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HIGHLIGHTS

« A novel approach for treating crumb rubber before incorporation into the concrete.
« Thermally-treated rubber has a relatively strong bond with the concrete matrix.

« The effects of heating time, rubber size, and rubber content have been investigated.
« Significant increase in compressive and tensile strengths of crumb rubber concrete.
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The concept of using crumb rubber as a partial replacement of natural aggregate in concrete to produce
rubberised concrete and reduce environmental impacts has been a subject of research for many years. A
plethora of studies have investigated various methods to improve the rubberised concrete strength using
different pre-treatment methods for the rubber particles and/or using other additives for general con-
crete strength enhancement. However, the efficiency and applicability of these methods have been quite
inconsistent and in some cases in conflict with each other. This study presents a novel approach to pre-
treating crumb rubber particles using thermal treatment at 200 °C before incorporation into concrete.
Heating time, rubber size, and rubber content were the variables in this experimental investigation.
Scanning electron microscope (SEM) investigation was carried out on both as-received and thermally-
treated rubber particles, as well as crumb rubber concrete (CRC) specimens. The results showed promis-
ing enhancements in concrete performance compared with the previous work findings. At 20% rubber
content using size #40 mesh thermally-treated rubber, the compressive strength recovered by 60.3%.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

The amount of used tyres being sent to landfill is a significant
environmental problem. Worldwide, more than 1.0 billion tyres
are produced and are expected to be discarded to landfill every
year [1]. In Australia, 49 million tyres are disposed of annually
and only 16% of those are recycled [2]. Tyres are unable to be bur-
ied in landfill due to their properties such as low density and poor
degradation ability. The accumulation of used tyres in landfill
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poses environmental issues such as fuel for fires which cause
uncontrolled pollution, providing a breeding ground for mosqui-
toes, and producing a mix of chemicals that can harm the environ-
ment and contaminate the soil and vegetation [3]. Since rubber
tyres are a non-biodegradable material, their proposed use in con-
crete as a partial aggregate replacement addresses and aids in com-
bating these environmental issues, and can potentially extend their
lifespan by an additional 100 years.

The strength of crumb rubber concrete (CRC) is low compared
with that of traditional concrete, due to the hydrophobic nature
and low stiffness of rubber. While the concrete is curing, rubber
repels water, which disturbs the flow of water in the concrete
matrix and hence leads to lower curing efficiency. In addition,
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the low stiffness of rubber helps it stretch or compress under stress
resulting in crack propagation in the surrounding cement paste [4].
This leads to the imperfection of bond at the rubber/cement inter-
face, hence leading to strength reduction [5]. Most researchers
have reported that crumb rubber aggregate results in lower
strength losses compared to those when using coarse rubber
aggregate [6-10]. This is ascribed to the fact that the crumb rubber
particles cause less voids in concrete and they have relatively bet-
ter adhesion with the surrounding cement material.

Rubber products are a combination of long polymer chains
which are mostly crosslinked with sulphur bridges, giving a com-
plex structure. Recovery and recycling of rubber products presents
challenges owing to the irreversible sulphur bonds between rubber
chains [11]. Many studies have suggested modifying the surface of
rubber particles through physical or chemical treatment to change
their hydrophobicity and consequently increase their bonding with
cement in order to improve the compressive strength of CRC [12-
17]. Li et al. [18] reviewed the performance of high-strength CRC.
They concluded that when using as-received rubber in conjunction
with less than 10% rubber content by volume, the strength losses
were about 25%. If the rubber content is no more than 20%, the
strength losses were about 30%. When rubber content was higher
than 20%, the strength significantly decreases. Several approaches
have been established and developed to improve the strength of
CRC. These approaches are mainly directed to enhance the rubber
particle’s surface by water washing, chemical treatments or coat-
ing rubber particles with different materials, to enhance the bond
between the rubber particles and the cement matrix. However, the
experimental findings of these approaches are quite inconsistent
and in some cases conflict with each other. At 20% rubber content,
Mohammadi et al. in [12] and in [16] reported 28% and 11.2%
strength recoveries when treating rubber for 24 h by Sodium
Hydroxide (NaOH) solution and soaking in water, respectively.
However, at the same rubber content, Youssf et al. [17] showed
that NaOH rubber treatment for more than 0.5 h (strength recovery
of 35.2% at 0.5 h) adversely affected the strength. In addition,
Youssf et al. in [19] showed only 22.3% strength recovery when
soaking rubber in water for 24 h. The strength recovery is the ratio
between the strength gained (by pre-treating rubber) to the
strength lost when using as-received rubber, see Eq. (1). Najim
and Hall [15] washed rubber with water and showed 6.8% strength
recovery when applied on 38% rubber content.

