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Abstract More than 1.5 billion tires are produced

worldwide per year. This causes environmental pollution in

the nature. Studies have shown that scrap tire rubbers can

be used as aggregates in concrete mixtures and as modifiers

in bituminous composites. Various studies were conducted

for this reason and reported in the literature. The present

study has been undertaken to examine the microstructure

properties of rubberized asphalt and cement-based com-

posites. Results showed that adhesion between rubber

particles and cement matrix is significant for the final

product properties. Also the physical and mechanical

properties of asphalt composites can be improved with the

addition of waste rubber into the mixture.

Keywords Waste rubber � Asphalt � Concrete �
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Introduction

Solid waste management is the most important problem in

the world. Especially used tire wastes become a big

problem for recovering these materials. The world con-

sumption of rubber (natural and synthetic) in 2012 was

26.116 kt [1]. Most of this material is used in the tire

industry which sooner or later becomes waste [2]. The

United States produces approximately 300 million scrap

tires and about 40 % of these waste are used as fuel for

generating energy, 26 % ground into crumb rubber, 13 %

discarded in landfills and 5.5 % used in civil engineering

applications [3]. Tires represent a serious part of the total

domestic commercial and industrial waste disposed each

year. The problem is enormous. In almost all countries with

high ecology standards, expenses to dispose of used tires

are covered by tipping fees which come from additional tax

on users.

The United States and Japan were the first two countries

to address the environmental hazards of scrap tires and put

the laws in place. As a result, they are currently the leaders

in recycling rates and market size. Europe has been a

laggard in this aspect, but with the deadline for imple-

menting EU directives fast approaching, the European

industry is expected to register strong growth [4]. The

practice of disposing of scrap tires in landfills is becoming

unacceptable because of the rapid depletion of available

sites for waste disposal [5, 6]. In order for the EU Landfill

Directive to be implemented in a timely manner, new

disposal routes for scrap tires need to be developed with

great urgency in all EU Member States [7]. Moreover, tires

can even ‘‘rise from the grave-floating upward through a

sea of trash to break through landfill covers-sometimes

with explosive force [8]. In addition, scrap-tires have been

used as a fuel for cement kiln, as feedstock for making

carbon black, and as artificial reefs in marine environment

[9, 10]. Because of high capital investment involved in it,

using tires as a fuel is technically feasible but economically

not very attractive. The use of rubber-tires in making car-

bon black eliminates shredding and grinding costs, but

carbon black from tire pyrolysis is more expensive and has

lower quality than that from petroleum oils [11, 12].

The other way of consuming these wastes is civil

engineering applications, in which tires are shredded for

C. Karakurt (&)

Faculty of Engineering, Department of Civil Engineering,

Bilecik Seyh Edebali University, 11210 Bilecik, Turkey

e-mail: cenk.karakurt@bilecik.edu.tr

123

J Mater Cycles Waste Manag (2015) 17:422–433

DOI 10.1007/s10163-014-0263-9

http://crossmark.crossref.org/dialog/?doi=10.1007/s10163-014-0263-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10163-014-0263-9&amp;domain=pdf


applications such as leachate collection in landfills and for

highway embankments, accounted for about 15 % of scrap

tires. The current applications of recycling waste tires in

civil engineering practices mainly are as: modifiers to

asphalt paving mixtures; an additive to Portland cement

concrete; lightweight fillers and in whole tires as crash

barriers, bumpers, artificial reefs, etc. [13, 14]. In addition,

new polymer-based composite materials can be produced

with epoxy resin and tire powder waste. It was found that

the mechanical strengths of polymer concrete with tire

powder are better than with that of Portland cement con-

crete [15].

