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A B S T R A C T   

Rubberized concrete (RuC) is a green and environmentally friendly concrete that can be a sus
tainable production material by replaced mineral aggregate by rubber particles. Rubber particles 
used for replacing mineral aggregate classified by two types: shredded or chipped rubber as 
coarse aggregate and crumb rubber as fine aggregate. Mechanical properties and stress-strain 
curve of rubberized concrete change as mineral aggregate replaced by rubber particles. Howev
er, present constitutive stress-strain models for conventional concrete are not valid for rubberized 
concrete. Also, proposed modified models for rubberized concrete have been done based on 
limited experimental tests or low volume replacement ratio for coarse aggregate replacement. 
Therefore, this paper presents an investigation on the mechanical properties of rubberized con
crete with volume replacement of coarse aggregate by rubber particles with size larger than 4 mm 
up to 100%, which represent about 60–65% from total aggregate, after analyzing published 
experimental tests in the literature for 98 concrete mixes. New equations were proposed to predict 
the compressive strength, modulus of elasticity, peak strain and compressive stress-strain rela
tionship with taken the volume replacement of coarse aggregate from total aggregate into ac
count. The proposed equations showed reliable prediction of the mechanical properties and 
compressive stress-strain relationship of the published experimental tests and improved accuracy 
over existing models.   

1. Introduction 

Concrete is one of the most widely used materials in the world, concrete production consumes significant natural resources every 
year. Sources of these natural resources are gradually depleting, which is a big rising concern for the concrete industry. Extraction of 
natural aggregates from lakes, river beds and other water bodies for prolonged period of time have resulted in enormous environ
mental problems in some parts of the world [3,28]. This led researchers attempted to use different recycled materials in concrete 
during the last few decades. On the other hand, the disposal of waste tires represents a major issue in the solid waste dilemma; ac
cumulations of discarded tires potentiality create fire and health. Therefore, a great importance has been attached to the recycling and 
reuse of rubber tire waste materials to replace the mineral aggregate in conventional concrete to save resource of mineral aggregate 
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and to limit the discarded tires last 20 years [10,11,19,24,40,41]. This approach complies with international agenda to move the 
economic strategy from linear approach to circular one that respects the environment. Such approach might significantly improve the 
management of non-renewable natural resources and might lead to reductions in waste storage in public landfills, environmental 
pollution as well as the decrease of construction cost [43]. Rubber particles used for replacing mineral aggregate can be classified by 
two types: shredded or chipped rubber with size larger than 4 mm used as coarse aggregate and crumb rubber with size between 4 mm 
and 0.075 mm used as fine aggregate [14,37]. Using of rubber particles results in reduction of compressive strength, elastic modulus, 
tensile strength and density of concrete, but higher toughness index, plastic energy capacity, fracture energy and damping ratio were 
observed as compared to conventional concrete [11,15,24,46,49]. The main parameters governing the mechanical properties of 
rubberized concrete are the volumetric replacement ratio, the size of replaced aggregate and characteristics of rubber particles [35,4, 

Table 1 
Experimental tests in the literature with coarse aggregate replacement.  

Reference W/C Cement type Coarse aggregate CA (mm) Fine aggregate FA (mm) Tire chips 
(mm) 

Rep. of course 
aggregate (%) 

[19] 0.48 Type I, portland 
cement 

Brazos River (4–25 mm) Brazos River (0–4 mm) CA (10–50 
mm) 

0–100 

[17] 0.39 Type I, portland 
cement 

Crushed natural aggregate 
(2.36–12.5 mm) 

Crushed natural aggregate 
(0.15–4.75 mm) 

CA 
(2.36–12.5 
mm) 

0–20 

[5] 0.4 Ordinary portland 
cement (OPC) 

Crushed stone gravel (4–20 
mm) 

Natural sand (0.1–4 mm) CA (4–25 
mm) 

0–100  

0.6     
[41] 0.5 Type II, portland 

cement 
Crushed stone gravel (4–19 
mm) 