Huang et al. [20] suggested an approach for enhancing the per-
formance of rubber-modified cement composites through two
stages. They modified the rubber particle surface by using silane
coupling agent, then cement was used to coat the treated rubber
particle. Later, this approach has been improved by Dong et al.
[13] by developing a cementitious coating layer around rubber par-
ticles with silane coupling agent. They observed 21% and 36.7%
compressive strength recovery at 15% and 30% rubber content,
respectively. Onuaguluchi [14] coated rubber (15% rubber content)
particles with limestone powder, and recorded 15% strength recov-
ery. Balaha et al. [21] applied NaOH solution pre-treatment for
mixtures included 20% rubber content and were able to decrease
the strength losses by 10%. Other researchers also reported CRC
strength enhancements through a range of pre-treatment methods
including: Eldin and Senouci [22]; Pelisser et al [23]; Su et al. [24];
and Hamza and Ghedan [25].

Strength recovery(%) = Ste = Sar (1)
SC - SAR

where Stg, Sar, and Sc are the strengths of treated rubber concrete,

as-received rubber concrete, and control concrete, respectively.

Other researchers who reported negligible improvement in
compressive strength, even though they used pre-treatments that
were basically the same as those reported in the previous

paragraphs included: Deshpande et al. [26]; Tian et al. [27]; Li
et al. [28]; Turatsinze et al. [29]; Albano et al. [30], and Raffoul
et al. [31]. For example, Tian et al. [27] observed that rubber pre-
treatment with the inorganic salt Calcium Chloride (CaCly)
improved the strength of CRC; however, organic, acidic, and alka-
line solutions did not effectively enhance CRC strength. Raffoul
et al. [31] tried pre-wash of rubber by water and then air drying,
without getting any strength improvement.

Despite the findings of all these studies, applying chemical
modification in the course of preparing concrete is probably not
favourable to the construction industry due to the chemical waste
that is generated, the higher costs that are added, and the longer
processing time. Due to the compressive strength losses and the
issues with the rubber pre-treatment methods tried to date, CRC
use in structural applications in the construction industry is still
limited, primarily to laboratory tests [32-40]. This paper intro-
duces a new and novel approach of rubber pre-treatment by con-
ducting thermal curing of the rubber particles before mixing
them into concrete. The hypothesis in this research is that thermal
treatment would change the rubber particle’s surface topology, as
well as its stiffness, which would improve the strength of CRC. The
morphology of crumb rubber particles after thermal treatment was
studied and compared to that of as-received rubber. The mechan-
ical properties including compressive and tensile strengths were
measured to test the CRC performance using the proposed pre-
treatment approach. The results of this study may open a new
route of pre-treating crumb rubber that may be attractive to a wide
range of applications in the construction industry.

2. Experimental program
2.1. Materials

General purpose cement of 3.15 specific gravity, according to the Australian
Standard (AS) 3972-2010 [41], was used as the binder for all concrete mixtures.
Two nominal sizes of dolomite stone as coarse aggregates, 10 and 20 mm, with
specific gravity of 2.72, unit weight of 1590 kg/m* were added. Natural river sand
with a maximum aggregate size of 5 mm, specific gravity of 2.65 and unit weight
of 1420 kg/m> was employed as fine aggregate. Four different sizes of commercial
crumb tyre rubber were added separately to the mixtures with product names;
#40 mesh, #30 mesh, 1-3 mm, and 2-5 mm. The specific gravity and unit weight
of rubber used was 1.15+0.012 and 530 kg/m?>, respectively. Fig. 1(a) provides
the sieve analysis of each concrete aggregate used. Fig. 1(b) shows the sieve analysis
of the overall mixed fine aggregates (sand and different rubber sizes) with the stan-
dard grading limits according to AS 2758.1:2014 [42]. Superplasticizer (MasterGle-
nium SKY 8708) with specific gravity of 1.085 was added to control the concrete
workability.

2.2. Preparation and concrete casting

Preparation procedures followed in this study were as per the AS 1012.2:1994
[43]. Non-treated rubber (as-received) and thermally-treated rubber were used in
the course of this study. The thermally treated crumb rubber was prepared using
a common furnace at constant temperature of 200 °C. It is noteworthy that the fur-
nace was connected to a duct and funnel filter which sucks and filters all smoke
before transferring into the air for more environmental safety. Three different heat-
ing times were used namely; 1 h, 1.5 h, and 2 h. Each 150 g of as-received crumb
rubber was placed into an aluminium foil tray of 250 x 300 mm and then trans-
ferred to the preheated furnace. The thermally treated rubber was then moved into
a fume hood to cool down and be weighed. The specific gravity of the thermally-
treated rubber was measured as 1.19 + 0.015. It was also noticed that some of the
rubber particles were clumped together into larger pieces after the thermal treat-
ment. These pieces were simply broken up back into finer particles by smashing
them with a mallet. Fig. 2 shows the method of preparing thermally treated rubber.
Crumb rubber was used at fractions of 0, 10, 20, and 40% by volume as a partial
replacement of the concrete fine aggregate. At 20% rubber content, different rubber
sizes of #40 mesh, #30 mesh, 1-3 mm, and 2-5 mm were used to investigate the
effect of rubber particle size on the proposed treatment approach. Table 1 sum-
marises the different components of all concrete mixtures used in this study.

