
1 
 

Construction and Building Materials, 254(2020), ARTN 119253. 

https://doi.org/10.1016/j.conbuildmat.2020.119253 

 
Cyclic stress-strain rate-dependent response of rubberised concrete 

 

B. Xu1, D.V. Bompa1,2*, A.Y. Elghazouli1 

1Department of Civil and Environmental Engineering, Imperial College London, UK 
2Department of Civil and Environmental Engineering, University of Surrey, UK 

Abstract 

This paper presents an experimental investigation into the constitutive response of rubberised 

concrete materials under monotonic and cyclic compression. After describing the test specimens 

and experimental arrangement, a detailed account of the stress-strain response of rubberised 

concrete materials, as well as their reference high strength conventional concrete, is given. The 

volumetric rubber content is varied between 0 and 40% of both fine and coarse aggregates. Both 

monotonic and cyclic loading conditions are considered for comparison, and three strain rate levels, 

simulating static, moderate and severe seismic action, are examined. The increase in rubber content 

is shown to have a detrimental effect on the stiffness and strength, as expected. However, with the 

increase in rubber content, rubberised concrete materials are shown to exhibit improved 

compressive recovery under cyclic loading, coupled with a higher energy accumulation rate, 

enhanced inter-cycle stability and lower inter-cycle degradation. It is also shown that the increase in 

strain rate, from static to severe seismic, leads to a notable increase in the stiffness and strength, 

with these enhancements becoming less significant with the increase in rubber content. Based on 

the results and observations, expressions for determining the unloading stiffness and residual strain, 

as a function of rubber content and strain rate, are proposed within the ranges considered. The 

suggested relationships enable the characterisation of rubberised concrete materials within widely 

used cyclic constitutive models.  
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1 Introduction 

The performance of concrete materials provided with recycled tyre rubber particles as a 

replacement for conventional mineral aggregates has been studied extensively in recent years [1-

13]. The proportion replaced influences the fresh, mechanical, physical and long-term properties of 

rubberised concrete materials (RuC) [1-6]. Compressive and tensile strengths, as well as the elastic 

and dynamic modulus, decrease with rubber content, whilst the energy dissipation is typically 

enhanced compared to conventional concrete materials (CCM) [5-10]. Some increase in strength 

can also often be obtained by rubber particle surface treatment [11]. Earlier work by the authors 

included extensive compressive tests on unconfined and confined RuC, with volumetric rubber 

replacement ratio of up to 60%, and led to the development of a full uniaxial constitutive model for 

RuC under monotonic loading [9,13].  

Previous investigations on the cyclic behaviour of structural RuC members have shown the 

potential benefits in terms of enhanced energy dissipation and damping in comparison to CCM [14-

17], but without providing a full characterisation of the cyclic response. It has also been reported 

that RuC members can absorb up to 2.5 times the energy, with 1.13 times the viscous damping, of 

their counterparts of CCM members under cyclic loading [15]. When conventional concrete is 

subjected to loading-unloading cycles, its behaviour exhibits strength and stiffness degradation [18-

25], which need to be quantified depending on the type of material. Importantly, most reported tests 

on the cyclic compressive response of RuC have been limited to rubber content levels below 30%, 

as a replacement of fine mineral aggregates, which corresponds to a relatively low rubber content of 

around 11% of the total mineral aggregates [26-29]. Limited studies, on the other hand, investigated 

the elastic mechanical properties of RuC with relatively high rubber content under cyclic 

compression or flexural loads [30-37]. However, the fundamental post-peak characteristics of 

unconfined RuC materials with relatively high rubber content under cyclic compression have not 

been investigated. 

As in monotonic cases, the cyclic compressive strength of concrete materials decreases with the 

increase in rubber content. The reduction in strength were shown in several studies to be related to 

the relatively poor bonding between the rubber and the cement [30,31,33,34], while further 

microstructural investigation indicated that the soft aggregate behaviour of rubber particles 

increases the porosity of concrete and contributes to the loss in strength [35]. This reduction in 

strength occurs also due to the lower elastic modulus of rubber particles compared to the replaced 

mineral aggregates, resulting in elastic incompatibility and stress concentrations and hence 
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weakness at the interfacial transition zone (ITZ) between the rubber particles and cement matrix 

[29]. Conventional concrete materials (CCM) are characterised by stiff inclusions, mineral 

aggregates, in a soft cementitious matrix separated by weak ITZs. Debonding and slip between the 

inclusions and matrix during cyclic loading, as well as cracks and shear bands in the matrix and 

inclusions, can contribute to and aggravate the degradation in CCM materials [36-38]. On the other 

hand, for RuC, particularly when a high rubber content is used, the weaker components would be 

the rubber particles, and fracture and post-peak degradation would be governed by the rubber-

matrix interactions.  

In terms of strain rate effects, quasi-brittle heterogeneous materials, such as CCM exhibit rate 

sensitive characteristics with respect to strength [39]. Both tension and compression strengths 

typically increase with strain rate and exhibit a critical strain rate beyond which large increases in 

strength occur [40]. This usually occurs at a rate of about 5 sec-1 for tension and 60 sec-1 for 

compression. The initial elastic modulus is normally less sensitive to changes in strain rate than the 

stiffness and strength around crushing [40]. Moreover, damage accumulation levels were shown to 

be different for samples subjected to the same stress level, but varying strain rate levels ranging 

from static (0.5×10−5 to 5×10−5) to seismic (1×10-4 to 1×10-1) or higher strain levels [40-44]. A 

number of studies have reported an enhancement in energy dissipation and damping caused by the 

increase in rubber content [45-54]. On the other hand, there are limited studies on the influence of 

strain rates on rubberised concrete [55-57]. Due to its hyperelastic nature, rubber is expected to be 

highly sensitive to strain rates, with significant increase in strength with higher rates. Tests under 

compression at strain rates above 1×10-2 have typically shown that the dynamic increase factors 

(DIF) for RuC, represented by dynamic-to-static strength ratios, are within those of CCM [55,57], 

whilst splitting tests have shown that the DIF for RuC are about two folds those of CCM [56,58]. 

