generally has a higher viscosity, lower
thermal susceptibility and higher plastic deformation resistance
with respect to conventional bitumen [112]. However, the price of
polymer-modified binders is considerably higher than that of
conventional bitumen, and it could often limit its use. For this
reason, it is necessary to seek cost-effective ways to mitigate and/or
prevent rutting in pavement surfaces. In this sense, the use of
crumb rubber from end-of-life tyres in bituminous mixes could
represent a viable approach to improve mix performance and
prevent plastic deformation. The addition of crumb rubber to
asphalt mixes generally enhances the viscosity and elasticity of the
bitumen and, at the same time, increases its resistance to aging and
to rutting [112]. This chapter deals with the methods of incorpo-
rating recycled rubber in asphalt mixtures, with a discussion on the
main features of the resulting materials in terms of workability and
plastic deformability.
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3.1. Approaches to incorporate rubber into asphalts

Crumb rubber or reclaimed plastics can be incorporated in
asphalt mixtures with two approaches: the wet process or the dry
process. Fig. 8 reports a schematic description of both techniques.

The technology withmost evidence of success, demonstrated by
roads built in the last 40 years, is the rubberized asphalt mixture
obtained through the so-called wet process. Since 1960s, asphalt
mixtures produced with the wet method have been used in
different parts of the world to solve different quality problems and,
despite some downsides, in the most cases they enhanced the
performances of the road pavements [14]. The wet process, in
which the crumb rubber works like a binder modifier, has been
initially developed by Charles McDonald. In this technology the
crumb rubber (or plastics), added in concentrations between 5 wt%
and 25 wt% with respect to the bitumen, is first mixed with the
bitumen, and it is then added to the mix as a modified binder [113].
The reaction stage between rubber (or plastic) and the bitumen is
called digestion time, and it usually takes place in conditioned
containers in the mixing plants. Digestion time is one of the critical
parameters that determine the final performances of the asphalt
Fig. 8. Schematic representation of the wet and dry process in a discontinuous asphalt plan
Ref. [108]).
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mixtures. An appropriate digestion time before compaction could
assist the interaction between asphalt and the added rubber [110].
An elevated rubber content produces binders with viscosity above
1500 cPs at 177 �C [114], and an elevated viscosity of the modified
bitumen allows a better coating of the aggregate particles, without
exudation or drainage problems, increasing also the elasticity and
the resilience at high temperatures of the resulting material.
However, it also shows some limitations, like dimensional insta-
bility, elevated mixing temperatures (around 180 �C), and the need
of an expensive equipment. In fact, as also reported in Fig. 9, in the
wet process waste rubber (or plastics) is blended with bitumen at
high temperatures to produce bituminous binders that can be then
mixed with the aggregates. Therefore, the wet process requires a
specific equipment to shred the rubber into powder andmix it with
hot asphalt binder afterward. Studies demonstrated that blending
of rubber and asphalt through the wet process is a physical pro-
cedure in which rubber particles could absorb the lightweight
components contained within the asphalt to form a dispersed
viscoelastic phase at high temperature. Plastics with relatively low
melting point, especially polyethylene, are suitable for this process
[108]. In the wet process, high temperature and long mixing time
t. Valves (a, b, d) open ¼ wet process; valves (c, e) open ¼ dry process (reprinted from



Fig. 9. Schematic representation of the preparation of the bitumen/rubber mixture in the wet method (reprinted from Ref. [116]).

Fig. 10. Representative scheme of the dry process for the preparation of modified asphalt (reprinted from Ref. [116]).
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are both needed to obtain homogeneously mixed rubber modified
asphalt. On the other hand, it has been reported that the wet pro-
cess, if performed elevated temperatures, could also lead to haz-
ardous emissions by the rubber particles, with some serious
environmental concerns [115].