Natural sand (0.1–4.76 mm) CA (4–12.7 
mm) 

0–100 

[12] 0.4 CEM I 42.5 R, 
Portland cement 

Crushed limestone (4–25 
mm) 

Crushed limestone sand (0.1–4 
mm) 

CA (10–40 
mm) 

0–30 

[36] 0.57 Ordinary portland 
cement (OPC) 

Crushed stone gravel (4–20 
mm) 

Natural siliceous sand 
(0.1–4.75 mm) 

CA (5–20 
mm) 

0–100 

[10] 0.48 Type I, portland 
cement 

Mineral aggregate (4–20 
mm) 

Natural sand (0.1–4.75 mm) CA (4–30 
mm) 

0–100 

[1] 0.55 Ordinary portland 
cement (OPC) 

Mineral aggregate (4–20 
mm) 

Natural sand (0.1–4 mm) CA (4–20 
mm) 

0–51.23 

[9] 0.33 Ordinary portland 
cement (OPC) 

Mineral aggregate (4.75–19 
mm) 

Masonary sand (0.15–4.75 
mm) 

CA 
(4.75–25.4 
mm) 

0–100 

[49] 0.45 Type I, portland 
cement 

Crushed stone (4.75–30 
mm) 

River sand (0.1–5 mm) CA (15–40 
mm) 

0–45 

[42] 0.45 Cement CEM II A-L 
42.5 R 

Crushed limestone (4–25 
mm) 

Rolled limestone sand (0.1–4 
mm) 

CA (4–25.4 
mm) 

0–25.9 

[35] 0.35 CEM II-52.5 N, 
Portland Limestone 
Cement 

Round river washed gravel 
from Trent Valley (UK) 
(4–20 mm) 

River washed sand from 
Shardlow, Derbyshire (UK) 
(0–5 mm) 

CA (5–20 
mm) 

0–100 

[18] 0.53 Ordinary portland 
cement (OPC) 

Gravel (14 mm, 20 mm) Natural riverand manufactured 
sand (0–5 mm) 

CA (15 mm) 0–9.7 

[44] 0.48 P. II52.5 R, 
Ordinary Portland 
cement (OPC) 

Crushed granite (5–20 mm) River sand (0.1–5 mm) CA (5–20 
mm) 

0–100 

[2] 0.52 Ordinary portland 
cement (OPC) 

Mineral aggregate (10–20 
mm) 

Natural sand (0.1–4 mm) CA (8–20 
mm) 

0–47.05 
0.6 0–28.1 

Reference Rep. of Total 
aggregate Pvr 
(%) 

density (Kg/m3) Size and shape of specimens fc test (Mpa) fc 150 × 300 
(Mpa) 

Ec (Gpa) εo %(mm/mm) 

[19] 0–56.76 2390–1740 Cylinder (150 ×300 mm) 37.5–3 37.5–3 – – 
[17] 0–10.25 2323–2210 Cylinder (150 ×300 mm) 35.26–22 35.26–22 – – 
[5] 0–62.2 2260–1640 Cylinder (150 ×300 mm) 62–15.9 62–15.9 38–16.5 –   

2250–1625  38.5–11.4 38.5–11.4 34–10.5 – 
[41] 0–60 – Cylinder (100 ×200 mm) 31.9–7.5 30.94–7.28 – – 
[12] 0–15.87 – Cube (150×150×150 mm) 53.69–27.91 51.4–21.43 40.9–24.8 – 
[36] 0–64.8 2400–1870 Cylinder (150 ×300 mm) 27–5.94 27–5.9 – – 
[10] 0–64 – Cylinder (150 ×300 mm) 34–6 34–6 – – 
[1] 0–31 – Cylinder (150 ×300 mm) 29–5.77 29–5.77 16.8–5.89 0.219–0.1350 
[9] 0–63 2552–2014 Cylinder (150 ×300 mm) 65.7–14.4 65.7–14.4 39.2–11.8 0.205–0.391 
[49] 0–28.8 2399–2050 Cylinder (150 ×300 mm) 38.8–18.1 38.8–18.1 31.8–16.5 – 
[42] 0–15 – Cylinder (150 ×300 mm) 55.5–28.5 55.5–28.5 40.6–30.9 – 
[35] 0–55 – Cylinder (100 ×200 mm) 61.7–8.7 59.8–8.4 39.4–14 0.218–0.108 
[18]) 0–5.7 – Cylinder (100 ×200 mm) 41.3–29.26 40.06–28.38 31–22.9 0.16–0.1817 
[44] 0–48.3 – Cylinder (150 ×300 mm) 31–4 31–4 29–1 0.2–0.44 
[2] 0–18.8 2372–2163 Cube (150×150×150 mm) 45.8–17.4 42.2–9.23 – –  