Overall, the addition of rubber particles in concrete have been shown in previous studies to lead to 

benefits in terms of ductility and energy dissipation. However, fundamental studies on the cyclic 

response of RuC at strain rates representative of seismic loading have been limited, and have 

focused on RuC with very low rubber content of up to 11% of the total mineral aggregates or RuC 

confined properties [26-28]. An in-depth study on the effects of cyclic loading on the mechanical 

properties and post-peak behaviour of unconfined RuC, including quantification of key constitutive 

parameters for cyclic stress-strain modelling, is currently lacking. It has already been shown that 

although the increase in rubber reduces the strength of concrete significantly and, depending on the 

reference CCM strength, beyond 30-40% rubber the concrete is unlikely to be used in structural 

elements. However, previous studies on structural members have also shown that the amount of 
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rubber has little influence on the capacity of flexural members with no or low axial loads [16,59]. It 

is evident that RuC with reasonable strength, high ductility and energy dissipation can be used in 

expected plastic hinge zones of flexural members.  

To this end, this paper examines the fundamental compression monotonic and cyclic stress-strain 

properties of unconfined RuC with total rubber content of up to 40%. The experimental 

investigation considers three strain rate levels representative of static as well as moderate and severe 

seismic loading. A detailed assessment of the post-crushing energy dissipation, inter-cycle stability 

and cyclic degradation characteristics of RuC is also included. Based on the results and 

observations, expressions for determining the unloading stiffness and residual strain, as a function 

of rubber content and strain rate, are proposed within the ranges considered. The suggested 

relationships enable the characterisation of RuC materials within widely used cyclic constitutive 

models. 

2 Experimental programme 

In total, 90 cylindrical material samples were prepared to assess both the monotonic and cyclic 

compression behaviour of rubberised concrete (RuC) with various rubber content ratios subjected to 

three different strain rates (έ). The RuC specimens were prepared by replacing both the fine and 

coarse aggregates with rubber particles in proportions between 0% to 40% by volume, which 

correspond to volumetric rubber ratios (ρrv) in the range of 0 and 0.4, respectively. The volumetric 

ratio (ρrv) is the volume of rubber that replaces the mineral aggregates regardless of size and type. 

The considered strain rates (έ) include: έ1=1.67×10-5, έ2=1.67×10-3 and έ3=1.67×10-2 (sec-1), 

simulating applied loading rates corresponding to static loading, moderate seismic and severe 

seismic [43]. Three sets of cylindrical samples (3 × Ø75 mm × 150 mm, where Ø represents the 

diameter) were prepared for each ρrv and έ to determine the stress-strain (σ-ε) behaviour for both 

monotonic and cyclic loading conditions. 

2.1 Mix designs and specimen preparation 

The sand and gravel used in the RuC mixes were obtained from naturally occurring rock deposits 

consisting of various mineral contents [60]. The fine aggregates had sizes up to 5 mm with a 

specific gravity of 2.65 and a moisture ratio of 5%, while the coarse aggregates were of size 5-10 

mm, and had a specific gravity of 2.65 and a moisture ratio of 3%. It has been shown that RuC with 

fine rubber particles has a higher strength as well as lower workability and water permeability than 

RuC with large particles [11]. To achieve the highest strength possible, whilst incorporating 
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relatively high rubber volumes (i.e. 40%), fine rubber particles were considered for the mixes in this 

paper. Complementary admixtures were added and adjusted for each mix to obtain reasonable 

workability levels, as described below. The rubber particles used in the RuC mixes were acquired 

from recycled car tyres and manufactured into two size grades of 0.5-0.8 mm and 1.0-2.5 mm as 

depicted in Figure 1 [61].  

The results of a sieve analysis on both mineral aggregates and rubber particles according to EN 933-

1 [62] are given in Table 1. CEM I 52.5N was used as the binder in the RuC mixture whilst EN 

450-1 [63] fineness category S fly ash and Grade 940 silica fume [64] were also added to improve 

workability and optimise the particle packing of the mixture. The cement composition contained 

average ingredients of: 55% Tricalcium Silicate C3S, 20% Dicalcium Silicate C2S, 9.5% 

Tricalcium Aluminate C3A, 8% Tetracalcium Aluminoferite C4AF, 3.3% Sulfate SO3, 0.7% Alkali 

Eq Na2O, and < 0.1% Chloride [65]. 

In order to obtain a RuC with reasonable compressive strength and that can be used in practice, for 

a maximum of 40% rubber content, a relatively high strength CCM is needed. Hence, a reference 

CCM (R00) with a target strength of 70 MPa was prepared. This had 450kg/m3 of binders, 60% of 

which was CEM I 52.5N, 35% was fly ash and 5% was silica fume. It also contained 760 kg/m3 of 

sand, 977 kg/m3 of gravel, 158 L/m3 of water and 9.5 L/m3 of superplasticiser [66]. In total, 4 types 

of RuC mixes were prepared, referred to as R10, R20, R30 and R40, representing 10%, 20%, 30% 

and 40% replacement of both fine and coarse aggregates with fine rubber. From the reference CCM 

mix, for R10-R40 concretes, the amount of superplasticiser was adjusted to obtain a mix with 

reasonable workability. Fresh concrete properties determined by means of a slump cone provided 

slump values between 105-120 mm for all materials. Although there is no direct match between the 

gradation curve of the rubber blend comprising 0.5-0.8 mm and 1.0-2.5 mm rubber particles and 

that of replaced mineral aggregates, the mixes have been designed in relation to the main physical 

properties of the constituents and visual inspection, as well as slump tests on the fresh mixes, have 

indicated workable RuC materials. The mix designs of all the RuC materials as well as the reference 

CCM are given in Table 2. It should be noted that although a drawback of using unconfined high 

strength concrete as a reference material is its brittle characteristics, this study shows that the 

inclusion of rubber results in an enhancement of ductility and energy dissipation under cyclic 

loading. 

