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Abstract
This paper focuses on examining the uniaxial behaviour of concrete materials incorporating
rubber particles, obtained from recycled end-of-life tyres, as a replacement for mineral
aggregates. A detailed account of a set of material tests on rubberised concrete cylindrical
samples, in which fine and coarse mineral aggregates are replaced in equal volumes by rubber
particles with various sizes, is presented. The experimental results carried out in this
investigation, combined with detailed examination of data available from previous tests on
rubberised concrete materials, show that the rubber particles influence the mechanical properties
as a function of the quantity and type of the mineral aggregates replaced. Experimental
evaluation of the complete stress-strain response depicts reductions in compressive strength,
elastic modulus, and crushing strain, with the change in rubber content. Enhancement is also
observed in the energy released during crushing as well as in the lateral strain at crushing,
primarily due to the intrinsic deformability of the interfacial clamping of rubber particles which
leads to higher lateral dilation of the material. The test results and observations enable the
definition of a series of expressions to estimate the mechanical properties of rubberised concrete
materials. An analytical model is also proposed for the detailed assessment of the complete
stress-strain response as a function of the volumetric rubber ratio. Validations performed against
the material tests carried out in this study, as well as those from previous investigations on
rubberised concrete materials, show that the proposed models offer reliable predictions of the
mechanical properties including the full axial and lateral stress-strain response of concrete
materials incorporating rubber particles.
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1. Introduction
Construction materials in which cementitious mixes are modified by the addition or replacement
of various constituents have been constantly sought due to both performance and environmental
considerations. Amongst many core targets for sustainability, the reduction of waste materials by
recycling is one of the main tasks set by international organisations. Disposal of end-of-life tyres
is a major environmental concern since its ineffective management can lead to undesirable
consequences such as uncontrollable fires or sanitary hazards. Existing solutions involving the
re-use of tyre constituents, namely rubber and steel fibres, include applications in energy
production and in the landfill. Amongst existing alternatives, recycling waste tyres to produce
novel concrete materials is an attractive option that could potentially combine environmental and
performance advantages. As a result, in recent years, several investigations have been conducted
to assess the feasibility of using recycled rubber materials in concrete.
Material tests on both fresh and hardened concrete indicated that the replacement of mineral
aggregates with rubber particles modifies significantly the mechanical properties of the new
composite material [1-5]. On the one hand, concrete is an implicitly brittle material which is a
function of the strength of the cement paste, whereas rubber is a hyper-elastic incompressible
material with high Poisson ratio and has a high tensile strength. The combination of the two
results in a novel material benefitting from the strength of the concrete matrix, which governs
the elastic constitutive behaviour, and the energy absorption properties of rubber.
Apart from the reduction in the unit weight of concrete due to the relatively low specific gravity
of rubber [6], the replacement of mineral aggregates with rubber also results in a decrease in
compression strength, splitting tensile strength and elastic modulus [7]. The strength loss due to
the replacement of mineral aggregates with rubber crumb has been reported in some studies [810] to be related to the relatively poor bonding between the rubber and the cement.
Microstructural investigations on rubberised concrete, however, support the view that the
strength reduction is primarily related to the soft aggregate behaviour of the rubber particles
more than due to the reduction in bond [11].
Previous studies have shown that the modification of mechanical properties is mainly a function
of the grain size and percentage of rubber replacement [12, 13], and rubber treatment [14], while
the rubber type only has a marginal effect [15]. Moreover, Fattuhi and Clark [15] reported that
concrete containing rubber with fine grading has lower compressive strength than that containing
rubber with coarse grading. For the same rubber particle content of coarse aggregate, the
reduction rate of high-strength concrete was also found to be greater than that of low-strength
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concrete [6]. In addition, the reduction in mechanical properties was shown to be more
significant when coarse aggregate rather than sand is replaced by rubber [8].
Rubberised concrete mixtures exhibit lower compressive and splitting tensile strength, and hence
reduced elastic energy in comparison with normal concrete [16]. However, they typically
demonstrate a much more ductile post-peak behaviour that has the ability to absorb a relatively
large amount of plastic energy under compressive and tensile loads [8]. Tyre rubber particles
also provide other energy consumption mechanisms in concrete such as particle pull-out and
rubber internal cracking that do not exist in normal concrete [11]. They reduce the stress
singularity at the first crack tips running into the rubber/cement–matrix interface, which slows
crack kinetics and delays macro-crack localisation [17]. As a result, the flexural post-cracking
behaviour of rubberised concrete is positively affected by the substitution of coarse aggregate
with rubber particle leading to favourable energy absorption and ductility properties [17,18].
These capabilities were however reported to be reduced with significant levels of rubber
particles [6]. High toughness was also shown to be attained in samples that were provided with
tyre chips [9].
In addition to the above-mentioned studies, several other investigations have substantiated the
impact resistance and energy dissipation capacity of rubberised concrete [8,13]. However, most
current applications of rubberised concrete have been primarily for use as non-structural
elements such as crash barriers [9,11,13], floor surfaces [19], cement aggregate bases under
flexible pavements [20], and vibration control-applications such as sound barriers [21-23]. The
inherent energy absorption capabilities of rubberised concrete, makes it an evident candidate for
impact related applications [7,15]. Although the deployment of rubberised concrete in primary
structural members has not been examined in the same level of detail as for non-structural
applications, the potential merits offered by the material have more recently attracted some
initial attention [24,25], particularly in applications in which ductility and energy dissipation are
paramount such as for seismic resistance [10,26-30]. Clearly, in such situations, to achieve
satisfactory structural performance, a balance has to be sought between the enhanced energy
dissipation and the reduction in mechanical properties with the increase in rubber content. This
would, however, necessitate a reliable quantification of the influence of the constituent rubber on
the key mechanical properties of concrete, through the development of full stress-strain
characterisation models. Available studies have been related to specific sets of test data and
typically addressed individual mechanical properties, such as the elastic modulus and
compressive strength, rather than the full constitutive relationships. For example, Eldin and
Senouci [8] used an existing model that describes the reduction of concrete strength by
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accounting for the effects of macro-porosity in concrete samples where rubber aggregates were
treated as large voids. Besides rubber content, Ghaly and Cahill [31] proposed a model to assess
a dimensionless stress reduction factor limited to aggregate replacements up to 15%, as a
function of compressive strength and water-to-cement ratio. Guneiysi et al. proposed rubber
content-dependent reduction factors, which were validated against concrete mixes with
replacement amounts of 50% of both fine and coarse aggregates [32]. Taha et al. [11] and Khatib
and Bayomy [20] proposed similar characteristic equations that quantify the reduction in
strength for rubberised concrete mixes based on a regression analysis as a function of rubber
content.
As noted above, a number of previous studies have proposed expressions for estimating the
individual material properties of rubberised concrete, primarily compressive strength, but there
is a comparative lack of information on full constitutive relationships. Most existing analytical
expressions to estimate the strength degradation are validated through a limited number of
concrete mixes, with similar rubber aggregate sizes and type of mineral aggregate replaced,
whereas information regarding the post-peak behaviour is scarce. To obtain a detailed insight
into the behaviour, this paper describes an experimental programme carried out on rubberised
concrete in which fine and coarse mineral aggregates are replaced by rubber particles.
Cylindrical samples with up to 60% rubber replacement are tested under uniaxial compression to
assess the complete stress-strain response, including the post-peak behaviour. Additionally,
compression tests on cubic samples, and splitting tests on cylindrical specimens are carried out
on compressive and tensile strengths, respectively. The test results and observations permit the
definition of a series of prediction expressions for the target mechanical properties of rubberised
concrete for structural design purposes as well as an analytical model for the detailed
characterisation of uniaxial and lateral stress-strain response as a function of the volumetric
rubber ratio. The validation of the proposed expressions for mechanical properties, undertaken
against an extensive database of 238 concrete mixes including the mixes investigated in this
study; demonstrate their suitability for typical design procedures. On the other hand, evaluation
of the suggested uniaxial analytical model, using the test results obtained from the current
investigation, illustrates its reliability for detailed assessment procedures which require the
complete axial and lateral stress-strain response.
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2. Experimental programme
One hundred ten (110) samples of which 60 cylindrical and 50 cubic material specimens were