The second process to incorporate rubber into the asphalt is the
dry process, in which the crumb rubber partially replaces the ag-
gregates in the mix. For instance, this kind of mixtures has been
distributed in Scandinavia under the trade names ‘Skega Asphalt’ or
‘Rubit’. This technology has been then patented in the United States
in 1978 under the trade name PlusRide [117]. Generally speaking, in
the dry process the crumb rubber, with particles size between 0 and
2 mm, is added directly in the mixing process to replace 1e3 wt% of
the fine aggregates, as schematized in Fig. 10. Recycled rubber and/
or plastics are added directly into the mixture as either aggregate
replacement or as mixture modifier. The aggregate replacement
approach is commonly used with recycled plastics with high
melting point, such as PET and polystyrene (PS), while the mixture
modifier approach is virtually applied to all types of recycled
plastics (e.g., polyethylene, polypropylene, PET, and PS), except for
polyvinyl chloride (PVC) due to hazardous chloride emissions
concerns [110]. When recycled plastics with a melting point below
the mixture production temperature are utilized in the dry process,
they will melt upon mixing with the hot aggregates and produce
plastic-coated aggregates with potentially improved physical and
surface properties. In this sense, the dry technology seems a rela-
tively simple and energy-saving process. Although dry process has
some advantages, like higher crumb rubber concentration, it has
been less utilized with respect to the wet process in the last
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decades, because it produced unsatisfactory results deriving from a
poor interaction between the crumb rubber and bitumen [2]. In
order to overcome this limitation, it is necessary to have a digestion
time between 45 and 180 min before placing the mixture on site
[118]. In this way, the crumb rubber added in the dry process
partially loses its elastic behavior and can also act as a binder
modifier. Therefore, nowadays the main disadvantage of this
technology is the need to have long digestion times [114].

The absorption of paraffin and maltenes by the carbon black
transferred to the bitumen and the rubber respectively resulted in
an improved asphalt pavement, with increased stiffness and higher
resistance to permanent deformation with respect to asphalt
pavements made with conventional bitumen or with a styrene-
butadiene-styrene (SBS)-modified bitumen. The role played by
carbon black in bitumenmodification is not negligible and could be
as important as that played by the rubber [119]. It can be therefore
concluded that the main difference between dry and wet tech-
niques is that the wet method modifies more effectively the
properties of the binder, since the crumb rubber particles directly
interact with it [120].

3.2. Stability and flowability

Marshall stability test, showed in Fig. 11, analyses the flow of
bitumen and is applicable to the mix design of bitumen and ag-
gregates with maximum size of 2.5 cm. It is extensively utilized in
routine test programs for the paving jobs. The stability of the mix is
defined as the maximum load sustained by a compacted specimen
at a standard temperature of 60 �C. The flow of the mix is measured



Fig. 11. Experimental apparatus utilized for the Marshall stability test (reprinted from
Ref. [121]).
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as the deformation (in units of 0.25 mm) between no load and the
maximum load sustained by the specimen during stability test
(flow value may also be measured by deformation units of 0.1 mm).

Upon rubber introduction in the mixture, it is also possible that
the height of theMarshall test specimens increases by an average of
3 mm after compaction and cooling, because rubber deformed
during the compaction could partially recover its shape when
cooled to ambient temperature [122]. This test is utilized to deter-
mine the optimum binder content for a specific aggregate mix type
and traffic intensity. The ratio of stability to flow is recognized as an
indicator of the resistance of the material to shear stress and is also
related to the mixture's resistance to permanent deformation.
Therefore, high ratio values indicate that the asphalt mixture will
present higher stiffness and creep resistance [123]. Marshall sta-
bility test can give also important indications of the performance of
the mixture at high temperatures [124]. Asphalt mixtures with
lower flow values are less susceptible to permanent deformation at
high service temperature but aremore sensitive to low temperature
thermal cracking. Because the specific gravity of rubber is far lower
than that of the aggregates, the density of rubber modified asphalt
mixtures decreases with the rubber content. Considering the lower
compressive strength and the higher elasticity of rubber, the sta-
bility and flow of the mixtures decrease with the rubber concen-
tration [125]. Therefore, the incorporation of crumb rubber in dry-
process bituminous mixes generally improves their resistance to
permanent deformation, thanks to the elasticity of the rubber par-
ticles [126]. The performance of the resulting asphalt depends on
the internal morphology of the mixture, and in particular by the
aggregate distribution and connectivity [127]. A higher compaction
load at relatively low temperature can lead to a better aggregate
connectivity, resulting in better mixture stability. According to the
work of Moreno et al., digestion time did not significantly affect the
choice of the optimal bitumen content in the mix [126], but the
properties of the mixtures obtained through the dry method were
influenced by the digestion time. Ozturk et al. reported an optimal
digestion time of about 90 min [128], while according to Moreno
et al. the duration of this process could be shortened to 45 min,
leading to a more effective mix production at the worksite [118].
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Nguyen et al. observed that the ideal content of crumb rubber
required to significantly improve the Marshall stability is 2 wt%
[113]. At this rubber concentration, the Marshall stability values of
dense-graded mixes were increased of almost 70% when the
digestion time was increased from 1 to 5 h. The digestion time
played an important role in enhancing the Marshall stability of the
mixes, and it was assumed that the swelling and the softening of
crumb rubber particles due to the absorption of the aromatic oils
contained in the asphalt binder continued throughout the whole
digestion process. Bakheit et al. prepared samples for the Marshall
test mixing through wet and dry method coarse rubber aggregates,
fine rubber aggregates, andmineralfiller [129]. The results indicated
that the Marshall stability of both mixing methods increased with
the addition of crumb rubber up to a concentration of 12%, and then
decreased, because of the detrimental effect played by a higher air
void content, compaction difficulties and rubber segregation [119].
Nonetheless, using fine rubber particles as filler, which tend to be
homogeneously distributed within the asphalt mixture, could help
to obtain an easier compaction [2]. Moreover, particular attention
should be devoted to themixing system, as low shear forces used to
mix rubber particles and bitumen led a to reduction in Marshall
stability and an increase in vertical deformation, implying also a
reduction in the rutting performance [130].