A rotary mixing machine with a container of 40L was used for all the concrete mixes described 

herein. Initially, the fine and coarse aggregates were mixed with half of the water for 1 min in the 

mixer. The rubber was then added to the container and mixed with the aggregate and half of the 
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water for another 1 min. Subsequently, the binders (cement, fly ash and silica fume) and the 

superplasticiser were added in the container with the remaining half of the water and mixed for 

more than 3 mins. The mixtures were then placed in steel forms and compacted using a vibrating 

table until the air content in the fresh mix was at a minimum. Shorter vibration time was chosen for 

mixes with higher rubber content to avoid potential floating of rubber particles. 

Cylindrical samples of size Ø75 mm × 150 mm were prepared for testing in accordance with EN 

12390-1 [67] provisions. After pouring the concrete in the steel forms, they were covered with 

plastic sheets for 48 hours before de-moulding. The samples were cured in the curing room for up to 

28 days. Prior to testing, the loading surfaces of all the cylinders were ground to ensure full contact 

between the loading device and the samples. All the samples were oven dried for 24 hours in an 

environmental chamber at 105°C until a constant mass was achieved and cooled down for another 

12 hours at ambient temperature prior to testing. The longitudinal dimension and diameter of each 

sample were measured at three different locations to obtain the average values to assess the σ-ε 

characteristics as a function of the load-displacement (P-δ) recorded in the tests.  

2.2 Testing arrangement 

The cylindrical specimens were tested in a stiff Instron Satec 3500 kN machine. All the tests were 

conducted in displacement control with three levels of compressive cyclic displacement rates of: 

0.25 mm/min, 25 mm/min and 250 mm/min, corresponding to strain rates of έ1=1.67×10-5, 

έ2=1.67×10-3 and έ3=1.67×10-2 sec-1, respectively. As shown in Figure 2a, the test specimens were 

located on a high-strength steel loading plate with a diameter of 75 mm and thickness of 60 mm, 

whereas a 3D hinge with a total thickness of 100mm was placed at the top of the specimen. The 

bottom loading plate was a stiff 100 mm thick steel element to avoid direct contact between the 

displacement measurement ring system and the test machine. An intermediate plate was placed 

between the specimen and the test machine, hence allowing measurement of the total compressive 

deformation of the specimen in the post-peak regime. 

The pre-peak axial compressive behaviour of the cylindrical specimen was recorded through three 

displacement transducers positioned symmetrically around the specimen, and were fixed on two 

steel rings at a gauge length of 95 mm (Figure 2b). This measuring technique provides reliable 

measures measurement of axial deformations of the cylindrical specimen along the gauge length, 

without the influence of test set-ups such as the stiffness of the test rig as well as the gaps between 

loading plates [68]. Each ring was attached to the surface of the sample through three steel bolts in 

order to avoid direct contact with the specimen. Two additional transducers were placed between 
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the bottom of the test machine and the intermediate plate on the top of the specimen to measure the 

post-peak deformation as, due to severe cracking, ring transducer recordings would become 

unreliable [68]. The two independent measurement systems were required in order to assess the 

complete σ-ε characteristics, as the pre-peak deformations were stable whilst the post-peak regimes 

were governed by unstable crack propagations. The recorded displacements from the transducers 

were averaged and converted to strains by the gauge length of each measurement setting. The 

specimen ends were provided with jubilee clips to achieve reliable failure modes under 

compression. 

Both monotonic and cyclic loading scenarios were carried out in this study for all three loading 

rates. For the monotonic loading cases, incremental displacements were applied to the specimens 

until they reached failure. For the cyclic loading cases, a pre-loading of approximately 30% of the 

monotonic compressive strength was applied in order to stabilise the system and minimise the gaps 

between the tested specimen and loading plates. The sequence applied in the cyclic loading cases is 

shown in Figure 3. Three cycles of loading/unloading were applied at each displacement level. In 

the pre-peak region, a displacement increment of 0.1 mm was considered in each step until the 

specimen reached the crushing region. After crushing, the displacement increment was increased 

gradually up to failure. 

3 Stress-strain behaviour 

As noted above, material characterisation tests on conventional (CCM) and rubberised concrete 

(RuC) cylinders were carried out to assess the influence of rubber content and loading rates on the 

monotonic and cyclic compressive behaviour. The volumetric rubber replacement ratios were 0, 

10%, 20%, 30% and 40% (i.e. ρrv=0, 0.1, 0.2, 0.3, 0.4) of the total aggregates as described in the 

previous section. Figure 4 depicts the typical stress-strain (σ-ε) response of all specimens assessed 

as the average of 3 tests in each case. The monotonic test results are also presented separately in 

Figure 5(a)-(c). Detailed mechanical properties of the tested specimens, corresponding to each ρrv 

and loading rate, are given in Table 3. The average monotonic σ-ε of each set of tests is provided 

along with the average cyclic characteristics. The specimen reference adopts the format Rxx-Sy-

C/M which indicates the volumetric rubber content (R) in percentage, the loading rate 

(S1=0.25mm/min, S2=25mm/min, and S3=250mm/min, corresponding to έ1, έ2, and έ3, 

respectively) and the loading type (C: cyclic loading; M: monotonic loading). Characteristic failure 

patterns of selected CCM and RuC specimens are also shown within Figure 4.  
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3.1 Monotonic response 

The response of an unconfined concrete sample under compression can be represented by three 

main regions as shown in the schematic envelope of concrete materials under compression in Figure 

6. An elastic regime up to about 30% of the compressive strength, followed by a hardening regime 

characterised by a non-linear response and stiffness softening around the peak due to micro-

cracking. For RuC materials (R10-R40), after the crushing strain is reached, the behaviour is 

characterised by macro-cracking and damage accumulation, represented by softening which is 

affected by the concrete strength. Relatively high strength concrete (R00) tends to have a brittle 

response with low ductility and a steep descending branch, whilst those with relatively lower 

strength are typically more ductile. Tests carried out previously by the authors on RuC [9] showed 

that a softer post-crushing behaviour occurs with increasing rubber content, typically leading to 

increased material ductility. 