0–11.23 2310–2117  27.11–17.06 20.5–8.8 – –  
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6]. 
One of early studies on rubberized concrete have been conducted by Eldin and Senouci [10], the study investigated the effect of 

crumb and shipped rubber particles on the mechanical properties of conventional concrete, compressive strength was reduced by 85% 
when coarse aggregate fully replaced by shipped rubber particles, while 65% reduction was observed when fine aggregate fully 
replaced by crumb rubber particles. Also, rubberized concrete did not show brittle failure as compared to conventional concrete. 
Similar results have been concluded by Topçu [40]. However, Toutanji [41] investigated the behavior of rubberized concrete between 
0% and 100% of coarse aggregate replacement, specimens with rubber particles showed greater toughness as compared to the control 
specimens up to 50% replacement, while toughness was constant for coarse aggregate replacement between 50% and 100%. An 
experimental program has developed by Khatib and Bayomy [19] to study the effect of fine aggregate, coarse aggregate and both fine 
and coarse aggregate replacement on conventional concrete, three reasons of strength reduction in rubberized concrete have been 
hypothesized. First, because the rubber particles are much softer than the surrounding cement paste, so higher stress concentration 
around rubber particles leading to early failure of concrete. Secondly, due to the lack of adhesion between rubber particles and the 
paste. Thus, rubber maybe treated as voids in the concrete mix. The third possible reason is that concrete compressive strength is 
dependent greatly on the coarse aggregate, density, size and hardness. Therefore, the reduction in strength is anticipated as aggregates 
are partially replaced by rubber. Based on the previous reasons, several researchers investigated the potential enhancing of the me
chanical properties of rubberized concrete by pre-treatment or pre-coating of rubber particles [24,29,31], or by adding supplementary 
materials such silica fume [13,20], other studies reported that steel fibers can improve the mechanical properties of rubberized 
concrete [22,30,45]. Also, Improving the physicochemical property of rubber particles by irradiation may enhance the compressive 
strength and splitting tensile strength of rubberized concrete in some cases [16,26]. However, Confine the concrete by fiber reinforced 
polymers FRP is one of the solutions to overcome the reduction of the compressive strength of rubberized concrete [7,48]. 

As known, the compressive stress-strain relationship is very important for designing of structural elements, present constitutive 
stress-strain models for conventional concrete are not valid for rubberized concrete [4,6]. Accordingly, a few attempts have been done 
to develop compressive stress-strain relationship for rubberized concrete with respect to volume replacement ratio and type of 
replaced aggregate by rubber particles, such as fine aggregate [18,21,23,39,4,6] coarse aggregate [1,18,4,6], and both fine and coarse 
aggregate replacement [4,6]. However, the models developed for coarse aggregate replacement were based on limited experimental 
tests or for low replacement ratio. Therefore, the aim of this study is to develop compressive stress-strain relationship for rubberized 
concrete with coarse aggregate replaced by rubber with size larger than 4 mm and wide range of volume replacement up to 100% of 
coarse aggregate, which represent 60–65% of total aggregate after analyzing published experimental results in the literature. 