3.3. Rutting resistance

Rutting is the permanent deformation of pavement layers that
can accumulate over time. It is the result of deformation that can
occur in one or more asphalt pavements layers (Fig. 12). If it occurs
on the uppermost layer, it is called surface rutting, while if themain
component of deformation originates in the sub-grade it is defined
structural deformation. Asphalt concrete under the influence of
freight traffic is subjected to stress and, especially in the highways,
rutting is commonly due to high canalizations and high repetition
traffic [131].

The deformational properties of the pavement are also a critical
factor in determining its rutting propensity. The probability of
generation of shear strains in asphalt concrete is higher when the
pavement temperature is high [133]. Asphalt modified with
different rubber and plastic wastes could show remarkably
different compatibility and rheological properties of the resulting
blends, but the addition of waste plastic generally enhances the
rutting resistance of the asphalt [134]. The addition through a dry
process of large quantities of crumb rubber to the mix (1.5 wt%)
greatly improved its response to plastic deformations and so the
rutting resistance [118]. Even for lower crumb rubber contents (0.5%
and 1.0%), the deformation values were similar to those obtained
with a high-performance bitumen. Arabani et al. found that the
stiffness modulus of asphalt samples containing different amounts
of tyre thread was noticeably higher in comparison to that of un-
filled samples [133], with a consequent increase of the rutting
resistance. Moreover, this stiffness modulus enhancement was not
associated to an increase of the brittleness of the samples. These
pavements could be therefore used in sites subjected to an almost
permanent load. As evidenced by Cao et al., the addition of tyre
rubber in asphalt mixtures using the dry process improved the
resistance to permanent deformation also at high temperature
(>60 �C) and resistance to cracking at low temperature (10 �C). The
asphalt mixture containing 3% of tyre rubber showed the best
performance both at high and low temperatures, as confirmed by
rutting tests and indirect tensile tests [125]. Moreover, it was re-
ported by Nguyen et al. that the rutting resistance of asphalt mix-
tures prepared through dry process was similar to that of the
corresponding mixtures prepared through wet process, and the dry
process could be thus utilized to develop asphalt mixtures applied



Fig. 12. Examples of rutting phenomena in asphalt pavements (reprinted from Ref. [132]).
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in flexible pavement tomitigate rutting distress [113]. The Hamburg
Wheel Tracking test was conducted to evaluate the rutting resis-
tance of rubberized asphalt mixes, and it was highlighted that
dense-graded mixtures with 1.5% and 2% crumb rubber had similar
levels of rut depth (2.08 mm and 2.09 mm, respectively), while
unmodified asphalt normally ranged from 6 to 10mm. Tahami et al.
evaluated the possibility to use high contents of crumb rubber
powder as filler in asphalt mixes, providing further developments
in the dry method by considering the effect played by the curing
process, and utilizing micro-scale sized rubber fillers [2]. In their
work, the conventional filler was replaced with a rubber concen-
tration of 20, 40 and 60 wt%. The rut depth obtained through wheel
track test highlighted that a 20% rubber replacement led to an
improved rutting resistance, while the addition of a higher rubber
content in the asphalt mix did not exhibit a proper rutting resis-
tance compared to control mix. However, when the 60 wt% rubber
filled asphalt sample was exposed to 2 h curing in oven at 165 �C,
this mix exhibited better rutting resistance than the control mix,
indicating that if the performances of the mixes at elevated rubber
contents were weakened, they could be improved by the curing
process. Moreno et al. found the dry process to be more effective
than the wet process to compound crumb rubber in asphalt, as the
dry-process prepared mix with 1.5% crumb rubber led to lower
permanent deformation values than the reference sample made
with polymer-modified bitumen [120]. The dry-process mixes
showed a higher elastic modulus than the corresponding wet-
process samples. In both cases, the mixtures with the largest con-
centration of crumb rubber were more elastic than the rubberized
mixes with lower rubber amounts. Because of the resilience of the
rubber, they were able to better recover the applied deformation.
Chen et al. studied asphalt mixturesmodifiedwith different ground
tyre rubber (GTR) amounts, ranging from 2.6% up to 4.5% [135]. One
dense-graded asphalt mixture was modified with 2.6 wt% GTR, and
it was designated as 2.6% DGTR. In Fig. 13, the rutting depth of the
eight mixtures is shown, and all the samples presented a rutting
depth after 5000 wheel passes below the 12.5 mm threshold,
passing thus the criteria of the rutting test. The addition of GTR in
dense-graded mixture could enhance the rutting resistance, but its
rutting depth after 5000 passes increased rapidly. The rut depths for
GTR modified mixtures varied between 3.3 mm and 6.8 mm after
20000 passes, demonstrating thus an excellent rutting resistance.