The concrete mixtures were designed according to AS 1012.2 [44]. The target
compressive strength of the control mix (M1) was 50 MPa. All mixtures were
designed with constant water to cement (W/C) ratio of 0.5 and SP dosage of
0.55% by cement weight. The fine/coarse aggregate ratio was 1/1.2 by weight. The
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Fig. 1. Sieve analysis of: (a) each concrete aggregate used, and (b) overall mixed
fine aggregates.

10 mm /20 mm coarse aggregate ratio was 1/2.34 by weight. The mixing procedure
for both conventional concrete and CRC mixtures was as follows: mix dry sand and
stone for 1 min.; add half of the water and mix for 1 min.; rest for 2 mins.; add
cement, water, and admixtures, and then mix for 2 mins. Nine standard
100 x 200 mm cylinders were prepared from each mixture for measuring the com-
pressive strength and splitting tensile strength. The cast concrete was compacted
by using a standard compaction rod and hammer. The specimens were de-
moulded after 24 h and labelled for the various tests. Then they were cured in a
water bath at 23 + 2 °C according to AS1012.8.1[45].

2.3. Testing characterizations

A scanning electron microscope (JSM-7800F) at 10 kV was employed to study
the morphology of the crumb rubber particles before and after thermal treatment.
In addition, it was reused to scan the bond connections between rubber particles

and the surrounding concrete matrix for tested CRC specimens. The uniaxial com-
pressive strength test, according to AS 1012.9 [46], and splitting tensile strength
test, according to AS 1012.10 [47], were selected to examine the CRC performance
at concrete ages of 7 and 28 days. The compressive load was applied at a constant
rate of 2.6 + 0.25 kN/s, and the splitting tensile test load was applied at a constant
rate of 0.8 £ 0.02 kN/s. Each test was carried out on three specimens and average
results were analysed and compared.

3. Results and discussion
3.1. Morphology of crumb rubber particles

It is imperative to investigate the effect of thermal treatment on
crumb rubber particles at the micro-scale to elaborate the mecha-
nism of this treatment on each rubber category and how it influ-
ences the concrete performance. Crumb rubber size #40 mesh
has been chosen for this investigation. Fig. 3 presents scanning
electron microscope (SEM) images of as-received and thermally-
treated crumb rubber. At low magnification of 100y, Fig. 3(a)
shows that the as-received crumb rubber consists of two con-
stituents; rubber particles (pointed at by red arrows) and impuri-
ties (pointed at by yellow arrows) that are attached or close to
the rubber particles. At higher magnifications of 10 um, Fig. 3(b)
shows how those impurities stick to the rubber particle surface.
These masses are expected to be found in the as-received crumb
rubber because of its source which is from recycled car tyres that
consist of crumb rubber, cords, steel, and fibres [48,49]. Although
processing the crumb rubber includes removing all constituents
but rubber, it still has remnants from those impurities within the
rubber particles. Those impurities develop an immediate barrier
against good contact with surrounding concrete materials. Conse-
quently, it adversely affects the crack bridging effect of rubber in
rubberised concrete [5,50-52]. Fig. 3(c, d, and e) show the influ-
ence of the thermal treatment on the crumb rubber particles. At
the low magnification, it can be seen that most of the unwanted
impurities have disappeared leaving a high content of rubber par-
ticles. Fig. 3(e) indicates the enhancement in crumb rubber parti-
cles after heating. Crumb rubber particles become relatively
clean and could have higher mechanical interlocking ability to
the other concrete constituents, which can contribute to improving
the CRC performance.

3.2. Morphology of CRC

The bond efficiency at the interfacial transition zone between
the rubber particles and surrounding cementitious materials in
concrete was scanned at a micro-scale to elaborate the influence
of the proposed thermal treatment on the concrete performance.
The samples used for this investigation were taken from tested
concrete cylinders under compression [19]. Fig. 4 shows SEM

Oive

Fig. 2. Method followed to prepare the thermally-treated rubber: (a) 150 g of as-received crumb rubber in aluminium foil tray; (b) common furnace used; and (c) clumped

rubber particles.
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Table 1
Proportions of concrete mixtures.