prepared to assess the compressive and splitting strength, as well as the full constitutive
compression behaviour of rubberised concrete with various replacement ratios of both fine and
coarse mineral aggregates. Following a series of trial mixes on 50 samples in which the cement
type was varied whereas the remaining constituents of the mix remained unmodified, pilot tests
on 4 cylindrical samples were carried out to determine the most effective testing configuration.
Finally, four sets of samples (4 × Ø100×200 cylinders and 4 × 100 mm cubes for compressive
tests, and 4 × Ø100×200 cylinders for splitting tests), with volumetric replacement ratios varying
in the range of ρvr = 0-0.6 were tested to determine the complete stress-strain behaviour
including the post-peak response. The volumetric replacement ratio ρvr is defined as the ratio
between the replaced volume of mineral aggregates in the rubberised concrete and the total
volume of mineral aggregates in the reference normal concrete mix.
2.1 Materials
The rubber particles used in the rubberised concrete mixes were obtained from two sources.
Rubber aggregates with dimensions up to 10 mm, produced from car tyre recycling [33]. As
depicted in Figure 1a, they were supplied in the following size ranges: 0-0.5 mm, 0.5-0.8 mm,
1.0-2.5 mm, 2-4 mm and 4-10 mm, and were used in the concrete mix in the 5%, 5%, 15%, 20%
and 10% ratio of the total added rubber content, respectively, with remaining 45% being
comprised of particles with sizes in the range 10-20 mm. The larger rubber particles were
produced from truck or bus tyre recycling, with typically higher density than car tyre particles
[34]. This portion was identified following a study of the workability of rubberized concrete
within a wider European research project [35-38]. These proportions resulted from a detailed
study on 40 mixes carried out by Raffoul et al. [38] in which the best balance between
workability and strength loss was sought. All rubber particles are reported to have 25% content
of carbon black, polymers in the range of 40-55%, whereas the remaining constituents are
softeners and fillers. The specific gravity of rubber was 1.1, whereas the water absorption 7.1%
for 4-10 mm particles and 1.05 for 10-20 mm particles.
Sand and gravel aggregates shown in Figure 1a, from naturally occurring rock deposits
consisting of combinations of various minerals [39], were used for the concrete mix shown in
Figure 1b. The fine aggregates with sizes up to 5 mm had a specific gravity of 2.65 and a
moisture content of 5%, whereas the coarse aggregate (5-10 mm) had a specific gravity of 2.65
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and a moisture content of 3%. The particle size distribution of mineral aggregates and rubber
particles was determined following EN 933-1:2012 [40] as illustrated in Figure 2. In the trial
mixes, CEM I 52.5N [41] and CEM II 32.5N were used to assess their influence on the
compressive concrete strength at 7 and 28 days. However, in the tests used for the assessment of
the constitutive behaviour, the higher strength cement was used.
2.2 Mix designs and specimen details
A reference normal concrete mix with target compressive strength of 60 MPa, typically used in
bridge piers as provided by an industrial partner of the project [35] based on practical
experience, was prepared the following mix ratios. This included also the amount of admixtures
that they use in practice. The normal concrete (NC) reference mix had 425 kg/m3 of cement, 820
kg/m3 of sand, 1001 kg/m3 of gravel, 149 litres of tap water, with 2.5 l/m3 of plasticiser [42] and
5.1 l/m3 of superplasticiser [43]. In the rubberised concrete mixes, 20% of the cement was
replaced in equal quantities with EN 450-1 [44] fineness category S fly ash and Grade 940 silica
fume [45]. They were primarily added to improve workability, segregation and slump, and to
optimise the particle packing of the mixture. Rubberised concrete mixes with 20%, 40% and
60% rubber replacement by volume of mineral aggregates were produced to assess the full
constitutive characteristics of rubberised concrete. The rubber quantities used in the mixes were
110 kg/m3, 220 kg/m3 and 330 kg/m3, respectively. The rationale behind the mix design reported
in this paper and used throughout the above-mentioned European research project was to
develop an environmentally friendly concrete, primarily provided with high deformability
capacities even for significant strength losses which are recovered by external confinement. This
was achieved with replacement ratios of 60% of both fine and coarse aggregates using the rubber
particle sizes reported in this paper and 2-4 layers of AFRP jacket confinement for applications
in bridge piers and/or base isolation systems
Based on the mix optimisation study carried out by Raffoul et. al [38], which was used as a basis
for the mix ratios above, it was observed that the compressive strength is slightly more
influenced by coarse rubber properties, while the fine rubber was slightly more detrimental to
the concrete fresh properties. The mixes without silica fume and fly ash showed poorer
workability and strength. Silica fume and fly ash improved the strength and flowability with
42% and 20%, respectively, for a mix with 40% replacement of fine aggregates. The same study
[38] showed that reduction of superplasticiser content by 40% reduced the flow (by up to 16%)
and, more importantly, led to a reduction in mix segregation.
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A rotary mixing machine with the capacity of 40 litres was mainly used for the mixes reported
herein. Initially, the mineral aggregates, rubber mix and binders were mixed separately in
containers. All mineral aggregates and half of the water were mixed together in the mixer for 1
minute. The rubber was then added to the mixer and mixed with the mineral aggregates and half
of the water for another 1 minute. In the following phase, the binders, and the remaining water
including the admixtures were mixed all together for a minimum of 3 further minutes.
Supplementary plasticiser was added where the observed workability was below acceptable
levels. All materials were mixed for another 2 minutes and placed afterwards in formworks, and
subsequently compacted using a vibrating table until the air content in the fresh concrete was at a
minimum. Although the mixing procedure may influence the performance, for the mixes
reported here, the mixing procedure was maintained throughout the experimental programme,
hence no considerable differences were observed.
Codified provisions allow compressive material testing primarily on cylinder samples, and also
on cube specimens with specific sizes [46, 47]. In this investigation, preliminary tests were
carried out at 7 days, yet the fundamental observations from tests are made at 28 days from
compression tests on 100 mm × 200 mm cylinders, 100 mm cubes and splitting tests on
cylinders with 100 and 102 mm diameter. The samples were cast directly in the size required in
steel or plastic formworks and covered with plastic sheets until de-moulding. Two days after
casting, the samples were placed in a water tank located in a curing room to ensure appropriate
concrete hydration.
The ends of cylindrical samples were finished with a grinding machine on the day before the
test. The cylindrical rubberised concrete samples were capped with high strength mortar and
further polished with sand paper to ensure flatness of the surfaces and good contact conditions
with the loading machine. The dimensions of all samples were measured to assess stress/strength
and strain characteristics as a function of the recorded force and displacement. The longitudinal
dimensions of the cylindrical samples and their diameters were determined as the average of a
minimum of three measurements at different locations. The average dimensions of cubic
samples were assessed from two measurements for each orthogonal direction.
2.2 Testing arrangement
The cylindrical specimens, used in the pilot tests and for assessing the full constitutive
behaviour, were tested in a stiff four-post Instron Satec 3500 kN machine. These tests were
carried out in displacement control with a compressive displacement rate of 0.1 mm/min [47,
48]. As illustrated in Figure 3a, the samples were placed on the bottom platform of the testing
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machine. Loading plates of high strength steel with a diameter of 100 mm were also added at
both ends of the sample. The bottom plate, depicted in Figure 3b, was a stiff 50 mm thick steel
element, whereas the top plate incorporated a 3D hinge with total thickness of 75 mm.
Intermediate, ‘sandwich’, high strength steel plates were added between the testing machine and
bearing pads to allow the recording of compressive displacements in the post-peak regime.
For all cylindrical specimens tested in compression, the sample pre-peak axial behaviour was
recorded using three displacement transducers attached to two steel rings positioned
symmetrically around the central cross-section at a gauge length of 100 mm (Figure 3b). Each
steel ring was connected directly to the sample through three steel bolts in order to avoid
interaction with the specimen. Two other independent transducers were placed between the two
sandwich plates to record the axial deformation in the post-peak regime. Test measurements
were averaged and transformed into strains by using the measured gauge length for each sample.
The two measurement systems were required in order to assess the complete constitutive
characteristics since, in the pre-peak range, the behaviour is governed by stable deformations,
whereas in the post-peak regime the axial deformations are governed by macro-cracking which
may lead to unstable measurements from the ring transducers [48, 49]. Lateral deformations
were recorded by four transducers attached to the central steel ring located at the middle of the
specimen, as illustrated in Figure 3b, and averaged to assess the constitutive behaviour.
On the other hand, compressive tests on cubes as shown in Figure 4a and splitting tests on
cylinders as shown in Figure 4b, were carried out in force control using a 3000 kN Automax
machine. The loading rate was 0.3 MPa/sec [47] and 0.01 MPa/sec [50] for the two types of
tests, respectively. The force control testing machine had a top plate provided with a hinge to
accommodate rotations from a potential non-symmetrical behaviour of the samples. The splitting
tests were carried out in an existing testing rig positioned between the machine loading plates,
specifically designed for this purpose.
2.3 Mechanical properties of rubberised concrete
2.3.1 Pilot tests
The vibration of rubberised concrete may lead to agglomeration of rubber particles at the top of