The stress-strain (σ-ε) curves shown in Figure 5(a)-(c) and the results given in Table 3 show that the 

increase in rubber content (ρrv) caused reduction in the compressive strength (frc), elastic modulus 

(Erc) and crushing strain (εrc,0). These are in accordance with observations from previous studies by 

the authors in which the rubber blend included particles up to 20 mm, even though in this study 

rubber particles up to 2.5 mm only were used [9]. The compressive strength frc of RuC with ρrv=0.4 

(R40) was about 20% of the reference CCM (R00). Erc was also reduced to about 40% when ρrv 

varied from 0 to 0.4. On the other hand, the post-peak behaviour showed increased softening with 

the increase in ρrv. As shown in Figures 4 and 5, the brittle failure mode of the reference CCM 

(R00) exhibited no post-peak deformation whereas the RuC specimens developed a relatively softer 

post-peak behaviour, typically characterised by high energy dissipation in the post-crushing regime. 

For specimens subjected to the static loading rate (S1), as the rubber replacement ratio reached 

ρrv=0.4, the compressive strength frc was about 22% of the reference concrete. Erc of RuC with 40% 

of rubber also reduced to 40% of the elastic modulus (Ec0) of the reference concrete. Meanwhile, 

the crushing strain εrc,0 of R40 had a reduction of 40% compared to that of R00. The average frc,R00-

S1-M=82.6MPa, Erc,R00-S1-M=40.0GPa and εrc,0,R00-S1-M=0.216% were obtained for normal concrete 

specimens under the static loading rate. For the RuC specimens under the S1 rate, the recorded 

average frc were 58.1 MPa, 36.2 MPa, 25.9 MPa and 17.8 MPa for R10, R20, R30 and R40 

specimens, respectively. Meanwhile, the average Erc and εrc,0 were 30.5 GPa and 0.19% for ρrv=0.1, 

25.9 GPa and 0.14% for ρrv=0.2, 21.5 GPa and 0.132% for ρrv=0.3, and 15.7GPa and 0.13% for 

ρrv=0.4. As shown in Figure 5(d)-(f), the comparison between the monotonic test results in this 
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study and the RuC properties obtained from a previous study indicated largely the same influence of 

ρrv on the properties of RuC [9]. The compressive strength (frc), elastic modulus (Erc) and crushing 

strain (εrc,0) of RuC in the figure are normalised with respect to the corresponding values for CCM 

(fc0, Ec0 and εc0,0), respectively. 

Figure 5 and Table 3 also compare the static S1 (έ1) and higher-rate S2 and S3 (έ2 and έ3) 

mechanical properties of RuC specimens obtained from the monotonic σ-ε curves. It is shown that 

the increase in strain-rate (έ) increases frc, Erc and εrc,0 for RuC, with the enhancement ratio being 

largely constant with the increase in ρrv. The increase in έ results in an increase in the compressive 

strength frc of RuC for all ρrv by an average of 12.1% (for έ2) and 18.3% (for έ3), respectively 

(Figure 5(d)). The corresponding increase in crushing strain εrc,0 is 6.0% and 11.7%, respectively 

(Figure 5(f)). It is noted from Figure 5(b) that the increase in έ has a greater influence on R00, R10 

and R20 specimens whereas the effect is reduced as the rubber content reaches ρrv=0.3-0.4. Unlike 

the compressive strength of RuC, which, among other factors, is controlled by the soft aggregate 

behaviour of rubber particles and by their interaction with the matrix, the elastic deformability 

(elastic modulus) of the RuC material is highly influenced by the elastic behaviour of rubber. 

Studies have shown that although rubber is a rate-sensitive material similar to cementitious 

composites, the rates applied in this study (between 10-5 to 10-2 sec-1) have a negligible effect on the 

constitutive response of rubber [46,47]. Hence, the enhancement in Erc due to the increase in έ is 

reduced for specimens with high ρrv ratios. 

3.2 Cyclic response 

The stress-strain (σ-ε) response of CCM and RuC specimens for different strain rates (έ: S1, S2, S3) 

are shown in Figure 4. The rubber content (ρrv) influences the cyclic mechanical properties of RuC 

in a similar manner to those tested under monotonic loading. The cyclic compressive strength (frc) 

of R40 is 23% of its reference concrete (R00), combined with a reduction of 33% in both the elastic 

modulus (Erc) and crushing strain (εrc,0). The cyclic compressive strength (frc) of all CCM and RuC 

specimens loaded under S1 show an average reduction in frc of 1.3% compared to their monotonic 

counterparts (frc,R00-S1-C=79.0MPa, frc,R10-S1-C=55.5MPa, frc,R20-S1-C=36.3MPa, frc,R30-S1-C=25.8MPa 

and frc,R40-S1-C=18.4MPa). Erc shows average reductions of 4.4%, whilst the average cyclic crushing 

strain is unchanged compared to the monotonic cases. Erc and εrc,0 were 39.1 GPa and 0.204% for 

CCM, 30.6 GPa and 0.190% for R10, 26.2 GPa and 0.147% for R20, 20.6 GPa and 0.136% for 

R30, and 13.1 GPa and 0.138% for R40.  
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The cyclic and monotonic mechanical characteristics for all specimens with different ρrv and 

subjected to the three loading rates are presented in Figure 7. As observed from Figure 7(a)-(c), the 

highest frc and Erc are obtained for specimens tested under the monotonic rate S3, whilst the lowest 

bounds are those tested under cyclic rate S1. The average cyclic-to-monotonic reduction ratios in 

strength and stiffness of RuC materials for all strain rates are 3.6% and 6.4%. The change in έ 

shows almost no effect on the cyclic-to-monotonic εrc,0 ratios for all RuC materials. The 

experimental observations indicate that ρrv has a similar influence on both cyclic and monotonic 

mechanical properties of RuC, whereas specimens loaded under higher έ develop enhanced frc and 

Erc. Meanwhile, cyclic loading has a relatively insignificant influence on frc and Erc for both CCM 

and RuC compared to monotonic loading conditions. 