Waste tire rubber

Tire is an essential part of most ground vehicles and is used

to protect the wheel from wear and tear as well as to

provide a friction between the vehicle and the road to

improve acceleration and handling [16]. Tires are made of

vulcanized rubber and various reinforcing materials

(Fig. 1). The most commonly used rubber matrix is the

natural rubber and synthetic rubbers which use in different

purpose [17]. Rubber is a high molecular weight, amor-

phous polymeric material. Depending on the application,

the formulation of rubber compounds may vary. A typical

composition of a car tire is 58.6 wt% rubber, 29.2 wt%

carbon black, 2.9 wt% zinc, 1.8 wt% stearic acid, 1.2 %

sulfur, 5.85 % extending oil, and 0.4 wt% accelerators

[18]. The amorphous regions of the rubber are likely to be

susceptible to oxidation. Furthermore, rubber may undergo

biochemical oxidation to produce sulfuric acid. Attack by

chemicals and microbes on rubber can lead to deterioration

in the mechanical properties, reducing the working life of

tire/rubber hoses to the extent of approximately 50 % [18].

In fact, natural rubber is sticky in nature and can easily

deform when heated up and it is brittle when cooled down.

In this state it cannot be used to make products with a good

level of elasticity. The reason for inelastic deformation of

unvulcanized rubber can be found in the chemical nature as

rubber is made of long polymer chains. These polymer

chains can move independently relative to each other, and

this will result in a change of shape. By the process of

vulcanization cross-links are formed between the polymer

chains, so the chains cannot move independently anymore.

As a result, when stress is applied the vulcanized rubber

will deform, but upon release of the stress the rubber article

will go back to its original shape [19].

The recycling of waste tires may follow different ways

such as : retreading (truck and passenger tires), use of tires

as a whole (artificial rafts, cover foil weights) or in parts

(building blocks), grinding, pyrolysis (to oils, monomers)

and reclaiming (decrosslinking for mixing into fresh

rubbers) [2]. In civil engineering applications, the waste

tires are shredded in order to reduce the size of the raw

material which will use in both asphalt and cement based

composites as modifier or aggregate. The scrapped waste

tire rubber used in composite mixtures is shown in Fig. 2.

Waste tire rubber asphalt mixtures

Various ways were devised to use waste rubbers as an

alternative for landfilling. The utilization of recycled tire

rubber in asphalt pavements has been addressed in many

research publications and reports. Epps [20] has reviewed

over 500 publications and his results are published in the

National Cooperative Highway Research Program Syn-

thesis of Highway Practice 198. Unfortunately, not much

attention was paid to use of scrap tires in Portland cement

Fig. 1 The structure of a tire [17]

Fig. 2 Ground waste tire-rubber particles
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concrete mixtures, particularly for highway use [21, 22].

The use of tire rubber in asphalt mixes has been in use in

the US since at least the early 1960s by the Arizona

Department of Transport. Since then the material has been

used more widely in four states in the US and elsewhere,

including South Africa, Europe and Australasia. There are

two main processes of using rubber in asphalt, i.e., the dry

and the wet process [23].

Some studies on the use of tire usage in asphalt mixes

were very promising. They showed that rubberized asphalt

had better skid resistance, reduced fatigue cracking and

achieved longer pavement life and decreased traffic noise

than conventional asphalt [24–26]. However, the initial

cost of rubberized asphalt is 40–100 % higher than that of

conventional asphalt, and its long-term benefits are

uncertain [27]. Also asphalt rubber mixtures demand

complex modification and construction technology,

resulting in higher energy consumption and polluting

emissions during construction, such as higher production

temperatures than conventional mixtures due to the higher

viscosity of asphalt rubber binder, which restricts its wide

use [28]. When the rubber is added to the heated asphalt,

the aromatic oil content of the asphalt diffuses into the

rubber creating an increase in its volume. In addition, the

reduction of the oily content increases the asphalt viscosity

forming a thick film around the aggregates in hot mix

asphalt mixtures. The increase in film thickness produces a

more durable asphalt pavement [29]. Rubber reacts in a

time–temperature dependent manner. If the temperature is

too high or the time is too long, the swelling will continue

to the point where it is replaced by depolymerization/

devulcanization (Fig. 3b) which causes dispersion of the

rubber into the bitumen (Fig. 3c). Depolymerization starts

releasing rubber components back to the liquid phase

(Fig. 3b) causing a decrease in the stiffness while the

elastic properties continue to modify (Fig. 3a). If temper-

ature is high or time is long enough, depolymerization will

continue causing more destruction of the binder network-

ing (Fig. 3c) and so modification is lost (Fig. 3a), [30].