the sample. Under compressive testing, this may lead to end failure of the sample which is a
characteristic of the specimen, rather than the material. An analysis of sample halves obtained
from initial splitting tests (Figure 4b) using digital image processing techniques for examining
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aggregate distribution along their longitudinal cross-section show that the rubber had the
tendency to lift during vibration of fresh concrete which leads to a zone of agglomeration of
rubber particles at the top of the sample (Figure 5a). This created a weaker region, in which the
strength of the material is governed by the rubber. For such cases, the end confinement is
instrumental to translate the failure outside of this region. Although this effect was observed in
some pilot material test samples, in large structural members recently tested by the authors [30],
using rubberised concrete with 60% replacement of both fine and coarse aggregates and
provided with longitudinal and transverse reinforcement, the exterior surface had a good
appearance with no observed sign of segregation. In the structural members, use was made of
vibrators provided with pokers after the concrete was poured in several layers to obtain the
highest level of homogeneity possible. This technique may result in a better homogenization of
the mix in comparison with the use of vibrating tables.
A series of pilot tests were carried out in which jubilee clips at the sample ends were used to
overcome potential end failures. Additionally, a low friction bearing systems by means of
polytetrafluoroethylene (PFTE) sheets [48], placed between the sample and loading plates, were
used and compared with typical testing configurations without PFTE. Figure 5b depicts a
comparison between four samples made of rubberised concrete with replacement ratio of ρvr =
0.6 as follows: (i) R60-00 without jubilee clips and with high friction loading system (i.e. direct
contact between loading plates and sample); (ii) R60-J0 with jubilee clips and with high friction
bearing system; (iii) R60-0P without jubilee clips and with low friction bearing system; and (iv)
R60-JP with jubilee clips and with low friction bearing system.
As observed in Figure 5b, all cylindrical samples from the pilot tests had similar stiffness,
strength and post-peak behaviour. Table 1 shows that the variance between recorded strengths fcr
and the dissipated energy Gc after crushing is minimal. On the other hand, the elastic stiffness
Ecr and crushing strain εcr1 show some scatter, yet within reasonable limits for such material.
Close examination of the failure pattern depicted in Figure 5c shows that members without
jubilee clips developed end failures, whereas others had sliding failures which are typically
expected for concrete specimens. This indicates that in cylindrical samples made of concrete
with significant rubber content, end confinement combined with ground and capped loading
surfaces are required to achieve expected failure modes under compression. Additionally, the use
of low friction bearing systems had a minor influence on the stress-strain characteristics and
failure mode. Consequently, the pilot tests suggested the suitability of test set-ups in which
samples are provided with end confinement and connected directly to the loading plates.
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2.3.2 Stress-strain response
Material characterisation tests on rubberised concrete and normal concrete cylinders were
carried out to assess the influence of rubber content on the constitutive behaviour. The
investigated rubber replacement ratios were 20%, 40% and 60% of the total aggregate volume,
as described previously in this section. Figures 6a-d depict three axial and lateral stress-strain
recorded test curves and their average. The stress-strain curves include both pre-peak and postpeak behaviour as recorded in the tests. The post-peak response is plotted down to 30% of the
compressive strength fcr. Beyond this value, an approximate response band is plotted with
reference to the negative stiffness of the descending branch.
The comparative assessment of σ-ε curves from Figures 6a-d shows clear reductions in strength
and stiffness with the increase of rubber content. The strength is approximately halved with each
20% increment increase of aggregate replacement. The compressive strength of concrete fcr with
ρvr = 0.6 (R60) is about 10% of the normal concrete R00. The elastic modulus Ec is also
significantly affected with R60 exhibiting 20% of the modulus from R00. On the other hand, the
reduction in the crushing axial strain εcr1 is comparatively less with about 40% reduction from
R00 to R60. A stronger influence on mechanical properties is typically observed for small
replacement ratios and tends to stabilise as the rubber content increases.
Beyond the peak, the stiffness response in the lateral direction, governed by the sliding
behaviour of the two bodies separated by the macro-crack, flattens with the increase of rubber
replacement. In addition to the interlock of mineral aggregates, this is produced by the intrinsic
deformability of the interfacial clamping rubber particles which enable higher dilation of the
sample at lower sliding displacements. In contrast to the average test measurements for normal
concrete, in which a distinct peak lateral strain is observed as the rubber content increases, the
peak lateral strain takes the form of a plateau, rather than a discrete point. On the other hand, the
post-peak axial compression behaviour exhibits increased softening with the decrease in
strength. Tests showed softer post-crushing behaviour which typically leads to similar or higher
energy dissipation in the post-peak regime.
The pre-peak behaviour of the concrete tests was strongly influenced by the rubber replacement
of the mineral aggregates. As illustrated in Figure 6, elastic stiffness Ecr degraded with the
increase in rubber content. Naturally, the rubber aggregates are softer and lighter in weight
compared to mineral aggregates. In this case, the matrix, comprised of binders, water and
admixtures, is much stronger than the rubber aggregates but may be weaker than the mineral
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aggregates. Hence, for the rubberised concrete materials, the reduction in stiffness is a function
of the stiffness ratio between the cement matrix and inclusions (rubber particles and voids).
Around the peak, the tangent modulus decreases to zero and crushing occurs, which is generally
triggered by de-bonding of the aggregates from the cement paste. As the bond capacity of rubber
particles is lower than that of mineral aggregates, this effect is activated at earlier stages [10].
Tensile cracks therefore typically occur around the crack which eventually produces visible
macro-cracks. At the peak, the macro-crack, in the form of the sliding crack, governs the
behaviour and results in significant lateral expansion and volume increase even with an increase
in axial compaction.
2.3.3 Influence of rubber content on the mechanical properties
As depicted in Figures 7a-c and Table 2, similarly to the stiffness Ecr degradation with rubber
content as described above, test measurements of compressive strength fcr and axial strain at
crushing εcr1 showed similar decreasing trends. For the concrete samples without rubber, the
average Ecr,R00 = 42.3 GPa, fcr,R00 = 70.2 GPa and the corresponding average εcr1,R00 = 0.228 %.
The average Ecr for samples with rubber was 19.6 GPa, 14.1 GPa and 9.03 GPa for R20, R40 and
R60, respectively. The recorded fcr and εcr1 were 29.7 MPa and 2.13% for 20% replaced mineral
aggregates, 13.3 MPa and 1.38% for 40% replacement, and 7.06 MPa and 1.37% for the material
with the highest rubber content (60%). Although an evident decrease was recorded for axial
compaction, the lateral dilation in Figure 7d exhibited a rather constant average response for the
rubberised concrete samples with lateral strains εcr2 that varied between 1.20% - 1.30%. In the
post-peak response, the shape of the descending branch showed flatter inclination and the
ultimate recorded strain increased (at 30% of fcr,Rij) as the rubber content increased.
In addition to the cylindrical samples used for the stress-strain assessments, 100 mm cubes were
tested in compression and cylinders with 100 mm diameter were subjected to splitting (Figure
4a,b). This enables a direct comparison of the compressive strength loss as a function of sample
type (Figure 7b) and provides information on the tensile strength of rubberised concrete (Figure
7e). Material strengths assessed on cubes are higher than the corresponding cases on cylinders.
Smaller cylinder-to-cube strength ratios are obtained for rubberised concrete in comparison with
typical cases of normal concrete (about 0.8 for normal strength concrete). The average cylinderto-cube test strength fcr/fcr,cube is 0.91, 0.58, 0.54 and 0.59 for 0%, 20%, 40% and 60%
replacement, respectively. The splitting strength decreases nearly in proportion to the rubber
content from 4.99 MPa for normal concrete to 1.20 for rubberised concrete with the highest
amount of rubber content.
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The curve in the top left corner of Figure 7f describes the post-peak stress decrease with the
increase of crushing crack displacement wcr up to the test recorded residual value of 0.3fcr and
the corresponding wcr,test. The area below the curve is referred to as the crushing energy Gc and
may be defined as the energy dissipated during crushing. Based on this assumption, the test
recorded stress-strain curves were analysed and the energy released during crushing was
assessed. The samples with the lowest amount of rubber (ρvr = 0.2) seem to be governed by a
rather brittle response in comparison to those with ρvr = 0.4-0.6. For ρvr = 0.2, the concrete seems
to govern the post-crushing behaviour since the assessed energy Gc is smaller than the assessed
crushing energy for R00. As shown in Figure 7f, for the cases with 40% and 60% replacement,
the released energy increases and a more ductile response is observed, with the rubber having a
significant influence on the behaviour.
The material tests described in this section on cylinders and cubes (Figure 8) allowed direct
assessment of the complete compressive constitutive behaviour of concrete materials with
embedded rubber particles. Additional considerations regarding the strength degradation both in
compression and tension were given as well as an evaluation of the energy released during
crushing. Key observations from the resulting stress-strain and failure characteristics described
above are further used in the following section for proposing relationships for predicting the
mechanical properties of rubberised concrete material as a function of the rubber content.