Similarly to the monotonic loading cases, Figure 4 indicates that the cyclic σ-ε response of RuC 

materials with relatively high ρrv are relatively ductile and develop a stable post-crushing hysteresis. 

The high strength CCM specimens show brittle failure under cyclic loading without any post-

crushing σ-ε branch. Moreover, most of the post-peak energy of R10 and R20 RuC specimens is 

dissipated within the first cycle after crushing due to the relatively brittle behaviour caused by the 

formation of a single major crack. On the other hand, the RuC specimens with relatively high 

rubber content (R30 and R40) demonstrate a much more stable accumulation of hysteretic energy, 

characterised by the formation of several macro-cracks in the post-peak regime.  

To quantify the influence of ρrv, έ and loading type on the post-crushing response of CCM and RuC, 

the crushing energy (Gcl) was assessed using the principles illustrated in the diagram located at the 

bottom left of Figure 7(d). Gcl was evaluated as the grey area under the σ-ε envelope up to the 

recorded residual stress of 0.3×frc. This includes the triangular area in the pre-peak regime and the 

area below the post-peak curve. The parameter Gcl,mono (N/mm2) may be defined as the energy 

dissipated per unit volume of the specimen during monotonic compressive deformation. The 

corresponding Gcl,cyc for specimens under cyclic loading is referred to as the accumulation of 

hysteretic energy of the first loading cycle at each applied deformation level down to 0.3×frc.  

The influence of ρrv and έ on Gcl,mono and Gcl,cyc is depicted in Figure 7(d) and Table 3. It is shown 

that a similar level of Gcl is achieved for both cyclic and monotonic loading with an average 

Gcl,cyc/Gcl,mono = 1.02. A relatively steep reduction in Gcl is observed when ρrv increases from 0.1 to 

0.2, as for this range the compressive behaviour seems to be governed by concrete. Hence, the 

reduction in Gcl is largely proportional to the reduction in frc. When ρrv ≥ 0.2, Gcl is largely constant 
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as the reduction in frc stabilises, and a more ductile post-peak response develops. Beyond ρrv= 0.2, 

the rubber governs the material behaviour rather than the concrete. 

The material tests described in this section enabled a direct assessment of the effects of rubber 

content (ρrv) and strain rate (έ) on the monotonic and cyclic mechanical properties of RuC materials. 

Detailed insights into the strength and stiffness degradation properties as well as post-crushing 

performance of RuC, were obtained. Other representative material parameters for concrete under 

cyclic loading are discussed in detail in the following section, including the cumulative energy 

dissipation, inter-cycle degradation, unloading stiffness and unloading residual strain.  

4 Characterisation of cyclic response 

In addition to the experimental results presented in Section 3, which focussed on the mechanical 

characteristics of CCM and RuC materials loaded at different strain rates and conditions, a detailed 

assessment of the hysteretic behaviour of 36 RuC specimens is presented in this section. The 

assessment focuses on the cyclic tests on RuC materials with rubber content ρrv=0.1-0.4 and 

subjected to the three different strain rates (S1, S2 and S3) as mentioned before (corresponding to 

έ1=1.67 × 10-5, έ2=1.67 × 10-3 and έ3=1.67 × 10-2
 sec-1). The effect of each parameter on the cyclic 

response of RuC materials is examined and key observations regarding the hysteretic behaviour are 

presented. In the subsequent discussion, an ultimate strain threshold of εrcu = 0.8% is considered, 

which corresponds to a level where the stress reduces to less than 10% of the corresponding 

compressive strength (i.e. σ < 0.3×frc). 

4.1 Energy dissipation and inter-cycle stability 

The energy dissipation of the unit volume of RuC specimens is estimated from the cyclic σ-ε shown 

in Figure 4 as the enclosed areas of each cyclic loop in the post-peak regime. The sum of the 

dissipated energy at each first cyclic loop from crushing to the ultimate strain threshold, referred to 

as the cumulative dissipated energy EDC (N/mm2), is presented in Figure 8. This parameter enables 

the evaluation of rubber content (ρrv) and strain rate (έ) effects on the energy dissipation capacity of 

RuC materials under static and higher-rate cyclic compressive loads.  

Firstly, Figure 8(a)-(d) indicates that RuC materials with less rubber show higher EDC due to the 

relatively higher compressive strengths. At the ultimate state, the R10 specimen under the static 

strain rate S1 has EDC, R10-S1 = 0.081 N/mm2, which is 19%, 27% and 36% higher than its R20, R30 

and R40 counterparts, respectively (i.e. EDC, R20-S1 = 0.066 N/mm2 EDC, R30-S1 = 0.059 N/mm2 and 

EDC, R40-S1 = 0.052 N/mm2). Comparative assessments of the results from Figures 4 and 7 indicate 
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that, due to the relatively brittle failure modes of R10 and R20 specimens, most of the energy was 

dissipated within the first loading cycle.  

It can also be noted that RuC specimens loaded under the higher strain rates (S2 and S3) show 

higher EDC compared to those under static loading conditions (S1). It is also shown that for R10 and 

R20 specimens, the increase in strain rate (έ) for S2 and S3 leads to an enhancement of EDC at 

crushing by 25% and 36%, respectively. In contrast, the influence of έ on EDC at crushing for R30 

and R40 is negligible. In general, the increase of έ from S1 to S3 shows constant enhancement of 

EDC at ultimate state (εrcu = 0.8%) irrespective of ρrv, with an average increase of 33.7%. 