Feiteira Dias et al. evaluated the performance of dry process fine
crumb rubber asphalt mixtures placed on the Portuguese road
network [136]. As the rubber particles were very fine (i.e., nominal
size <0.6 mm), the interaction between the rubber and the binder
occurred more easily, allowing a certain modification of the heated
bitumen. The mixture with 1.5% of fine rubber showed a better
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rutting resistance with respect to the control mix, because of the
increased viscosity of the mixture. This could be particularly useful
for locations where in-service pavement temperatures are very
high. In another study performed by Picado-Santos et al. on
rubberized asphalt on Portuguese road network, a pavement con-
taining crumb rubber mixed with the dry method allowed a
reduction of the construction costs of the 40% and showed a min-
imum durability of 12 years, if exposed to the open traffic (see
Fig. 14) [137].

Bakheit et al. modified the dry method for cryogenically mixing
grinded crumb rubber with asphalt and aggregates at different
relative concentrations, and the rutting resistance of the resulting
materialswas then assessed [129]. It was observed that the dynamic
stability, defined as the number of cycles required to produce 1 mm
of rut depth, increased with the rubber content. Moreover, the
addition of cryogenically grinded rubber led to a better permanent
deformation resistance than the control mix both for dry and wet
method preparedmixtures. In order to improve the performances of
dry mixed rubberized asphalt, Yan et al. verified that amorphous
poly-alpha olefin compounded with GTR in modified asphalt had
noticeable high temperature and aging resistance [138]. Few liter-
atureworks reported aworse rutting resistance ofmodified asphalts
preparedwith the drymethodwith respect to those developedwith
the wet ones, due to the longer digestion times required to achieve
good properties in the dry technique [114]. For instance, Riekstins
et al. reported aweaker resistance to rutting, fracture toughness and
low-temperature resistance for all the mixtures obtained with the
dry method [122]. Rubber modified asphalt manufactured by wet
process exhibited significantly better fatigue and low-temperature
resistance than the control mixtures, even in the case of polymer-
modified bitumen. Instead, dry process rubber modified asphalt
gave unsatisfactory results, probably because of the limited cohe-
sion between aggregates, bitumen, and rubber.

3.4. Noise absorption properties

Environmental noise is a worldwide problem that negatively
affects the quality of life of urban population. Functional charac-
teristics of pavements, such as the acoustic properties, are strongly
affected by the construction technology, the climatic and service
conditions. As a result, a limited number of studies focused on this
issue can be found in literature. The sound emission due to the
interaction between tyre and pavement and the sound absorption
capability of the asphalt are also function of the pavement surface
type and texture, the pavement stiffness, the design and pattern of
the tire [139]. Eskandarsefat et al. investigated the noise absorption
capability of an asphalt containing 1% of crumb rubber added