3. Prediction of mechanical properties
In addition to the experimental results presented in Section 2 on the three rubberized concrete
mixes and the reference normal concrete mix, the prediction equations proposed in this section
incorporate an extensive database of other 238 concrete mixes of which 198 embed rubber
particles and 40 corresponding reference ones [1, 6-12, 16-20, 32, 38, 51-56]. Thus, the entire
database includes average mechanical properties from 238 concrete mixes, each determined
from a minimum of three material tests, which leads to a total of over 714 samples. Expressions
to assess the compressive strength, tensile strength and modulus of elasticity are proposed
herein, followed in the subsequent section by suggested representations for the complete
constitutive behaviour of rubberised concrete materials.

3.1 Compressive strength
The compressive strength assessments for mixes reported in the database and Table 3 were
carried out on both cylinders of 100 mm × 200 mm and 150 mm × 300 mm dimensions, as well
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as on cubes of 50 mm, 100 mm or 150 mm sizes. Fattuhi and Clark [15] noted however that it is
difficult to make an accurate comparison between the results of various investigations on
rubberised concrete since the shape and size of specimens influence the compressive strength of
concrete, which is also the case for normal concrete. Due to specimen geometry, the volumetric
expansion of cylinders is distinctive of a cube made of the same material resulting in dissimilar
failure patterns and consequently different nominal strength.
Several previous studies dealt with size effects in concrete material testing. For example, Neville
[57] proposed conversion factors to account for the size effect in compression based on the
volumetric dimensions of the samples. Mansur and Islam [58] and Yi et al. [59] used regression
analyses to obtain correlation functions between various sample sizes and shapes. Nielsen and
Hoang [60] reported that size effects in concrete can be described by a Weibull distribution, in
which the reference sample is characterized by its strength fcr,ref and volume Vcr,ref, and the
element that requires conversion is defined by the strength fcr(d) and volume Vcr(d), related through
Equation (1) (where m=30 for compression). To harmonize the test results in the database
considered in this investigation, the compression strength results are adjusted in relation to
reference cylindrical samples of 100 mm × 200 mm and a reference age of 28 days.