Figure 9 shows the increase in rate of EDC in relationship with axial strain after crushing, denoted as 

λ and determined as the ratio between the EDC at a specified strain level and the strain at crushing. It 

is noted from Figure 9(a)-(c) that the increase in ρrv results in a significant enhancement in λ at each 

strain rate level. As described previously, most of the energy for R10 and R20 specimens is 

dissipated in the first cycle after crushing, whereas less energy is dissipated in the following cycles 

up to the ultimate state, highlighting the largely brittle post-peak behaviour of these RuC materials. 

On the other hand, although R30 and R40 specimens dissipated a lower amount energy after 

crushing, as shown in Figure 4 and 7, the increase in ρrv allows the material to absorb larger 

amounts of energy in the subsequent cycles leading to up to 18 times higher λ than those of R10 and 

R20 specimens. These observations also indicate a more ductile and stable post-peak behaviour for 

RuC with relatively high ρrv in comparison to those with lower ρrv. 

Inter-cycle stability is another key property to describe the energy dissipation and degradation 

response of concrete materials under cyclic loading, and such studies on RuC have been lacking to 

date. For comparison purposes, an inter-cycle stability factor (υ) is defined as the ratio between the 

energy dissipated in the third cycle and that dissipated in the first cycle. This is assessed for all RuC 

specimens in strain level ranges between 0.4% > εrc > εrcu, where unstable crushing occurs. Higher 

values of υ indicate better inter-cycle stability, whilst relatively low values are representative of 

significant inter-cycle degradation.  

It is shown in Figure 10(a)-(c) that the inter-cycle stability of RuC materials increases with ρrv, with 

40% rubber producing an enhancement in υ by up to two folds compared to that of ρrv = 0.1. Rubber 

particles have a clear contribution to the recovery of RuC after unloading, leading to a more stable 

material degradation response. Although υ reduces with the development of axial strain due to the 

overall degradation of the material, the strain rates (έ) have a negligible influence on the inter-cycle 

stability of RuC materials. The values of υR40 and υR30 (for ρrv = 0.4 and 0.3, respectively) are 
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relatively similar, varying in the range of 0.28-0.40 for different έ, whilst υR20=0.33-0.20 (for ρrv = 

0.2) and υR10=0.22-0.1 (for ρrv = 0.). 

This section has examined the effects of ρrv and έ on the ductility and stability of RuC materials 

under cyclic loading in the post-crushing regime. Although RuC with relatively high rubber content 

dissipated less energy, represented by lower nominal EDC values, the cumulative dissipated energy 

in the post-crushing regime is more stable than that of RuC with lower rubber contents. These 

characteristics indicate a more ductile crushing behaviour for high-ρrv RuC. High strain rates induce 

additional dissipated energy, yet these have a generally negligible influence on the inter-cycle 

stability of RuC materials. 

4.2 Unloading modulus and residual strain 

The unloading path, represented by the unloading modulus (Eun) and the corresponding residual 

strain (εres), is used to describe the compression recovery of concrete under cyclic loading and to 

quantify the damage propagation in the material. The envelope schematic of concrete under 

compression in Figure 6 shows a σ-ε for concrete under cyclic compressive loading. The residual 

strain εres is defined as the strain corresponding to a zero or near-zero stress on the unloading σ-ε 

path whilst the unloading modulus Eun is defined as the second modulus of the unloading path. The 

effects of rubber content (ρrv) and strain rate (έ) on the RuC unloading modulus Eun of the first 

loading cycle at each strain level are depicted in Figure 11. It is evident that the Eun of RuC material 

reduces significantly with the increase in axial strain. As shown in Figure 11(a)-(c), for R10 and 

R20, Eun reduces by 60% and 77% compared to the corresponding elastic modulus (Erc), 

demonstrating a significant material degradation. On the other hand, R30 and R40 specimens 

demonstrate a similar Eun at crushing, whilst the change in Eun with axial strain indicates a gradual 

material degradation in consecutive cycles. Under unloading, degradation of axial stiffness occurs 

as the strains increase, and the unloading modulus can generally be represented by a damage index 

which is proportional to strain softening and degradation [24].  

For all the strain rates (έ), specimens with higher ρvr show lower Eun due to the inherently low 

stiffness of RuC material and the elastic recovery ability of rubber particles. Close inspection of 

Figure 11(a)-(c) shows that the difference between Eun,R10 (ρvr=0.1) and Eun,R40 (ρvr=0.4) is greater 

with the increase in έ. Similar to the investigation on Erc, described in Section 3.1, the compressive 

recovery modulus of RuC material with high ρvr is greatly influenced by the rubber particles which 

show less sensitivity to the έ range considered in this study. Hence, the increase in strain rate from 
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10-5 to 10-2 sec-1 provides higher enhancement to the Eun of R10 and R20 specimens, whereas the 

influence of έ on R30 and R40 specimens is comparatively insignificant. 

The residual strain (εres) propagation with the axial strain after crushing of all the tested RuC 

specimens is shown in Figure 12(a)-(c). It is noted that εres of RuC reduced significantly as the 

rubber content increased from ρrv = 0.1 to ρrv = 0.4, with an average reduction ratio of 32%. It is 

shown that the increase in ρrv has a positive influence on the compression recovery of RuC, whilst 

the increase in έ has a minimal effect on the accumulation of εres. On the other hand, the 

accumulation of εres for R10 shows a linear relationship with the increase in axial strain ε, whereas 

εres of higher rubber contents shows an increased accumulation rate with the propagation of axial 

strain. The elastic characteristics of rubber particles provide additional effects on the tension 

recovery after removal of applied compressive load. This effect restricts the propagation of residual 

deformation in the RuC material in the post-crushing cycles. Further increases in axial strain causes 

severe debonding between the aggregates and the cement paste, leading to a reduction in the rubber 

recovery effect and faster accumulation of εres. An increase in axial strain in the post-peak regime is 

characterised by a sliding diagonal macro-crack. Under sliding, the crack interfaces are locked by 

the mineral aggregates (aggregate interlock action) and by rubber particles (rubber clamping action) 

[10]. As the width and slip of the macro-crack increase, the aggregates and particles debond from 

one of the crack interfaces, typically on the side with the lowest particle embedment area. Such 

effects would develop in unconfined RuC cylinders under compression. 