2. Experimental tests database 

Based on extensive inspection of the experimental tests in the literature, the papers clearly including information for the me
chanical properties of concrete mixes and mixing proportions for both conventional and rubberized concrete, with coarse aggregate 
replaced by tire rubber with size larger than 4 mm only considered, any concrete mix with steel fiber, pre-treatment or pre-coating of 
the rubber particles was excluded. Therefore, 98 concrete mixes from 15 studies [1,10,18,19,34,36,41,42,49] and [12,17,2,44,5] were 
used to predict the concrete compressive strength, elastic modulus, peak strain and compressive stress-strain relationship for 
rubberized concrete, with considering the volume replacement (Pvr) of coarse aggregate from total aggregate up to 65%. Experimental 
results database for the properties shown in Table 1 and for more details, the reader can refer to the Appendix 1. 

It should be noted that concrete compressive tests were conducted on specimens with different shape and size. Thus, the 

Fig. 1. Stress-strain curve of rubberized concrete with respect to reference conventional concrete with same mix proportions.  
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compressive strength of concrete changes as the shape and size change [32]. However, most of experimental tests were on cylinders 
with size 150×300mm. Therefore, to limit the effect of previous factors, the compressive concrete strength of 100×200mm cylinders 
were converted to 150×300mm cylinders by reduction factor 0.97. In addition, the compressive concrete strength of 
150×150×150mm cubes were converted to 150×300mm cylinders by Eq. (1) proposed by Yi et al. [47], where fc in (MPa). 

fc(cyl150x300mm) = 1.16 fc(cube150x150x150mm) − 11 (1) 

In the following sections, the mechanical properties and compressive stress-strain relationship equations for rubberized concrete 
were proposed after analyzing the published experimental results with considering the volumetric replacement of coarse aggregate by 
chipped rubber particles only up to 65% of volume of total aggregate. 

3. Prediction of mechanical properties for rubberized concrete 

Fig. 1 shows the compressive stress-strain curve of rubberized concrete with respect to reference conventional concrete curve with 
same mix proportions, the only parameter considered is the volumetric replacement ratio of coarse aggregate by chipped rubber 
particles. As can be seen concrete compressive strength, elastic modulus, peak strain, ascending and descending branches of rubberized 
concrete are different as compared to reference conventional concrete. Therefore, successful stress-strain relationship should predict 
the mechanical properties of rubberized concrete accurately. 

3.1. Compressive strength fcr 

Fig. 2. illustrates the relationship between the compressive strength degradation of published experimental results as a function of 
rubber replacement pvr. On the vertical axis, the rubberized concrete strength fcr is normalized against the reference strength of the 
conventional concrete fc, whereas on the horizontal axis, the rubber content is reported as volumetric ratio pvr. As can be seen, the 
compressive strength of rubberized concrete decreases as the volume replacement (Pvr) increases. The compressive strength reduction 
factor was 57%, 42% and 32% for 10%, 20% and 30% volume replacement, while it was 26%, 21% and 17% for 40%, 50% and 60% 
volume replacement. However, the rate of change of compressive strength decreases as volume replacement increases, this trend has 
been reported by several researchers [1,10,4,9]. however, this might be due to that the rubber particles act as large pores, and the 
compressive strength decreases in an exponential trend [10]. Proposed relationship between compressive strength of rubberized 
concrete and reference conventional concrete given by Eq. (2), with average (fcr, predicted/ fcr, test) of 0.992 and COV of 19.2%. 

fcr = eα1(pvr)
β1 fc; α1 = − 0.126andβ1 = 0.643 (2)  

Where fcr is the compressive strength of rubberized concrete, pvr is volume replacement of coarse aggregate by rubber particles from 
total aggregate, fc is the compressive strength of reference conventional concrete, α1 and β1 are coefficients for the fitting curve. 