fcr ,ref  fcr ( d ) Vcr ( d ) / Vcr ,ref



1/ m

(1)

Figure 9 illustrates the relationship between the compressive strength degradation (CSD) as a
function of rubber replacement. On the ordinate axis, the rubberised concrete strength fcr is
normalised against the reference strength of the conventional concrete fc0, whereas on the
abscissa the rubber content is reported as volumetric ratio ρvr. The volumetric ratio ρvr is the
volume of rubber that replaces the mineral aggregates regardless of its size and type. The plot
includes the results of the tests described in Section 2, used as a reference, results from the
database in Table 3 and the exponential trend lines for the results. Close inspection of the
influence of the type of rubber on the strength degradation indicates that for replacements of
only coarse mineral aggregates, the scatter between results is relatively large and the database
trend line deviates from the reference tests trend line. In contrast, for replacement of fine or both
fine and coarse aggregates, the trends are nearly identical.
The strength of concrete is typically influenced by the cement type, water-cement ratio, mineral
aggregate type, source and size, the presence of admixtures (e.g. plasticisers, retarders), the
presence of other cementitious materials (e.g. fly ash, micro-silica, metakaolin). Additionally,
for rubberised concrete mixes, the rubber type, size and replacement proportions also have a
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significant influence on the achieved strength. A detailed examination of the results from Section
2, as well as from the database, show that the main parameters governing the strength of
rubberised concrete are the volumetric replacement ratio, the size of replaced aggregate and
characteristics of rubber particles. It was also observed that strength degradation can be affected
by the testing arrangement, control and instrumentation, which increases the uncertainty in
modelling.
Close inspection of the database indicates that the rubber and mineral aggregate sizes have a
relatively insignificant influence on strength degradation. In contrast, the volumetric rubber ratio
ρvr strongly affects the compressive strength, while the type of mineral aggregate replaced also
has an influence. The results for the coarse aggregate replacement also indicate a comparatively
greater level of dispersion. On the other hand, no clear trend exists with regard to the influence
of the aggregate size factor.
To represent the compressive strength degradation (CSD) for practical application, a parametric
equation was developed. The functional form for this model was empirically motivated and is
shown in Equation (2). The function passes through (ρvr, fc0/fcr) = 0,1, and captures the rapid
reduction in strength shown by the data. The volumetric rubber ratio ρvr and the type of replaced
aggregate are incorporated in the formulation. The latter is represented by a factor λ which
accounts for the size range of the mineral aggregate replaced; i.e. fine (FA), coarse (CA) or
coarse and fine (CA+FA). The values for λ were inferred from the database after classifying the
data into bins according to the replaced aggregate size. The λ factor was chosen separately for
each type of aggregate replaced in order to obtain the best estimates for fcr. Considering the 238
mixes from the database (Table 3), which also includes the test results from the current
investigation and described in Section 2, Equation (2a) may be used for assessments of fcr. As
shown in (Equation 2b), λ = 2.43 for fine mineral aggregate (FA) replacement, λ = 2.90 for both
fine and coarse aggregates (CA+FA) replacement, and λ = 2.08 if rubber replaces coarse
aggregates (CA).

f cr 

1
 3 vr 
1 2

 2 

3/2

fc0

(2a)

where λ is function of the replaced mineral aggregate size
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2.43  d g ,repl  (0,5)

  2.90  d g ,repl  (0, d g ,max )

(2b)

2.08  d g ,repl  (5, d g ,max )

The database in the Table 3 contains rubberised concrete mixes with volumetric replacement
factors ρvr up to 0.65. It is approximately equivalent to total replacement of the fine and coarse
aggregates or 60% replacement of the fine and coarse aggregates. There is very limited data on
mixes in which ρvr > 0.6, primarily since above this limit the physical characteristics are strongly
governed by the rubber and because of the concrete workability and slump decrease drastically
[38]. The strength results used for validation of Equation (2) are average strengths on a
minimum of three samples, as reported in the literature. Hence, the analytical model is validated
using a minimum of 714 tests, which involve a wide range of material variations, as follows:
-

Fine mineral aggregate replacement by mass up to 100% (average=14.62%)

-

Coarse mineral aggregate replacement by mass up to 100% (average=16.27%)

-

Total mineral aggregate replacement by total aggregate volume up to 64.8%
(average=16.03%)

-

Average rubber size dr,avg=1.05-27.5 (average = 12.6)

-

Maximum rubber aggregate size dr,max = 50 mm

-

Maximum mineral aggregate size dg,max = 10 - 40 mm

-

Volumetric replacement factor ρvr = 0.015 - 0.648

-

Reference concrete compressive strength fc0 = 12.70 – 97.2 MPa

The results from the database and the reference results from Section 2 are plotted against
average exponential trend lines and the proposed Equation (2a) accounting for λ factors from
Equation (2b) in Figure 9. Table 3 depicts the main characteristics of the mixes used for the
calibration of Equation (2). For a target total average test-to-predicted strength ratio of 1.00, the
coefficient of variation (COV) increases from 10.1% for CA+FA to 12.1% for FA and to 13.4%
for CA. Although the COV for each group of mixes is rather small in the majority of the cases,
low average test-to-predicted values are obtained particularly for the case of replacement with
coarse aggregates CA (Table 3). Predictions for rubberised concrete materials in which fine
aggregates (FA, CA+FA) are replaced show a more uniform response, both in terms of
individual average and COV. Additionally, as observed in Figure 9 and Table 3, combined
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aggregate replacements may lead to an optimal mix and a more stabilised compressive behaviour
in comparison with cases with only fine or only coarse aggregates replaced.
As noted before, testing arrangements may also have an influence on the mechanical
characteristics. For controlled set-ups in which displacement control is combined with detailed
instrumentations, the predicted-to-test compressive strengths show an average of 1.04 and a
COV of 0.08. Neville [61] and Himsworth [62] investigated the variability of concrete and its
effect on mix design. They showed that higher dispersion between results is typically obtained
for low concrete strengths, noting that very low COV values are attainable in well-controlled
laboratory tests (~5%), and excellent results are referred to when the COV is less than 12%. The
control is fair when COV is about 18% and situations of poor control are when COV values are
above 25%.
Based on the database results, a relationship between the cube and cylinder strength of
rubberised concrete could not be proposed since there are very few reports in which both cubes
and cylinders were tested. The fcr/fcr,cube ratios reported in Section 2.3.3 of the paper may be used
as approximate conversion factors for rubberised concrete mixes that have very similar
characteristics to those reported here.