The test results shown in Figure 11 and Figure 12 permit the development of assessment 

expressions for Eun and εres of RuC based on a set of regression analyses. The unloading stiffness 

characteristics are shown in Figure 13(a) through an ‘Enorm versus A’ relationship as proposed in 

Equation 1. The parameter Enorm in Equation 1 (a) represents the ratio between the unloading 

stiffness Eun and the elastic modulus Erc, whereas the unitless parameter A in Equation 1(b) 

represents the relationship between the axial strain ε, the crushing strain εrc,0 and the rubber content 

ρrv. By combining Equations 1(a) and 1(b), the unloading stiffness Eun can be obtained (Equation 

1(c)). As indicated in Figure 13(a), there is a good agreement between the test and predicted results, 

with an average analysis-to-experiment ratio of 0.99 and a COV of 0.18. It is also worth noting that 

Equation 1 represents the behaviour of Eun of RuC subjected to all the strain rate ranges applied in 

this study, as the strain rate had limited influence on Eun 

un
norm

rc

E
E

E
          (1a) 
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A set of expressions for the assessment of εres of RuC as a function of ρrv and the strain rate is 

proposed, as both parameters influence the cyclic RuC properties. This is represented by a ‘B versus 

εnorm’ relationship, shown in Figure 13 (b). The parameters B and εnorm in Equation 2 (a)–(c) 

represent the normalised residual strain and axial strain of the material, respectively. A set of fitting 

parameters (λS1, λS2 and λS3) were introduced to represent the influence of strain rate on εres. As 

indicated in Figure 13 (b), the proposed expressions show good agreement with the experimental 

results of all strain rates, with an average analysis-to-experiment ratio of 0.91 for S1, 0.87 for S2 

and 0.84 for S3, with a COV of 0.14, 0.17 and 0.18 respectively. Equations (1-2) can be used in 

conjunction with existing constitutive models for conventional concrete [18,19,24] in order to 

obtain the complete cyclic compressive response. 
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 and εres,0 - the residual strain on the unloading curve initiated at peak (see Figure 6) 
 

The above observations also indicate that rubber particles have a beneficial effect on the energy 

dissipation, as they provide less inter-cycle degradation and improved stability in the post-crushing 

regime.Based on the studies carried out in this paper, it is shown that CCM have a largely brittle 

response without any post-peak ductility, whilst by addition of a small proportion of rubber (10%) 

there are significant benefits in terms of post-crushing characteristics. Whilst the properties of RuC 

with 10% and 20% rubber are largely governed by the concrete matrix, the influence of the 

constituent rubber becomes more pronounced for 30% and 40% replacement ratios. This was 
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particularly evident from the assessment of the unloading modulus and residual strains resulting 

from repeated loading cycles.  

Previous experimental and numerical studies on the cyclic behaviour of reinforced rubberised 

concrete (RRuC) members carried out by the authors indicate that the increase in rubber content has 

little influence on the performance of flexural members such as beams with no or very low axial 

loads [16, 59]. The results presented in this study, which has been lacking to date, regarding the 

fundamental cyclic properties of unconfined RuC materials, show that RuC can be used in expected 

plastic hinge zones of flexural members. On the other hand, for RRuC members with high axial 

loads such as column members, external confinement such as using steel tubes or FRP jackets [15, 

27, 36, 69, 70], are required. However, for detailed numerical modelling of confined RuC, 

fundamental characteristics of unconfined RuC under cyclic loading are needed as have been 

quantified in this paper. 

5 Concluding remarks 

This paper has examined the effect of rubber content and strain rate on the behaviour of rubberised 

concrete (RuC) materials under monotonic and cyclic compressive loading. A detailed account of a 

series of ninety cylindrical specimens with significant rubber content ratios of up to 40%, tested 

under three different strain rates, representing static, moderate seismic and severe seismic loading, 

was given. The increase in rubber content was shown to have a detrimental effect on the stiffness 

and strength, as expected. The results obtained in this investigation, when compared to those from 

previous studies, also indicate that the rubber particle size has insignificant or no influence on the 

degradation in mechanical properties. It was also shown that the monotonic compressive strength 

and crushing strain of RuC were higher by 18.3% and 11.7%, respectively, when the strain rate 

increased from static loading to that representing severe seismic loading.  

The influence of rubber content and strain rate on the mechanical properties and stress-strain 

response of RuC under cyclic loading was similar to that under monotonic conditions, noting that 

the cyclic stress-strain envelope was generally contained within the monotonic counterpart. As the 

rubber content increased from 0 to 20%, the crushing energy showed an initial reduction 

proportional to the compressive strength whereas further increase in rubber content up to 40% 

provided enhancement in the energy dissipation. Limited influence was observed from the strain 

rate on the elastic modulus irrespective of the rubber content, and the elastic moduli under cyclic 

loading were about 5-10% lower than those under monotonic loading. Although concrete with high 

rubber content dissipated less cumulative energy during cyclic tests, due to its relatively low 
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compressive strength, an increase in rubber content enhanced the cumulative rate of hysteretic 

energy with the increase in axial strain in the post-crushing regime. Moreover, less significant inter-

cycle degradation was observed for concrete with high rubber content compared to that with low 

amounts of rubber.  

The unloading stiffness of concrete with low rubber content showed an abrupt reduction, of more 

than 60% in the first cycle at crushing indicating a largely brittle response. In contrast, specimens 

with high rubber content developed a more gradual material degradation and, hence, more ductility. 

In the post-peak regime, specimens with higher rubber content showed lower unloading modulus 

due to the low stiffness of RuC material and the elastic recovery ability of rubber particles. A higher 

strain rate provided typically greater enhancement in the unloading modulus of RuC with 10% and 

20% rubber content, and had less influence on their counterparts with 30% and 40% rubber. The 

increase in rubber content enhanced the compression recovery of RuC as the elastic property of 

rubber particles provided additional effects on the tension recovery after removal of the applied 

compressive stress.  