Applications and properties of cement-based waste tire

rubber composites

The other alternative way to use waste tire rubber is

Portland cement concrete for structures. Most of

researchers used waste rubber as coarse aggregate in con-

crete [31–33]. Also several authors reported that the

compressive strength result of rubberized concrete is

reduced with the increase of waste rubber usage [21, 34–

37]. The results indicate that the size, proportions and

surface texture of rubber particles noticeably affect com-

pressive strength of rubberized concretes [38]. Topçu and

Avcular [39] determined the toughness value, and the

plastic and elastic energy capacities of rubberized con-

cretes. They indicated that plastic energy capacity increa-

ses when the high elastic energy capacity of normal

concrete decreases by rubber addition. Due to the high

plastic energy capacity of rubberized concrete, it showed

high strains especially under impact effects. Also Topçu

[40] assessed the brittleness index of rubberized concrete

and concluded that concretes which contain 15 % rubber

chips by weight gave the highest brittleness index with low

compressive strength and toughness values. Liu et al. [41]

found that the fatigue limit strength of rubberized concrete

Fig. 3 Bitumen and tire rubber interaction phenomenon at elevated temperatures [30]. a Binder viscosity, b binder matrix, c particles size
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specimens increased with the increased replacement ratios.

Toutanji [42] replaced coarse mineral aggregates in con-

crete with 12.7 mm rubber tire particles. He used 25, 50, 75

and 100 % rubber replacement ratios against coarse

aggregate content by volume. He reported that the incor-

poration of rubber chips in concrete exhibited a reduction

in the compressive and flexural strengths. It also exhibited

ductile failure and underwent significant displacement

before fracture. For this reason brittleness of the concrete

composite is decreased by the addition of rubber aggre-

gates [43]. Khaloo et al. [44] investigated the mechanical

properties of concrete containing high volume of tire-rub-

ber particles. They found that fresh rubberized concrete

mixtures with increasing rubber concentrations present

lower unit weights compared to plain concrete. Due to the

considerable decrease in ultimate strength, rubber con-

centrations exceeding 25 % are not recommended [44, 45].

Researchers studied to increase the bond between

cement paste and rubber particles. Khatip and Bayomy [21]

attributed this strength loss to the lack of adhesion between

rubber particles and the paste. Therefore, some authors

suggested that the loss in the strength might be minimized

by prior surface treatment of the tire rubber particles [36,

46, 47]. The surface of the rubber particles was generally

modified through immersion in NaOH aqueous solution to

increase its adhesion to the surrounding cement paste.

However, it is reported that ultrafine mineral admixtures,

such as silica fume, increase the homogeneity and decrease

the number of the large pores in cement paste, both of

which would lead to a higher strength material [48]. Huang

et al. [49] treated the surface of the tire rubber particles

with silane admixture in order to increase the chemical

bond between rubber particles and cement paste. The

results showed that the compressive strength test results of

silane-treated rubber concrete specimens were increased.

They found that the reason for the strength improvement

was due to the hard shell developed around rubber particles

through the cement hydration (Fig. 4), which increased the

compatibility in stiffness between rubber and cement paste.

Güneyisi et al. [50] and Pelisser et al. [51] investigated

the properties of rubberized concrete with silica fume. The

test results indicated that there was a systematic reduction

in the compressive and splitting tensile strengths, and

modulus of elasticity with the increase in rubber content

from 0 to 50 %. However, the use of silica fume consid-

erably enhanced these mechanical features of both plain

and especially rubberized concretes and decreased the rate

of strength loss accompanied by the addition of rubber.