3.2. Modulus of elasticity Ecr 

Fig. 3. illustrates the relationship between the Elastic modulus degradation of published experimental results as a function of 
rubber replacement pvr. On the vertical axis, the modulus of elasticity Ecr is normalized against the modulus of elasticity of reference 
conventional concrete Ec, whereas on the horizontal axis, the rubber content is reported as volumetric ratio pvr. Modulus of elasticity of 
rubberized concrete decreases as the volume replacement increases as shown in Fig. 3. However, the reduction of modulus of elasticity 
is less than compressive strength; the modulus of elasticity reduction factor was 77%, 63% and 53% for 10%, 20% and 30% volume 

Fig. 2. Relationship between compressive strength of rubberized concrete and reference concrete.  
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replacement, while it was 45%, 38% and 33% for 40%, 50% and 60% volume replacement. Proposed relationship between the 
modulus of elasticity of rubberized concrete and reference conventional concrete given by Eq. (3), with average (Ecr, predicted/ Ecr, test) of 
0.986 and COV of 13.1%. 

Ecr = eα2 (pvr)
β2 Ec; α2 = − 0.04andβ2 = 0.809 (3)  

Where Ecr is the modulus of elasticity of rubberized concrete, pvr is volume replacement of coarse aggregate by rubber particles from 
total aggregate, Ec is the modulus of elasticity of reference conventional concrete, α2 and β2 are coefficients for the fitting curve. 

3.3. Peak strain εcro 

Peak strain of rubberized concrete showed contrary results as compared to reference conventional concrete, some studies reported 
that the peak strain increases as volume replacement increases [41,44,9]. However, others studies reported that the peak strain de
creases as volume replacement increases [1,35]. also, Mendis et al. [27] reported that the behavior of rubberized concrete is 
approximately same as conventional concrete with same strength. Accordingly, the peak strains of rubberized concrete and normal 
concrete with same strength are equal. 

[25] reported that the peak strain of lightweight concrete is higher than peak strain of conventional concrete with same strength. 
The density of rubberized concrete decreases as volume replacement ratio increases as compared to reference conventional concrete 
[10,11,19,24,41]. Therefore, it expected to behave similarly to lightweight concrete. Indeed, parametric study have been done on 
rubberized concrete specimens with same strength approximately (23− 28) MPa showed that peak strain of rubberized concrete in
creases as volume replacement increases as shown in Fig. 4. Eq. (4) has been proposed for the relationship between peak strain and 

Fig. 3. Relationship between modulus of elasticity of rubberized concrete and reference concrete.  

Fig. 4. Relationship between peak strain and compressive strength of rubberized concrete with strength between 23 and 28 MPa.  
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compressive strength of rubberized concrete, with average (εcro,predicted/ εcro,test) of 1.045 and COV of 10.0%. 

εcro =
α3 (fcr)

β3

λ − pvr
; α3 = 0.07, β3 = 0.31and λ = 100 (4)  

Where εcro is the peak strain of rubberized concrete in (mm/mm), pvr is volume replacement of coarse aggregate by rubber particles 
from total aggregate, fcr is the compressive strength of rubberized concrete in (MPa), α3, β3 and λ are coefficients for the fitting curve. 

4. proposed compressive stress-strain relationship 

The prediction of pre-peak stage (ascending branch) and post-peak stage (descending branch) is essential to accurately represent 
the uniaxial compressive stress-strain relationship for conventional and rubberized concrete. Popovic’s [33] Equation one of the most 
widely expression used for compressive stress-strain relationship. However, Collins and Mitchell [8] found a relationship describing 
the behavior of conventional concrete under compressive strength and peak strain [9]. Recently, Lim and Ozbakkaloglu [25] devel
oped simple new expression to describe the stress-strain relationship in the post-peak stage for both normal and lightweight concrete. 
In the following sections, 4 equations were proposed to predict the stress-strain relationship for rubberized concrete with coarse 
aggregate replacement. 

4.1. Pre-peak stage (ascending branch) 

Popovic’s [33] Equation one of the most widely expression used for compressive stress-strain relationship. Therefore, in this study 
Popovics equation, Eq. (5) is adopted to represent the pre-peak stage of the stress-strain relationship. However, a new expression has 
been proposed using nonlinear regression analysis to predict parameter ρm based on investigated published experimental results by Eq. 
(6). 