3.2 Modulus of elasticity
Using the available data from the tests undertaken in this study as well as those available from
the database, Equation (3) is suggested for predicting the elastic modulus of rubberised concrete
as a function of the rubberised concrete compressive strength assessed by means of Equation (2).

f 
Ecr  12  cr 
 10 

2/3

(3)

Figure 10a depicts the relationship between fcr and the Ecr obtained from tests using 110 concrete
mixes and the tests described in Section 2, as well as the analytical representation of Equation
(3). Figure 10b illustrates the stiffness degradation as a function of ρvr. For the validation, all
tests are treated in a similar manner disregarding the type of aggregate since limited results exist
for rubberised concrete materials with fine aggregate replacement. Relatively more variation is
observed in comparison with the predictions for compressive strength, with an average in
reported-to-predicted elastic modulus of 1.04 and an associated COV of 0.21.
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3.3 Splitting strength
As above, a relationship between the splitting tensile strength fctr,sp and rubberised concrete
strength fcr is suggested herein. The results from 89 rubberised concrete mixes from available
databases and the test results from Section 2, are used in deriving Equation (4). Figure 11a
illustrates the relationship between fctr,sp and fcr, as obtained from the test results and Equation
(4). Figure 11b depicts the splitting strength fctr,sp degradation as a function of ρvr. The
predictions show good agreement with tests with an average test-to-predicted strength ratio of
1.01 and COV of 19%.
f ctr ,sp  0.24 f cr 2/3

(4)

To sum up, a series of expressions to predict the compressive strength fcr, modulus of elasticity
Ecr and splitting strength fctr,sp of concrete materials incorporating embedded rubber particles are
proposed in this section. The analytical equations are validated against the test results described
in Section 2 and an extensive database of rubberised concrete mixes with a wide range of
parameter variations. The suggested expressions account for the influence of rubber content ρvr
and type of mineral aggregate replaced. They offer a reliable prediction of the basic mechanical
properties and enable the development of equations to assess the full constitutive behaviour of
rubberised concrete materials, as discussed in the following section.

4.

Complete constitutive relationships

4.1 Proposed model
Based on the test results and observations described above, this section proposes a uniaxial
unconfined constitutive model for rubberised concrete materials. The model uses the equations
proposed in Section 3 to estimate the elastic modulus Ecr, compressive strength fcr and splitting
tensile strength fctr,sp as a function of the mechanical properties of the reference concrete without
rubber (i.e. ρvr = 0). The crushing strain εcr1,1 of rubberised concrete is a function of the crushing
strain of the reference concrete εc01,1, determined used Equation (5) [63] and ρvr. With reference
to Figure 12, the uniaxial behaviour is divided into three stages: initial, degraded and postcrushing. In the initial stage, the material is defined by Equation (6) up to stress ratios below the
elastic limit σ/fcr ≤ 0.3 (Equation 7). The second stage is defined by a second degree polynomial
function, depicted by Equation (8), which is bounded by the proportionality limit εcr1,el and the
crushing strain εcr1,1 which can be determined from Equation (9). The post-crushing stage
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(Equation 10) is dependent on the post-peak crushing energy (gc,2) in Equation (11), represented
by a triangular distribution (Figure 12).

 c 01,1  0.7 f c 00.31
 1,i
 Ecr1  1   cr1,el

(5)
(6)

f cr
 cr1,el  0.3 f cr / Ecr

 1,i
f cr

(7)
2

  
 0.3 f cr
5 
  1 cr1,el    1 cr1,el  
 1   cr1,el ,  cr1,1 
3   cr1,1    cr1,1 
f cr

 cr1,1  1  vr   c 01,1

 1,i
f cr

2
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f cr
 


gcr ,2  (1   vr ) f cr 
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(10b)

(11)

The lateral strain εcr2 is a function of the axial strain εcr1, stress ratio σ/fcr and ρvr. It is assumed
that prior to crushing the εcr2 follows a bi-linear representation depicted by two regimes as a
function of the volumetric rubber ratio. Assessment of lateral response requires the uniaxial σ-ε
relationship (Equations 6-11) and the lateral strain at crushing εcr2,1. Based on results and
observations from Section 2, εcr2,1 corresponding to the crushing strain of rubberised concrete
εcr1,1 can be estimated by Equation (12).
Figure 13 depicts the relationship between the stress factor σ/fcr and the strain ratio εcr1/εcr2 as
obtained from the tests. It can be observed that as the rubber content increases, the curve
becomes softer, in a bi-linear representation; the slope change occurs at lower axial stress levels
for high rubber replacements. This shows that the lateral-to-axial deformation behaviour is
strongly governed by rubber deformation. In the analytical approach, this aspect is captured by
Equation (13) which may be used to estimate the axial stress ratio η at which the lateral
behaviour starts to be governed by the rubber. Up to η, the lateral strain may be assessed using
Equation (14), and beyond η it can be estimated through Equation (15). Beyond crushing, the
lateral response of rubberised concrete is a function solely of the axial stress ratio (Equation 16).
The proposed equations predict the σ-ε response in absolute values.
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(16)

where  cr 2( )  

Direct uniaxial tensile tests on rubberised concrete are absent, and existing information about
tensile behaviour is derived from indirect splitting or flexural tensile tests. The database of tests
described in Section 3, as well as tests carried out in this study, were employed to assess the
splitting strength (Equation 4) of rubberised concrete as a function of the compressive rubberised
concrete strength (Equation 2). Although the exact ratio between the tensile and splitting
strength of rubberised concrete may differ, Equation (17a) and (17b) [64] can be further used for
tensile strength assessment. The tension behaviour before cracking can be accounted for by
assuming the elastic stiffness determined using Equation (3).
f ctr ,sp  0.9 f ctr

(17a)

f ctr  0.21 f cr 2/3

(17b)

Limited research currently exists regarding the post-cracking response of members provided
with rubber particles. The maximum crack mouth opening as directly reported in the literature,
or determined by means of rigid plastic assumptions on tests reported by Liu et al. [54], Toutanji
[9] and Turtansize and Garros [17] indicate values below those reported for normal concrete
which vary between 160-180μm [65]. In the tests carried out by Taha [11] as well as Najim and
Hall [66] on 13 mixes with replacement ratios ρvr of 0-0.65, the maximum crack displacement
wmax,r varied between 144 to 366 μm (Figure 14a), with an average of 229 μm. Accounting for a
linear relationship between ρvr and wmax,r, the latter can be estimated by Equation (18) as a
function of the base maximum crack width (wmax,0=180 μm for ρvr = 0).
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wmax,r  wmax,0  0.3vr (in mm)

(18a)

wmax,0  0.18mm

(18b)