Mixture Mixture Rubber content Rubber Rubber heating Mixture proportions (kg/m?)
no. code (%) size time (hr) Cement Water Sand Rubber Stone Stone N
10 mm 20 mm

M1 Control 0 - - 351 176 869 0.0 312 730 1.94
M2 AR10-#40 10 #40 mesh - 351 176 783 37.7 312 730 1.94
M3 AR20-#40 20 #40 mesh - 351 176 696 75.5 312 730 1.94
M4 AR40-#40 40 #40 mesh - 351 176 522 151.0 312 730 1.94
M5 AR20-#30 20 #30 mesh - 351 176 696 75.5 312 730 1.94
M6 AR20-51-3 20 1-3 mm - 351 176 696 75.5 312 730 1.94
M7 AR20-S2-5 20 2-5mm - 351 176 696 75.5 312 730 1.94
M8 TT10-#40 10 #40 mesh 1.0 351 176 783 39.1 312 730 1.94
M9 TT20-#40 20 #40 mesh 1.0 351 176 696 78.1 312 730 1.94
M10 TT40-#40 40 #40 mesh 1.0 351 176 522 156.2 312 730 1.94
M11 TT20-#30 20 #30 mesh 1.0 351 176 696 78.1 312 730 1.94
M12 TT20-S1-3 20 1-3 mm 1.0 351 176 696 78.1 312 730 1.94
M13 TT20-S2-5 20 2-5mm 1.0 351 176 696 78.1 312 730 1.94
M14 TT20-S2-5 20 2-5mm 1.5 351 176 696 78.1 312 730 1.94
M15 TT20-S2-5 20 2-5mm 2.0 351 176 696 78.1 312 730 1.94

AR = Rubberised concrete with as-received rubber.
TT = Rubberised concrete with “thermally treated” rubber.
SP = Superplasticizer.

images of CRC with as-received rubber and thermally-treated rub-
ber at two different rubber sizes, namely CRC with rubber size #40
mesh (0.42 mm) and CRC with rubber size 2-5 mm.

The interfacial bond between the concrete matrix and crumbed
rubber is identified by the red oval over the SEM images (a-d).
Fig. 4(b and d) shows that thermally-treated rubber particles still
have relatively strong bond with the concrete matrix even after
destructive compression tests, while Fig. 4(a and c) show a clear
weakness in the bond between as-received crumb rubber and the
concrete matrix. These promising strong bonds when using
thermally-treated crumb rubber have been confirmed by the
mechanical tests described in Section 3.3.

By comparing the results in Fig. 4(b and d), the small rubber size
(#40 mesh) has a higher bond compared with the large rubber size
(2-5 mm). This observation has been confirmed by the mechanical
tests in which CRC with fine crumb rubber particles achieved
higher compressive and tensile strengths than those of CRC with
coarser crumb rubber particles after thermal treatment.

The hypothesis made herein is that thermal treatment could
address the limitation of using crumb rubber in concrete by chang-
ing the topology and mechanical characteristics of the rubber par-
ticles’ surface and their stiffness, which consequently favours the
strength of rubberised concrete. As-received crumb rubber con-
tains a high content of rubber particles but also impurities of other
materials such as fibres and cords as seen in SEM images, Fig. 3(a
and b). These impurities fold around and stick to rubber particles,
thus forming a barrier layer between the rubber particles and sur-
rounding concrete. Moreover, these impurities create weak points
for crack initiation under stresses. Upon loading, the load transfer
between concrete and rubber does not happen efficiently and the
cracks occur at the weakest point of the rubber/concrete interface.
Thermally-treated rubber has less impurities with considerable
clean surface as shown in SEM images, Fig. 3(c, d and e). Heating
crumb rubber improves two main things: (i) it burns out most of
the impurities and fibres attached to the rubber particle’s surface;
and (ii) it improves the mechanical properties of the rubber parti-
cles’ surface. The first improvement helps the rubber particles to
strengthen the bond and interlock with concrete. The second
improvement is elaborated as the thermal treatment creating an
outer hard shell on the rubber particle, lessening its softness at
the interface. This reduces the volume of softness within the con-
crete matrix and hence, the load can transfer with relatively higher
efficiency between rubber particles and concrete, resulting in

promoting CRC compressive and tensile strength. Fig. 5 shows a
schematic drawing representing the interface between rubber
and surrounding concrete for both as-received and thermally-
treated crumb rubber.

3.3. Mechanical properties

In this section, the effects of rubber thermal pre-treatment at
different rubber contents, rubber sizes, and heating times on CRC
compressive strength (at 7 and 28 days) and indirect tensile
strength (at 28 days) are discussed. Table 2 shows the recorded
properties for each mixture.