This beneficial effect of silica fume was more pronounced

for the compressive and splitting tensile strengths and

resulted in a strength increment of as high as 43 and 27 %,

respectively, depending on the variation in the w/c ratio

Fig. 4 Illustration of effects of

two-staged surface treatment

[49]. a Before hydration, b after

hydration
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and the amounts of silica fume and rubber used. On the

other hand, the elastic moduli of the rubberized concretes

slightly increased up to 15 % with the use of silica fume.

Microstructure properties of rubberized composites

Microstructure of asphalt mixtures

The waste tire rubber usage in asphalt mixtures is gen-

erally by two methods. One of them is the dry process in

which the crumb waste tire rubber used as a substitute for

a part of the mineral aggregate in the mixture. The other

method mixes hot bitumen (177–210 �C) with crumb

rubber and allows it to react for a period of an hour in

order to modify and improve the binder properties of the

asphalt called as wet process [14, 19]. Before using the

waste tires as modifier in asphalt mixtures, the tires are

ground in mills by dry or wet grinding process. Figure 5

shows the rubber particle shape of two samples having

different sizes (0.29 and 0.74 mm). As may be seen,

rubber particles are not spherical; furthermore, aspect

ratio increases with particle size [52]. The interaction

between waste tire rubber and bituminous binder is very

effective on performance of modified asphalt mixtures.

Moro et al. [53] studied the rubber–bitumen interaction of

the rubber-modified and unmodified asphalt mixtures.

Under fluorescence microscopy, the rubber-modified

asphalt pavement with a digestion time of 2 h appeared as

a darker brown area in the bitumen than that of the

unchanged asphalt pavement (Fig. 6a, b). The rubber–

bitumen interaction was identified in simple mixes (bitu-

men–rubber) by: (a) the transfer of carbon black from

crumb rubber to bitumen, which gave the latter a darker

appearance and (b) the appearance around the rubber

particles of yellow fluorescence areas that were most

probably formed due to the aromatic oils absorbed by the

rubber particles during the process of swelling. No

transfer of iron to bitumen was observed in any cases. As

a consequence of the interaction process, the most volatile

components of bitumen were transferred to the rubber,

leading to a more viscous bitumen.

The researchers also studied on the bond improvement

of the interface between crumb rubber and bitumen.

Xiang et al. [54] investigated the mixtures prepared by

matrix asphalt preblending process which uses matrix

asphalt as swelling agent. The micrographs of crumb

rubber pre- and post-preblending are shown in Fig. 7. The

interface of crumb rubber elastomer was observed through

SEM to find out effects of the preblending of crumb

rubber in matrix asphalt on the performance of modified

asphalt. They found that the interface of crumb rubber

elastomer was clear and scattered many slot holes before

preblending, which indicated poor compatibility and per-

formance. However, the interface of crumb rubber with

preblending treatment turned out to be indistinct; the slot

holes disappeared, which demonstrated good compatibility

and got good compatible matrix after preblending treat-

ment. Liu et al. [28] investigated the rheological proper-

ties of crumb rubber-modified asphalt by adding trans-

polyoctenamer rubber (TOR) additives and the modifica-

tion mechanism between TOR and crumb rubber-modified

asphalt. From Fig. 8a, it can be observed that before

adding TOR, the microstructure of rubber-modified

asphalt presents a single-phase continuous structure and

crumb rubber particles are not uniformly distributed in the

asphalt binder. However, according to Fig. 8b the

microstructure of TOR-used specimen becomes more

Fig. 5 SEM of crumb rubber with different particle size: a 0.74 mm, b 0.29 mm [52]
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uniform, the single-phase continuous structure of crumb

rubber-modified asphalt is converted to two-phase well-

distributed state, which indicates that TOR can promote

the compatibility of rubber particles and asphalt and

indirectly influence the flow properties of asphalt. Hence,

from the view of the microstructure, the compatibility and

performance of crumb rubber particles and asphalt is

improved by TOR.