For simplicity, as illustrated in Figure 14b, a bi-linear tensile stress-strain diagram may be
assumed. Alternatively, an exponential representation [67] can also be employed on the
condition that the fitting parameters of the model are used in order to obtain the lowest bound of
Gf.
4.2 Validation against test results
Figure 15 depicts the predicted compressive constitutive behaviour using Equations (5-16)
against the stress-strain relationships obtained from the tests described in Section 2. The
comparative assessment between predicted and experimental constitutive response shows good
agreement. For the case without rubber, the crushing strain εcr1,1 corresponds to the crushing
strain of normal concrete εc01,1 as determined from Equation (5) [63] since ρvr = 0. This
illustrates a rather flexible response in comparison with that obtained from tests, and a lower
compressive strength fcr since the polynomial coefficients in Equation (10) were selected to
predict a lower bound value.
For the case with low rubber content (ρvr = 0.2), the predicted response corresponds to the lower
bound of σ-ε curves from tests. Although the predicted compressive strength shows the highest
variance with respect to the test average, both the lateral and axial strains exhibit the best
estimates in comparison with the average strain from the tests. For higher amounts of rubber (ρvr
= 0.4-0.6) the predicted constitutive response is similar to that assessed from experimental
results in terms of stiffness, strength and strains. Additionally, the assumptions regarding the
amount of energy dissipated in the post-peak regime lead to good estimates of the descending
branch for all the cases investigated.
The results from Equations (6-18) show a test-to-predicted compressive strength average of 1.04
and a COV of 6.7%, whereas the average ratio for axial crushing strains is 1.00 with a COV of
17.6%, and the average ratio between lateral strains at crushing is 1.11 with a COV of 18.5%.
The predictions in Figure 15, combined with previous statistical results, show that the proposed
uniaxial constitutive model may be used to assess the detailed characteristic behaviour of
concrete materials incorporating rubber particles. The above-proposed model offers a reliable
and practical approach, in terms of determining the target mechanical properties of rubberised
concrete for analysis and design purposes, as well as for detailed assessments of axial and lateral
stress-strain responses.
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Figure 16 plots a comparison between the Eurocode 2 stress-strain σ-ε relationship for non-linear
analysis against predicted responses for ρvr=0 and fc0=50 MPa by Equations (5-11) by accounting
for four cases at which Equation (10a,b) activates at a fraction of the crushing strain εc01,1. It may
be observed that elastic Ecr and secant stiffness, crushing strain εc01,1 and compressive strength fc0
show a close match with the Eurocode 2 σ-ε relationship. It is also worth noting that Equation (8)
in the paper, which predicts the compressive behaviour between 0.3fcr to 1.0fcr, also shows good
agreement with the Eurocode 2 in the post-peak branch if Equation (10a,b) is activated stages
beyond εc01,1. However, to obtain a lower bound of the crushing energy and as well as a close σ-ε
response for high strength concrete (ρvr=0) in the predictions of the model from Figure 15, the
activation of Equation (10a,b) begins at εc01,1 for normal concrete and at εcr1,1 for rubberised
concrete.

5. Conclusions
This paper focused on examining the uniaxial behaviour of concrete materials incorporating
rubber particles obtained from recycled end-of-life tyres as replacement of mineral aggregates. A
detailed account of a set of 110 material tests, including experimental assessments of the
complete stress-strain response of rubberised concrete carried out on cylindrical samples, was
presented. The main parameter investigated in tests was the rubber replacement ratio by
replacing both fine and coarse mineral aggregates in equal volumes by rubber particles with
various sizes. Additionally, a detailed analysis of a database on average test results from 238
rubberised concrete mixes and their reference concrete mixes, including tests undertaken in this
study, was carried out. The test results and observations described in this paper enabled the
definition of a series of prediction expressions to estimate the mechanical properties of
rubberised concrete materials as well as the development of an analytical model for detailed
assessment of the complete stress-strain response of the material as a function of its volumetric
rubber ratio. The experimental and analytical investigations in this paper, allow for the following
key observations to be highlighted:
 The experimental results showed that the rubber particles influenced the mechanical
properties as a direct function of the volume of the mineral aggregates replaced.
Additionally, the database analysis showed that, besides the volumetric replacement ratio,
the type of mineral aggregate replaced also affects the behaviour, with relatively less
influence from the type and characteristics of the rubber added.
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 Uniaxial compression tests, carried out on cylindrical samples to assess the complete stressstrain response, showed that the compressive strength, elastic modulus, and crushing strain
decrease with the increase in rubber content. On the other hand, the lateral strain at crushing
and the energy released during crushing is enhanced due to the presence of rubber.
 The tests showed that the reduction in elastic stiffness is mainly a consequence of the
flexibility and light weight of rubber aggregates in comparison with mineral aggregates. The
presence of rubber particles with inherently low bond capacity leads to premature crushing,
in comparison with normal concrete, as a function of the rubber content. This initiates
tensile cracks within the material that eventually leads to a sliding macro-crack which
produces large lateral expansion and volume increase.
 Beyond peak, the stiffness response in the lateral direction, governed by the sliding
behaviour of the two bodies separated by the macro-crack, flattens with the increase of
rubber content due to the intrinsic deformability of the interfacial clamping rubber particles
which enables higher dilation of the sample at lower sliding displacements. The
experimental response typically exhibited softer post-crushing behaviour and similar or
higher energy dissipated in the post-peak regime.
 The proposed expressions for estimating the mechanical properties, which have been
validated using an extensive database of 198 rubberised concrete mixes, offer significant
improvements for design purposes in comparison with existing analytical models. Existing
strength prediction relationships have only been validated for a limited number of concrete
mixes incorporating similar rubber particle sizes and types of mineral aggregate replaced.
 A novel uniaxial constitutive analytical model for rubberized concrete is proposed and
validated against the test results carried out within this study. The model provides a reliable
representation, which has been lacking to date, for assessing the complete axial and lateral
stress-strain response for rubberized concrete.
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Nomenclature
Greek letters
σ - stress
εc01,1 – crushing strain for normal concrete
εcr1 - axial strain
εcr1,1 – crushing strain for rubberised concrete
εcr2 – lateral strain
εcr1,u – ultimate strain of rubberised concrete at complete loss of strength
εcr1(ηfcr) – axial strain at η×fcr
εcr2(ηfcr) – lateral strain at η×fcr
εcr1,el strain at proportionality limit
η – stress factor
λ – factor for the type of aggregate replaced
ρvr – volumetric rubber ratio
Lowercase latin letters
dg,repl – replaced aggregate size
dg,max – maximum mineral aggregate size

dr,avg – average rubber particle size
dr,max maximum rubber particle size
fc0 – normal concrete cylinder compressive strength
fcr – rubberised concrete cylinder compressive strength
fcr,cube – rubberised concrete cube compressive strength
fctr – rubberised concrete tensile strength
fctr,sp - rubberised concrete splitting strength
fcr,ref mechanical strength of the reference sample
fcr(d) converted mechanical strength of the sample
gc,2 – post-crushing energy
wmax,r – maximum crack displacement
wmax0 – base crack displacement
Uppercase latin letters
Gc – crushing energy
Ecr – elastic modulus
Vcr,ref - volume of the reference sample
Vcr(d) - converted volume of the sample
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Tables
Table 1 Results of the pilot tests
Sample

fcr (MPa)

εcr1,1 (mm/mm)

Ecr (MPa)

Gc (N/mm)

R60-00

5.97

0.00165

4208

9.8

R60-0P

6.43

0.00148

6351

10.9

R60-JP

6.62

0.00208

3855

10.2

R60-J0

6.52

0.00176

4305

10.2

dev.