3.3.1. At different rubber contents

The effects of rubber thermal pre-treatment at different rubber
contents on concrete compressive and indirect tensile strengths
were determined through comparison of the results of mixtures
M1-M4 and M8-10. This was measured at constant rubber size of
#40 mesh and heating time of 1 h, then plotted in Fig. 6. As shown
in the figure, using as-received rubber content of 10%, 20%, and
40% decreased the compressive strength by 22%, 46%, and 73%,
respectively at 7 days, and by similar values of 21%, 40%, and 73%,
respectively at 28 days. These incremental strength losses are
similar to those reported in the literature [16,53,54|. However,
thermally-treated rubber recorded impressive results. Using
thermally-treated rubber content of 10%, 20%, and 40% decreased
the compressive strength by only 11%, 19%, and 37%, respectively
at 7 days, and by only 1.6%, 16%, and 38%, respectively at 28 days.
The thermal treatment for rubber recovered 49%, 58%, and 49% of
the compressive strength losses at 7 days, and recovered 93%, 60%,
and 47% at 28 days, respectively when using 10%, 20%, and 40% rub-
ber contents. This was attributed to the relatively improved contact
at the rubber/cement interfacial transition zone showed obviously
in Fig. 4. This also indicated the effectiveness of this rubber
pre-treatment approach, especially at high rubber content, which
attributed to the increased rubber stiffness with heating, and hence
less adverse effects compared to those of as-received rubber.

Fig. 6(c) shows the effect of rubber content on the 28 day indi-
rect tensile strength. Similar to its effect on the compressive
strength, the as-received rubber showed continuous increase in
tensile strength losses with rubber content increase. However,
remarkable tensile properties results were observed in the case
of using thermally treated rubber. The thermal treatment for
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Fig. 3. SEM images of crumb rubber particles: (a and b) as-received, and (c, d, and e) thermally-treated.

rubber recovered 106%, 82%, and 57%, respectively when using 10%,
20%, and 40% rubber contents. This indicated even better positive
influence of using this thermally-treated rubber on CRC tensile
performance than that showed in the corresponding compressive
performance.

Aslani [55] explored the effect of rubber content on mechanical
properties of CRC using an extensive databases of previous studies.
Their results showed that, the losses in tensile strength are always
less than the loss compressive strength. Kaloush [56] added that,
with increasing the rubber content, the tensile strength decreased
but the strain at failure increased which means more ductility.
These reasons explain why tensile strength achieved a higher
enhancement than the compressive strength even with a positive
influence at 10% TT rubber contents.

Furthermore, the results in Fig. 6 confirm the inverse relation-
ship between CRC’s compressive strength and rubber content in
the concrete mixture. Increasing the as-received rubber content
in concrete mixture leads to a decrease in the compressive
strength. This inverse relationship become slower in the case of
thermally-treated rubber. For example, the difference in compres-
sive strength between TT and AR with 40% rubber content at
28 days is much higher than the difference in compressive strength
between TT and AR with 10% rubber content at 28 days, equal to
31.3 MPa and 10.1 MPa, respectively. This relates to the improve-
ment in the stiffness of rubber particles after thermal treatment.
In other words, with increasing the as-received rubber content,
the strength of concrete decreases because of the increased num-
ber of weak positions in the concrete mixture. However, by
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Fig. 4. SEM images of the bond between the concrete matrix and rubber particles for: (a) as-received size #40 mesh, (b) thermally-treated size #40 mesh, (c) as-received size
2-5 mm, and (d) thermally-treated size 2-5 mm.

»
* . " ()“.'

(a)

Concrete % Impurities attached to . ‘ Heat affected shell around
D as-received rubber ‘ Rubber particle thermally-treated rubber

Fig. 5. Schematic illustration of the rubber/concrete interface: (a) CRC with as-received rubber and (b) CRC with thermally-treated rubber.

Table 2
Measured mechanical properties of concrete mixtures.
Mixture no. Mixture code Rubber content (%) Rubber size Rubber heating Compressive strength (MPa) Indirect tensile
time (hr) strength (MPa)
7 day 28 day 28 day
M1 Control 0 - - 37.5+0.12 50.9 +1.65 4.9 +0.09
M2 AR10-#40 10 #40 mesh - 29.4 +0.40 40.0+0.24 4.2+0.10
M3 AR20-#40 20 #40 mesh - 20.2+2.50 30.5+0.69 3.2+0.15
M4 AR40-#40 40 #40 mesh - 10.1 £1.00 13.7+141 1.9+0.01
M5 AR20-#30 20 #30 mesh - 23.5+0.05 32.5+0.18 3.2£0.10
M6 AR20-S1-3 20 1-3 mm - 24.0 + 0.65 33.3+0.11 3.6+0.10
M7 AR20-S2-5 20 2-5mm - 24.4+0.96 33.6+0.61 3.8+0.06
M8 TT10-#40 10 #40 mesh 1.0 33.4+230 50.1£0.03 52+0.30
M9 TT20-#40 20 #40 mesh 1.0 30.3+0.36 42.8+0.48 4.6+0.23
M10 TT40-#40 40 #40 mesh 1.0 23.5+0.40 31.3+0.97 3.6+0.02
M11 TT20-#30 20 #30 mesh 1.0 29.5+0.44 41.6+2.31 4.5+0.08
M12 TT20-S1-3 20 1-3 mm 1.0 26.3+0.66 39.2+0.89 4.2 +0.02
M13 TT20-S2-5 20 2-5 mm 1.0 24.8+0.15 34.6+1.80 4.0+0.23
M14 TT20-S2-5 20 2-5mm 1.5 26.0+0.27 36.9+0.71 4.5+0.17
M15 TT20-S2-5 20 2-5 mm 2.0 26.1+0.08 37.2+0.70 4.1+0.11