Fig. 13. (a) Average rutting depth of asphalt mixtures after 5000 passes at 50 �C; (b) rutting depth development of asphalt mixtures at 50 �C. SIP ¼ Stripping Inflection Point
(reprinted from Ref. [135]).
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through the wet method by using close proximity measurements
[140]. These acoustic tests did not showany significant difference in
the asphalt samples with and without rubber. This could be ex-
pected, since the different asphalts presented similar mix design,
surface texture, and stiffness values. This result was confirmed also
by previous studies, that showed no significant noise absorption
difference in the samples with and without rubber powder, until a
rubber content of 8% [139,141]. On the contrary, Paje et al. found a
significant noise reduction (around 2.5 dB at 80 km/h)when 20wt%
of crumb rubber was added by a wet process into the bitumen
[142]. Acoustical monitoring with a semi-anechoic chamber
(shown in Fig. 15) highlighted that the noise reduction, due to the
incorporation of crumb rubber, mainly took place in a frequency
interval between 630 Hz and 2 kHz, that corresponds to the typical
frequency spectrum generated by traffic noise. The capacity to
reduce tyre/pavement noise of the rubber mixture decreased by
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around 0.5 dB after 3 years in service conditions, while the con-
ventional mixture without rubber, taken as reference, showed a
reduction rate of around 0.15 dB per year [143].

Therefore, considering the effect of the introduction of recycled
rubber on the physical properties of asphalts, it can be generally
concluded that the reuse of rubber from waste tyres not only im-
proves the environmental impact of asphalts by reducing deposits
at landfills, but also gives higher added value mixtures with better
physical features [120].

4. Tyre rubber in geotechnical applications

In addition to the civil engineering applications discussed in the
previous chapters, several studies have been carried out in order to
evaluate the feasibility of the addition of rubber waste in
geotechnical applications, where used tyres can replace



Fig. 14. General (a) and detailed (b) views of the prevailing pavement condition after 8 years (reprinted from Ref. [137]).

Fig. 15. Equipment for the simultaneous measure of tire/pavement noise and surface profile following identical wheel-paths (reprinted from Ref. [143]).
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conventional construction materials such as inerts or aggregates.
The design engineer is responsible for determining the appropri-
ateness of using scrap tyres for the specific application, in order to
guarantee both the easiness of the construction and the environ-
mental protection. Generally speaking, the utilization of rubber in
geotechnical engineering is based upon the unique characteristics
of this material, as listed below [144]:

▪ high durability of tyres constituents, such as carbon black and
antioxidants, that can enhance the resistance to wear, chemical
decomposition, and sunlight

▪ rubber is relatively impervious to moisture absorption
Fig. 16. Representative images of retaining walls re
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▪ rubber tyres have a low density, and they are a poor thermal
conductor, giving thus better thermal insulation properties than
soil or aggregates

▪ rubber has an elevated hydraulic conductivity.
▪ rubber has a high compressibility and is able to absorb
vibrations.

▪ rubber has good acoustic insulation properties.

ELTs have been used for constructing soil retaining walls, where
the tyres are filled with soil or crushed rocks (see Fig. 16). This
system shows excellent drainage and superior stability compared
to conventional retaining soils, and it could be applied for sea
inforced with ELTs (reprinted from Ref. [146]).
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embankments, in order to inhibit erosion near sea, for artificial
reefs in marine environments, for temporary and heavy-load roads,
and for off-shore breakwaters [145].

High-performance composite panels can be developed using
waste tyres sandwiched between stable precast concrete skins. This
modularwall system can be used for sound barriers, retainingwalls,
cyclone shelters, sea and blast walls, and even for racetrack impact
barriers [147]. Crumb rubber collected from end-of-life tyres and
short fibers can be introduced into the epoxymatrix core to produce
sustainable and eco-friendly railway sleepers, having reduced cost
and better mechanical performances [148]. By using rubber crumbs
as drainage layer in green roofs in place of porous stone currently
used in some commercial solutions, it is also possible to reduce the
consumption of these natural materials, which require large
amounts of energy in their manufacturing process [149]. Moreover,
whole or low-processed scrap tyres can be applied in natural
disaster risk reduction applications, such as earth retaining struc-
tures, seismic retrofitting systems, load-bearing elements, and
drainage systems [150]. Beside these applications, the crumb rubber
is widely used in geotechnical engineering to replace aggregates,
and their application is expected to further increase in the future
[11]. Waste tyres can be crushed into small pieces and mixed with
soil or sand to achieve beneficial performances, in terms of better
elastic deformation and shear strength, and higher permeability.