Microstructure of cementitious mixtures

The mechanical properties of cement-based composites are

influenced by the microstructure matrix of the material.

The aggregate matrix affects the mechanical properties and

crack behavior of concrete depending on the shape and

elasticity of the aggregate. Grounded waste tire rubber

particles also increase the ductility of the composite

material. However, the rise on rubber content tends to

decrease compressive strength while increasing tensile

strength [55–57]. The micrograph of Fig. 9 contrasts the

poor bonding of cement paste with rubber and its tight

bond with natural sand. In conventional cementitious

composites, there is complete adherence between cement

matrix and siliceous aggregate, whereas in the corre-

sponding rubber aggregate-composites a void space

between rubber aggregate and cement matrix could be

observed [58, 59]. It is an additional factor contributing to

the decrease in the compressive strength of the composite

material. Earlier investigations [60] showed that appropri-

ate rubber aggregate coating enhanced the rubber/cement-

Fig. 6 Differences in color obtained: a dry-process modified asphalt with a digestion time of 2 h, b unmodified asphalt mixture [53]

Fig. 7 Micrographs of crumb rubber powder: a rubber powder without preblending, b rubber powder with preblending [54]
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paste bond and succeeded in improving the compressive

strength of rubberized composites. This finding will be

taken into account in further studies in order to establish

the impact of the rubber/cement-paste bond on the physical

properties and durability of the material.

Pretreatment of waste tire rubber in cementitious

composite

Shen et al. [61] used latex polymer modifier in order to

overcome the detrimental effect of weak bonding of rubber

particles with cement matrix. An obvious porous transition

zone between the cement paste and the mineral aggregate

can be seen in Fig. 10a, while Fig. 10b shows very dense

transition zone between the rubber and the cement paste, in

ordinary rubber aggregate concrete without polymer, due to

the hydrophobicity of the rubber aggregates, the combi-

nation between rubber and cement paste becomes weak.

They found that due to the effect of polymer, the interfacial

bonding strength between rubber aggregates and cement

paste is improved remarkably.

Segre and Joeks [46] investigated to decrease the

strength loss of coarse tire particles in concrete with pre-

treatment. The tire rubber particles were surface-treated

with saturated NaOH aqueous solutions for 20 min, at

room temperature, with stirring. The mixture was filtered

and the rubber was washed with water and dried at ambient

temperature. The fracture surface shows a bulk region and

the rubber particle seems to have been pulled-out. Dis-

continuance is observed in the rubber–matrix interface

indicating that as-received rubber adhesion to cement paste

is poor (Fig. 11a). On the other hand, an adhesive joint is

observed between NaOH-treated rubber particles and the

matrix, as shown in Fig. 11b.

Chou et al. [62] investigated the crumb rubber was

partially oxidized to modify hydrophilic properties of the

rubber surface. Oxidation reaction kept for 1 h for every

experiment. Three temperature levels, 150, 200, and

250 �C, were tried to get the optimal reaction condition.

Mortars with the crumb rubber level (6 % by weight) were

tested in this study. According to mechanical test results,

the compressive and flexural strengths of mortar specimens

were increased significantly with the heat treatment of

Fig. 8 SEM images of: a crumb rubber-modified asphalt, b crumb rubber-modified asphalt with TOR [28]

Fig. 9 Interfacial transition zone between ‘‘cement paste and rubber

aggregate’’ and between ‘‘cement paste and natural sand aggregate’’

surface [56]
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rubber. The SEM images of mortars (Fig. 12) show that the

crystals of hydrated products of mortars with treated rubber

(250 �C) are much smaller. The morphology changed from

long and thin (with the as-received crumb rubber) to short and

compact needles (with the 250 �C treated crumb rubber).

They therefore considered the amazing increased compressive

strength came from the treated rubber, because they func-

tioned like a super plasticizer. The tensile and flexural

strengths also increased significantly in comparison with that

of mortars with the as-received rubber. However, this increase

ratio is lower than the increase of the mortars compressive

strength. However, the crumb rubber treated at 150 and

200 �C had little effect on mechanical strengths of mortars.