AR = Rubberised concrete with as-received rubber.
TT = Rubberised concrete with “thermally treated” rubber.
SP = Superplasticizer.
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improving the stiffness of rubber particles with thermal treatment,
these weak positions become relatively strong, which slows the
rate of strength loss with increasing rubber content. However, this
finding should be confirmed by repeating similar analysis for lower
strength concrete.

3.3.2. At different rubber sizes

The effects of rubber thermal pre-treatment at different rubber
sizes on concrete compressive and tensile strengths were deter-
mined through comparison of the results of mixtures M1, M3,
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Fig. 7. Effect of thermal treatment at different rubber sizes on: (a) Compressive
strength at 7 days, (b) Compressive strength at 28 days, and (c) indirect tensile
strength at 28 days.

M5-M7, M9, and M11-13. This was measured at constant rubber
content of 20% and heating time of 1 h, then plotted in Fig. 7. As
shown in the figure, similar trends were recorded for compressive
strength at both 7 and 28 days. Using as-received rubber size of
#40 mesh, decreased the compressive strength by 46% and 40%
at 7 days and 28 days, respectively.

Beyond that, as the size of the used rubber’s particle increases,
the compressive strength shows two opposite trends. In the case of
as-received rubber mixtures, the compressive strength losses
decrease as the size of the rubber particles increases. For example,
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increasing the crumb rubber size by using #30 mesh, 1-3 mm, and
2-5 mm, the compressive strength losses were 37%, 36%, and 35%,
respectively at 7 days, and 36%, 35%, and 34%, respectively at
28 days. The decrease in compressive strength losses with rubber
size increase could be attributed to the increase in the fineness
modulus of the hydride aggregates overall (sand and rubber) by
increasing the rubber size. Increasing the concrete aggregate’s fine-
ness modulus increases its compressive strength [45].

On the other hand, the thermally-treated rubber mixtures
showed an enhancement in compressive strength as the size of
the rubber particles decreased. For example, increasing the rubber
size by using #40 mesh, #30 mesh, 1-3 mm, and 2-5 mm,
decreased the compressive strength by 19%, 21%, 30%, and 34%,
respectively at 7 days, and by 16%, 18%, 23%, and 32%, respectively
at 28 days. The smaller the rubber size, the higher the strength
recovery that can be achieved by using the thermal treatment
approach. The thermal treatment for rubber recovered 58%, 43%,
17%, and 3% of the compressive strength losses at 7 days, and
recovered 60%, 49%, 33%, and 6% at 28 days, respectively when
using #40 mesh, #30 mesh, 1-3 mm, and 2-5 mm rubber sizes.
This was attributed to the low thermal conductivity of rubber by
nature in addition to the increase in rubber size. This decreased
the rate of heat transfer from the surface toward the centre of each
particle at a given heating time and temperature, hence resulting
in less particle stiffness enhancement with rubber size increase.
In addition, the larger crumb rubber size (e.g. 2-5 mm rubber size
with average particle size of 1.77 mm) has lower overall surface
area than that of the smaller rubber size (e.g. #40 mesh rubber size
with average particle size of 0.28 mm). This reduces the influence
of the thermal treatment approach on enhancing the rubber parti-
cles’ adhesion to the surrounding cement in concrete, and hence
lessens strength recovery.

Similar to the corresponding compressive strength at 28 days,
the measured indirect tensile strength showed continuous increase
and continuous decrease as rubber size increased for as-received
and thermally-treated rubber, respectively, as shown in Fig. 7(c).
However, less tensile strength losses and higher recovery when
using thermally treated rubber were recorded. Using #40 mesh,
#30 mesh, 1-3 mm, and 2-5 mm, decreased the indirect tensile
strength by 35%, 35%, 26%, and 22%, respectively when using as-
received rubber, and by only 6%, 8%, 14%, and 18%, respectively
when using thermally treated rubber. The thermal treatment for
rubber recovered 82%, 76%, 46%, and 18%, respectively when using
#40 mesh, #30 mesh, 1-3 mm, and 2-5 mm rubber sizes. This
indicated better performance of the thermally treated rubber in
enhancing concrete tensile strength than in enhancing the corre-
sponding compressive strength.