Waste rubber is also widely used to strengthen sand and
expanded clay soils, thanks to the good interaction between rubber
particles and soil, as demonstrated by direct shear, triaxial, swell-
shrinkage, and uniaxial pull-out tests. Saberian et al. highlighted
that recovered concrete aggregates containing nomore than 0.5% of
fine and coarse rubber could be successfully used for constructing
the base and the subbase of pavements [151], while a further in-
crease in the size and content of rubber had a negative effect on the
permanent deformation behavior of the concrete. This reduction
could be traced back to themain rubber skeleton in the samples, that
prevented the contact of rigid particles. As reported by Contreras-
Marín et al., rubber granulates from ELTs possessed instead a great
potential as backfill material behind retaining walls, leading to a
decrease in lateral earth pressure, as a result of the low unit weight
and lack of cohesion of the tire granulates [152]. Jaramillo et al.
evaluated the potential of recycled tire rubber, used both as chips
and in fiber form, for clay soil reinforcement [153]. Regardless to the
size, 5% rubber addition resulted in similar maximum dry density
values, while the optimum moisture content was influenced by its
specific surface area. Tire rubber introduction improved the me-
chanical behavior of natural soil, and fiber reinforcement led to a
superior interfacial bonding if compared to rubber chips. The elastic
behavior of clay soil was enhanced by the rubber introduction,
especially at limited stress levels. In a study of Eslami et al., the
effectiveness of a mixture of clay soil and rubber waste, utilized as a
sustainable construction material, was investigated [154]. Rubber
inclusion in the clay soil mixture caused a reduction in the
compression strengthwith respect to theneat clay, and the elasticity
of the mixtures decreased with the rubber content. The modulus of
elasticity declined sharply until a rubber amount of 10%, and then
gradually decreased for higher rubber concentrations. A comparison
between the modulus of elasticity of the mixtures containing
recycled rubber with different shape indicated that the higher
stiffness valueswere obtained byusing granular rubber. On the basis
of these results, an optimal amount of 10% granular rubber was
identified for these clay soil mixtures. A reduction in compression
strength was also detected in soil samples containing waste rubber,
and the extent of this reduction was dependent by the shape of the
rubber introduced.

However, there are still some environmental concerns related to
the use of GTR in geotechnical applications, due to the potential
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release of toxic and/or pollutant additives contained in the rubber
onwater and on aquatic organisms, and this issue should be further
explored in the future [155].

5. Conclusions

ELTs are one of the most important environmental problems
facing scientists and governmental organizations around theworld.
Millions of ELTs are generated and stockpiled every year, often in an
uncontrolled manner, representing an environmental threat for the
future generations, as they are durable and not naturally biode-
gradable. Furthermore, the sites available for disposal of tyres are
getting fewer and landfilling ofworn tyres has been recently banned
in many countries. Therefore, it is crucial to find ways for their
alternative utilization by means of recycling. Recycling tyres in civil
applications seems to be an interesting option, both from an envi-
ronmental and economic point of view, considering also that the
material consumed could be very large. In fact, the addition of even
small amounts of waste tyre rubber in constructions could enable a
large volume of stockpiled tyres to be eliminated. Although further
research needs to be done in the future, tyre rubber can be suc-
cessfully used in a substantial number of civil engineering applica-
tions, and it is an attractive alternative to developmore durable and
sustainable materials with increased performances. Waste rubber,
mainly coming from tyres and with different size and shape, can be
re-used in the production of rubber composites, as an aggregate or
additive in cement products (also processed through novel additive
manufacturing techniques), in road construction, as lightweight fill
for embankments or as backfill material for retaining walls.

The use of crumb rubber and tyre granules in concrete has been
the subject of many research projects in the recent years. The re-
sults of these studies show that rubber modified concrete can be
used in applications where the mechanical properties are not of
primary importance. While compression and flexural strength are
reduced by the presence of rubber, toughness and crack resistance
are improved. Moreover, freeze-thaw resistance and properties
related to the water absorption, like corrosion resistance, can be
improved by the introduction of crumb rubber in the mixture. Also,
thermal insulation and acoustic absorption are enhanced if
compared to plain concrete. Moreover, waste tyre rubber can be
used as a bitumenmodifier or as aggregate in asphalt mixtures. This
can be performed either by the wet or by the dry process. Roads
made of rubberized asphalt mixed with aggregates have been
widely developed around the world, with satisfactory results.
Rubberized asphalt has been proven to have a better workability,
rutting resistance, and good noise absorption properties, and its
service life can be longer than that of conventional asphalt. More-
over, it is possible to build roads made of rubberized asphalt in a
wide range of climatic conditions. Tyre chips could be also utilized
in geotechnical applications, because they can provide excellent
drainage and superior stability to wall systems in unstable soil
conditions. The use of tyre rubber as a lightweight geomaterial for
embankments or for retaining walls, and as soil reinforcement, is
very promising and should be further promoted in the future.
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