Pelisser et al. [51] investigated sand replacement with

the addition of 10 % recycled tire rubbers in normal con-

crete and alkali-activated concrete mixtures by the sodium

hydroxide chemical treatment process and the addition of

silica fume. The concrete with rubber samples show large

gaps in the interface rubber/cement matrix (as shown in

Fig. 13a). The gap distribution presents a significant

reduction in strength when compared with reference

specimen. This was caused by the increased porosity or

weakness points in the concrete matrix. They found that the

combination of the rubber treatment by sodium hydroxide

followed by the addition of silica fume was favorable for

the porosity reduction in the interface of these aggregates

Fig. 10 The interfacial transition zone of cement paste with: a aggregate, b rubber [61]

Fig. 11 Microstructure of cement test specimen with: a untreated tire rubber, b 10 % by mass of NaOH-treated tire rubber (A) rubber particle,

(B) cement paste [46]
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Fig. 12 SEM images of specimens with 6 % by mass rubber [62]. a As-received rubber, b treated at 150 �C, c treated at 200 �C, d treated at

250 �C

Fig. 13 Microstructure of rubber concrete: a unmodified rubber concrete, b modified rubber concrete [51]

430 J Mater Cycles Waste Manag (2015) 17:422–433

123



(Fig. 13b). This contributed to the recovery of the concrete

strength and a lower permeability.

Crack formation of waste tire rubber cementitious

composite

Cementitious composite materials have lower tensile

strength when compared with the compressive strength

properties. Fracture generally occurred with low tensile

strength properties of these materials. Authors suggested

that the tensile strength of cementitious composites can

be increased with utilization of crumb rubber in the

mixture [63–65]. As seen from Fig. 14 this result appears

to be due to the fact that rubber particles prevent crack

opening [66]. Reda Taha et al. [67] investigated the

mechanical fracture behavior of rubber concrete with

microstructural analyses. Figure 15a shows indentation

marks left on the cement paste after tire rubber particle

pullout from the cement matrix. Figure 15b shows the

extensive micro-cracking in the tire rubber particle

vicinity. These observations contradict comments in the

literature on the weak bond between tire rubber particles

and the cement paste matrix [68]. Figure 15c shows a

micrograph of internal tension cracking in a tire rubber

particle matrix itself. This observation supports the fact

that stress transfer between the two phase composites

exists and the tire rubber particles experienced tensile

strains prior to failure [68, 69].

Conclusions

Utilization of waste vehicle tires in composite materials is

an important way to consume these wastes. The utilization

of waste tires in asphalt mixtures shows significant ben-

efits on the mechanical and physical properties of the

asphalt pavements. The strength reduction of rubberized

concretes leads to prejudgment to this type of concrete.

However, its lower unit weight with higher sound and heat

insulation, higher impact resistance and toughness and

increased ductility properties are the advantages when

compared with the traditional concrete. As seen from

previous studies, the bond strength between tire particles

and cement paste is influenced by the alkali content of the

cement matrix and treatment process of the crumb rubber.

This bond is the main significant factor influencing

mechanical properties of the rubberized concrete.

According to many researchers the adhesion between

rubber particles and cement matrix should be increased

with chemical pre-treatment process. Besides these

advantages, utilization of scrap tires in concrete and

asphalt pavements have environmental benefits against

landfilling of these wastes. The microstructure of rubber-

ized composites is related to the mechanical properties of

the final product. Therefore, it is important to determine

the relation between microstructure and mechanical

properties of the composite materials.Fig. 14 Cracking bridging effect of rubber particles [70]

Fig. 15 SEM of rubber concrete showing: a indentations on cement paste left after tire rubber particles pullout, b extensive micro-cracking at

tire rubber particle vicinity, c tension cracks propagating in tire rubber particles. TRP tire rubber particle, CP cement paste [67]
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