From the above results, it can be concluded that this treatment
method has a sensitivity to the rubber size and that the relatively
small rubber particles have more potential to contribute to the
enhancement of the compressive and tensile strengths.

3.3.3. At different heating times

The effects of rubber thermal pre-treatment at different heating
times on concrete compressive and indirect tensile strengths were
determined through comparison of the results of mixtures M1 and
M13-15. This was measured at constant rubber content of 20%, and
rubber size of 2.5 mm, then plotted in Fig. 8. As shown in Fig. 8(a),
there was a good correlation between the 7 and 28 day compres-
sive strengths in which the 7 day compressive strength was about
70-74% of the 28 day compressive strength, regardless of the pres-
ence of rubber or heating time. This indicated that the proposed
thermal treatment approach does not have any negative effect on
the cement hydration progress.

Slight increases in CRC compressive strength were recorded
with increases in the heating time because the results in Fig. 8 have

55

50 i @7 Day
028 Day
[~ 45
-9
= 40 37.5 36.9 37.2
= 34.6 .
.E, a5 33.6
]
30
a 244 24.8 26.0 26.1
.g 25
3
s 20
(4
o
£ 15
S
10
5
M1 M7 M13 M14 M15
0 1
No rubber 0.0 1.0 1.5 2.0
Heating time (hr)
(a)
6
4.9
5
® 4.0
g 4 3.8
=
o
$ 3
4
%
2
T 2
&
1
0
No rubber 0.0 1.0

Heating time (hr)
(b)

Fig. 8. Effect of heating time on: (a) Compressive strength at 7 and 28 days, and (b)
indirect tensile strength at 28 days.

been taken from the largest rubber size (2-5 mm), which did not
show a significant improvement in general similar to the small
rubber sizes.

Compared to as-received rubber, heating rubber for 1, 1.5, and
2 h, enhanced the compressive strength by 1.6%, 6.6%, and 7.0%,
respectively at 7 days, and by 3.0%, 9.8%, and 10.7%, respectively
at 28 days. This resulted in achieving relatively higher compressive
strength recovery. Treating rubber for a longer time using this
thermal approach, allows for better heat transfer from the rubber
particle surface toward the rubber particle centre, which enhanced
the particle stiffness.

As shown in Fig. 8(b), the measured tensile strength at 28 days
showed continuous increase as the heating time increased up to
1.5 h. Beyond that and at heating time of 2 h, the tensile strength
decreased. Increasing the heating time to 1 h and 1.5 h, increased
the indirect tensile strength by 5.2% and 12.5%, respectively com-
pared to that of as-received rubber. However, at heating time of
2 h, the tensile strength dropped by 8.8% compared with that at
1.5 h, but was still 7.8% higher than that shown by as-received rub-
ber. This indicated again the relatively higher effectiveness of the
current rubber pre-treatment method in improving CRC tensile
strength, compared to improvement in the corresponding com-
pressive strength.

From the above results, it can be concluded that the highest ten-
sile strength for CRC with rubber size (2-5 mm) is achieved at 1.5 h
of thermal treatment. Then with additional heating time the com-
pressive strengths still increase but the tensile stress has showed
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some loss. This agrees with the hypothesis mentioned in Sec-
tion 3.2, that the thermal treatment increases the stiffness of rub-
ber particles. That is, with increasing the heating time, the stiffness
of rubber particles increases but the ductility decreases. Therefore,
the compressive strength continuously increased with heating
time but the tensile strength has shown some losses at later stages.
It is also recommended for future studies to investigate the effect
of the heating time on the smallest crumb rubber size (#40 mesh)
as it is expected that the heating time will have significant strength
improvements based on the findings in Section 3.3.2.

4. Evaluation of the proposed approach

Several approaches have been established and developed to
improve the strength of CRC, e.g. [12-16]. These approaches were
mainly directed towards enhancing the rubber particle’s surface by
water washing, chemical treatments, or coating the rubber parti-
cles with different materials. In this section, a comparison between
the effectiveness of the currently proposed rubber pre-treatment
approach and previously published approaches is carried out to
evaluate the proposed thermal approach. This was focused on com-
paring the recovery at the 28 day CRC compressive strength, which
is the main characteristic property of concrete. The compressive
strength recovery was determined using Eq. (1) (see Section 1).
Table 3 shows the details of this evaluation. In this table, the data
were ordered ascendingly based on the rubber content up to 40%,
then three rubber content categories (4-10%, 15-20% and 30-
40%) were assigned for easy comparison. As shown in the table,
it is obvious that the current rubber pre-treatment approach has
the highest CRC compressive strength recovery ratio, as it showed
92.7% strength recovery compared to the highest one showed by
previous research that was 54.6%. In addition, in each category,
the current thermal treatment improvement is still superior

Table 3

compared to others within the same category. At rubber contents
of 4-10%, 15-20%, and 30-40%, the rubber thermal pre-treatment
showed recovery ratios of 2.0, 1.10, 1.29 times the highest ones
showed by previous research within the same categories,
respectively.