Overall, with the increase in rubber content, rubberised concrete materials are shown to exhibit 

improved compressive recovery under cyclic loading, coupled with a higher energy accumulation 

rate, enhanced inter-cycle stability and lower inter-cycle degradation. It is evident that RuC 

materials have the ability to maintain their energy dissipation ability under higher number of cycles. 

It is also shown that the increase in strain rate, from static to severe seismic, leads to a notable 

increase in the stiffness and strength, with these enhancements becoming less significant with the 

increase in rubber content. The above listed merits of RuC enable potential application of such 

materials in expected plastic hinge regions of flexural members where material ductility and inter-

cycle stability are essential. In contrast, unconfined RuC with relatively high rubber content would 

be unusable in structural members with high axial loads and external confinement measures are 

essential for its application in structures. Based on the results of this investigation, expressions for 

determining the unloading stiffness and residual strain, as a function of rubber content and strain 

rate, were proposed within the ranges considered. The suggested relationships enable the practical 

characterisation of rubberised concrete materials for the purpose of understanding the fundamental 

cyclic properties of such material, and can be employed in conjunction with widely used cyclic 

constitutive models. 
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Tables 

Table 1 Sieve analysis 

Sieves 
of 
square 
aperture 
(mm) 

 Passing Percentage % 

Rubber 
0.5-0.8 

Rubber 
1.0-2.5 

Sand Gravel 

0 0 0 0 0 
0.15 0.06 0.02 2.43 0.39 
0.30 0.23 0.02 24.0 1.06 
0.60 0.42 0.10 64.9 1.95 
1.25 99.7 8.82 84.7 2.95 
2.50 99.9 99.1 91.7 4.71 
5.00 100 100 97.6 16.1 
10.0 100 100 100 85.5 
14.0 100 100 100 99.5 
20.0 100 100 100 100 

 

Table 2 Concrete mix designs 

 R00 R10 R20 R30 R40 

Binders 
(kg/m3) 

Cement 225 225 225 225 225 
Fly ash 158 158 158 158 158 
Silica fume 67 67 67 67 67 

Aggregate
s (kg/m3) 

Sand (0-5 mm) 760 681 602 524 445 
Gravel (10-20 
mm) 

977 876 774 673 572 

Rubber 
(kg/m3) 

0.5-0.8 mm 0 24 48 72 96 
1.0-2.5 mm 0 31 62 93 124 

Admixture 
(L/m3) 

 9.5 9.5 9.5 9.5 9.5 

w/c  0.35 0.35 0.35 0.35 0.35 
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Table 3* Mechanical properties of RuC and CCM materials 

Specimen

Rubb
er 
conte
nt ρrv 

Strain rate 
έ  (sec-1) 

Monotonic properties Cyclic properties 

frc (MPa) Erc (GPa) εrc,0
 (‰) 

Gcl 
(N/mm2) 

frc 
(MPa) 

Erc 
(GPa) 

εrc,0 (‰)  
Gcl 
(N/mm2)

R00-S1 
0 

1.67 × 10-5 82.7±2.7 40.0±3.1 2.164±0.035 0 79.0±3.8 39.1±0.3 2.043±0.153 0 
R00-S2 1.67 × 10-3 88.8±4.1 41.6±1.4 2.173±0.096 0 91.1±1.7 40.2±0.9 2.248±0.045 0 
R00-S3 1.67 × 10-2 96.0±4.0 43.4±0.3 2.265±0.084 0 95.6±1.2 40.5±1.6 2.343±0.011 0 
R10-S1 

0.1 
1.67 × 10-5 58.1±5.4 30.5±0.1 1.886±0.020 0.068 55.5±0.7 30.5±4.1 1.900±0.289 0.053 

R10-S2 1.67 × 10-3 67.0±5.0 32.6±1.2 1.948±0.140 0.080 63.1±1.8 31.2±0.4 2.100±0.100 0.067 
R10-S3 1.67 × 10-2 67.2±4.8 36.0±0.5 1.991±0.306 0.057 62.8±6.2 32.9±0.9 1.967±0.208 0.044 
R20-S1 

0.2 
1.67 × 10-5 36.3±3.2 25.9±2.7 1.368±0.134 0.040 36.3±1.5 26.2±1.1 1.473±0.265 0.042 

R20-S2 1.67 × 10-3 39.2±3.9 30.6±0.6 1.426±0.099 0.041 36.4±2.7 27.9±0.7 1.367±0.058 0.052 
R20-S3 1.67 × 10-2 42.0±3.8 33.8±3.3 1.441±0.020 0.044 37.1±3.9 27.4±0.7 1.400±0.141 0.049 
R30-S1 

0.3 
1.67 × 10-5 25.9±1.5 21.5±0.9 1.320±0.096 0.037 25.8±1.9 20.6±0.6 1.362±0.115 0.039 

R30-S2 1.67 × 10-3 29.5±1.5 22.0±1.2 1.393±0.084 0.046 28.7±1.3 21.9±0.3 1.400±0.003 0.040 
R30-S3 1.67 × 10-2 32.4±0.9 24.3±0.2 1.582±0.031 0.049 29.2±1.8 20.8±1.9 1.433±0.058 0.050 
R40-S1 

0.4 
1.67 × 10-5 17.8±1.1 15.7±1.0 1.290±0.091 0.038 18.4±2.5 13.1±1.4 1.378±0.071 0.030 

R40-S2 1.67 × 10-3 20.6±2.5 15.5±0.2 1.503±0.046 0.047 20.3±2.1 14.6±2.4 1.533±0.058 0.041 
R40-S3 1.67 × 10-2 21.1±3.3 14.6±2.0 1.588±0.388 0.051 20.2±2.3 14.4±0.7 1.533±0.058 0.040 

* Results listed in the table are the average values of 3 test results of each specimen reference. 

 