± 0.28

± 0.000253

± 1130

± 0.45

Table 2 Summary of test results
ρvr

fcr

fcr,cube

fctr,sp

εcr1,1

εcr2,1

Ecr

Gc

(-)

(MPa)

(MPa)

(MPa)

(mm/mm)

(mm/mm)

(MPa)

(N/mm)

0

70.2

77.0

4.99

0.002277

-0.00115

42302

9.13

0.20

29.7

50.7

3.12

0.002130

-0.00120

19608

7.63

0.40

13.3

24.6

1.98

0.001373

-0.00128

14124

9.86

0.60

7.06

11.8

1.20

0.001366

-0.00130

9028

10.5
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Table 3 Predictions of Equation (2)
Author
This paper
Guneyisi et al. (2004) [32]
Hernandez et al (2002) [1]
Khatib and Bayomy (1999) [20]
Naito et al (2014) [7]
Su et al. (2015) [51]
Xue and Shinozuka (2013) [10]
TOTAL (CA+FA)

nmixes
(-)
3
60
4
8
3
4
8
90

Author

nmixes
(-)

Aiello and Leuzzi (2009) [18]
Azevedo et al. (2012) [52]
Bignozzi and Sandrolini (2006) [53]
Cairns et al. (2004) [19]
Eldin and Senouci (1993) [8]
Ghaly and Cahill (2005) [31]
Khatib and Bayomy (1999) [20]
Liu et al. (2013) [54]
Raffoul et al. (2016) [38]
Taha et al (2008) [11]
Topcu (1995) [16]
TOTAL (FA)

4
9
2
3
4
9
8
3
5
4
3
54

Author
Aiello and Leuzzi (2009) [18]
Atahan and Sevim (2008) [55]
Bing and Ning (2014) [6]
Cairns et al. (2004) [19]
Eldin and Senouci (1993) [8]
Ganjian et al. (2009) [12]
Khatib and Bayomy (1999) [20]
Naito et al (2014) [7]
Taha et al (2008) [11]
Topcu (1995) [16]
Toutanji (1996) [9]
Turatsinze and Garros (2008) [17]
Zheng et al (2008) [56]
TOTAL (CA)

nmixes
(-)
3
5
8
3
4
3
8
2
4
3
4
4
3
54

fc,0 (MPa)

ρvr,min
(-)

ρvr,max
(-)

dr,max
(mm)

dg,max
(mm)

70.2
61.2-87.9
97.2
39.6
46.8
61.1
38.2

0.200
0.025
0.030
0.025
0.100
0.072
0.032

0.600
0.500
0.080
0.500
0.300
0.082
0.128

14
40
22
50
9.5
5.0
6.0

10
20
20
20
12
20
12

fc,0 (MPa)

ρvr,min
(-)

ρvr,max
(-)

dr,max
(mm)

dg,max
(mm)

27.8
71.1
33.9
51.3
35.3
12.7-27.7
39.6
44.5
63.3
27.4
35.3

0.023
0.028
0.137
0.050
0.090
0.081
0.022
0.015
0.045
0.176
0.052

0.112
0.153
0.205
0.250
0.360
0.256
0.434
0.045
0.600
0.352
0.156

20
4.8
2.0
5.0
6.0
2.0
5.0
2.0
20
20
1.0

18
9.5
20
10
19
20
20
12
20
20
18

dr,max
(mm)
20
20
5.0
38
25
50
10
20
4.0
13
10
32

dg,max
(mm)
20
20
10
25
16
20
40
20
10
16
19
20

fc,0 (MPa)
47.0
38.2
37.6-63.5
51.3
34.9
33.9
39.6
46.8
27.4
35.3
32.0
44.1
56.0

ρvr,min
(-)
0.062
0.045
0.156
0.050
0.160
0.024
0.028
0.133
0.088
0.098
0.150
0.102
0.096

ρvr,max
(-)
0.188
0.222
0.622
0.250
0.640
0.049
0.566
0.267
0.648
0.294
0.600
0.254
0.289

fcr,test/fcr,pred (-)
Average
COV
1.04
0.08
1.05
0.08
0.88
0.09
0.78
0.17
1.31
0.13
1.26
0.03
0.91
0.11
1.03
0.10

fcr,test/fcr,pred (-)
Average
COV
0.91
0.04
0.80
0.21
1.30
0.06
1.13
0.22
1.17
0.17
1.05
0.07
0.76
0.30
0.80
0.13
0.97
0.07
1.30
0.09
0.79
0.10
1.00
0.13

fcr,test/fcr,pred (-)
Average
COV
0.67
0.08
0.77
0.11
1.40
0.14
1.06
0.13
1.10
0.12
0.95
0.09
0.50
0.20
1.06
0.14
1.34
0.16
0.74
0.13
1.25
0.15
0.76
0.15
1.27
0.09
0.99
0.13
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Figures

a)

b)

Figure 1 a) Rubberised concrete constituents b) Rubberised concrete mix

Figure 2 Sieve analysis for mineral aggregates and waste rubber
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a)

b)

Figure 3 Testing arrangement for cylinders a) general view, b) layout

Figure 4 View of testing for: a) compression test on cubes, b) splitting test on cylinders
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a)

b)

c)
Figure 5 a) Longitudinal cross section through a rubberised concrete cylinder b) Stress – strain
response of pilot tests with 60% replacement, c) Failure of pilot cylindrical samples
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a)

b)

c)

d)

Figure 6 Stress-strain relationships for a) normal concrete R00, b) rubberised concrete with 20%
replacement R20, c) rubberised concrete with 40% replacement R40, d) rubberised concrete with
60% replacement R60.
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Figure 7 Influence of rubber content ρvr to the mechanical properties of concrete a) elastic
modulus Ecr, b) compressive strength fcr, c) peak axial strain εcr1,1, d) peak lateral strain εcr2,1, e)
splitting strength fctr,sp f) crushing energy Gc

Figure 8 Comparative overview of test samples
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Figure 9 Compressive strength degradation as a function of volumetric rubber ratio ρvr

Figure 10 a) relationship between modulus of elasticity Ecr and compressive strength fcr for
rubberised concrete, b) degradation of stiffness as a function of volumetric rubber ratio ρvr
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Figure 11 a) relationship between splitting strength fctr,sp and compressive strength fcr for
rubberised concrete, b) degradation of fctr,sp as a function of volumetric rubber ratio ρvr

Figure 12 Uniaxial constitutive model for rubberised concrete
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Figure 13 Relationship between stress ratio and lateral-to-axial strain ratio

a)

b)

Figure 14 a) relationship between maximum crack width and rubber content, b) assumed stressstrain diagram in tension
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Figure 15 Comparative assessment between test and predicted stress-strain responses (black and
red curves represent experimental and predicted response, respectively)

Figure 16 Comparative assessments between stress-strain responses predicted by Eurocode 2
[63] and the proposed model
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