5. Conclusions

This study describes novel experimental research aimed at
improving the mechanical properties of rubberised concrete by
thermal treatment of the crumb rubber particles. The morphology
of crumb rubber particles before and after thermal treatment was
studied and compared. The mechanical properties including com-
pressive and tensile strengths were measured to test the efficiency
of the proposed approach. An evaluation of the proposed thermal
treatment against previously published rubber pre-treatments
was also carried out. The main findings of this investigation are
summarised in the following points:

1. Heating the crumb rubber to a relatively high temperature
before adding into concrete mixtures results in two main
effects: (i) removing many impurities which are found on the
crumb rubber surface, and (ii) developing a hard shell on the
rubber particle surface. Both effects elevate the interface and
stress transfer between rubber particles and concrete.
Thermally-treated rubber particles have relatively strong bond
with the concrete matrix even after destructive compression
tests.

2. The thermal treatment for rubber recovered 93%, 60%, and 47%
of the compressive strength losses compared with conventional
concrete at 28 days, and recovered 106%, 82%, and 57% of tensile
strength losses, respectively when using 10%, 20%, and 40% rub-
ber contents.

Comparison of the effectiveness of current and previous rubber pre-treatment approaches.

Pre-treatment method Rubber Content

Compressive strength

(Vol %) Control concrete CRC with as-received rubber CRC with pre-treated rubber Recovery

(MPa) (MPa) (MPa) (%)
KMnO4 for 2 h, then NaHso3 for 1 h [57] 4 49.2 23.6 35.1 449
Limestone powder pre-coating [14] 5 40.0 34.0 36.5 41.7
Heating for 1 h [Current study] 10 50.9 40.0 50.1 92.7
Limestone powder pre-coating [14] 10 40.0 30.5 33.0 26.3
CaCl2 for 24 h [27] 15 51.3 37.1 423 36.6
MgS04 for 24 h [27] 15 51.3 37.1 39.5 16.9
Limestone powder pre-coating [14] 15 40.0 253 27.5 15.0
Heating for 1 h [Current study] 20 50.9 30.5 42.8 60.3
NaOH for 30 min [53] 20 53.5 41.6 48.1 54.6
NaOH for 30 min [21] 20 52.0 37.0 42.8 38.7
NaOH for 30 min [17] 20 53.5 35.9 42.1 35.2
NaOH for 24 h [12] 20 55.6 27.0 35.0 28.0
Water soaking for 24 h [16] 20 55.6 27.0 34.9 27.6
Water soaking for 24 h [19] 20 354 215 24.6 223
NaOH for 1 h [17] 20 53.5 35.9 38.6 15.3
NaOH for 2 h [17] 20 53.5 35.9 37.2 7.4
Cement and silane pre-coating [13] 30 38.0 23.0 28.5 36.7
NaOH for 24 h [12] 30 63.0 27.4 314 11.2
Water soaking for 24 h [16] 30 63.0 27.4 30.9 9.8
Cement paste pre-coating [15] 38 54.0 32.0 37.0 22.7
Water wash [15] 38 54.0 32.0 335 6.8
NaOH for 20 min [15] 38 54.0 32.0 33.0 4.5
Heating for 1 h [Current study] 40 50.9 13.7 313 47.3
Water wash [31] 40 46.8 22.4 26.2 15.6

SF = Silica Fume NaOH = Sodium Hydroxide.
CaCl; = Calcium chloride MgS04 = Magnesium sulphate.



10 E.-S. Abd-Elaal et al./Construction and Building Materials 229 (2019) 116901

3. The thermal treatment method has a sensitivity to the rubber
size and the relatively small rubber particles have more poten-
tial to contribute to the enhancement of the compressive and
tensile strengths.

4. Treating rubber for a longer time using the proposed thermal
approach allows for better heat transfer from the rubber parti-
cle surface towards the rubber particle centre, which relatively
enhanced the particle stiffness. This resulted in achieving rela-
tively higher compressive strength recovery. However, the
improvement lessened beyond a heating duration of 1.5 h.

5. The evaluation of the proposed rubber treatment approach
showed that it has the highest CRC compressive strength recov-
ery ratio of published pre-treatment methods to date. It showed
92.7% strength recovery compared to the highest one showed
by previous research of 54.6%.

6. Although, the current rubber pre-treatment approach could not
achieve full strength recovery, CRC still can be employed in
many construction applications that do not require high
strength concrete (such as residential footings and pavements).

The work in this research proposed a new method to treat rub-
ber and encourage the concrete and construction industry to use
more crumb rubber, which benefits the environment.
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