σcr

fcr
=

ρm

(
εcr
εcro

)

ρm − 1 +
(

εcr
εcro

)ρm
if0 ≤ εcr ≤ εcro (5)  

Where: 

ρm =

(

0.66 − 0.3
(

Ep

Ecr

))− 1.9

(6)  

EP =
fcr

εcro
(7)  

Where εcro is the peak strain of rubberized concrete in (mm/mm), fcr is the compressive strength of rubberized concrete in (MPa), σcr 
is the compressive stress of rubberized concrete in (MPa), εcr is the strain of rubberized concrete in (mm/mm), Ecr and Ep are the Elastic 
and Secant modulus respectively in (GPa). 

4.2. Post-peak stage (descending branch) 

The strain-localization of concrete specimens effect the shape of the descending branch. However, strain localization depends on 
the size and aspect ratio of the concrete specimens, since all the specimens taken in to account in this study are with L/D = 2, and 
diameter of 100 and 150 mm, and due to limited experimental results in the literature, the strain localization due to the size of 
specimens has been neglected since the difference between the compressive fracture energy of concrete of specimens with diameter 
100 and 150 mm is very small [38]. Accordingly, 

The descending branch of the compressive stress-strain relationship is to be predicted using an expression developed by Lim and 
Ozbakkaloglu [25] for normal and lightweight concrete by Eq. (8). However, the parameter εcr,i has modified to fit the experimental 
results as function of the volume replacement of coarse aggregate from total aggregate (pvr) using nonlinear regression analysis. A new 
expression for εcr,i developed in this study by Eq. (9). 

σcr

fcr
= 1 −

1

1 +
(

εcr − εcro
εcr,i − εcro

)− 2 ifεcr ≥ εcro (8)  

εcr,i = 3.9 εcro fcr
− 0.188

(
1 − 0.38

( pvr

100

))1.15
(9)  

4.3. Comparison the proposed stress-strain relationship with experimental results 

The proposed compressive stress-strain relationship was validated via published experimental results, as shown in Figs. 5 and 6, the 
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proposed relationship predicts experimental tests with wide range of concrete compressive strength and volume replacement of coarse 
aggregate from total aggregate. However, to complete the comparison, the proposed compressive stress-strain relationship was also 
compared with Bompa et al. [6] model for rubberized concrete. The results of this comparison are shown in Error! Reference source not 
found., which illustrate the improved accuracy of the proposed compressive stress-strain relationship in prediction of the behavior of 
rubberized concrete with wide range of concrete compressive strength and volume replacement of coarse aggregate from total 
aggregate. Fig. 7. 

5. Case study 

To clarify the effect of chipped rubber particles on the mechanical properties and compressive stress-strain relationship of reference 
conventional concrete, two case studies has been done based on proposed equations, Eq. (2) to Eq. (9), on two reference conventional 
concrete with concrete strength of (60 and 30 MPa) with volume replacement ratio by 5%, 10%, 20%, 40% and 60% as in Fig. 8. In 
addition, the effect of rubber particles on stress-strain relationship for conventional and rubberized concrete with same strength and 
equal to (20 MPa) in Fig. 9. 

As can be seen in Fig. 8, compressive strength, elastic modulus, slopes of ascending and descending branches of rubberized concrete 
decrease as volume replacement increase. However, the peak strain of rubberized concrete decreases slightly as volume replacement 
ratio increase up to 40% but it increases for volume replacement ratio of 60% as compared to reference conventional concrete. This in 
agreement with published experimental results by Wu et al. [44] and Abbasii and Ahmad [1]. 

For rubberized and conventional concrete with same strength as shown in Fig. 9, the elastic modulus decreases as volume 
replacement increases. In the contrary, the peak strain increases as volume replacement increases, while the slop of descending 
branches for all stress-strain curves are approximately equal. Therefore, the rubber particles have slight effect on the shape of 
descending branch of rubberized concrete. However, there not any study in the literature investigated the effect of rubber particles on 
the strain localization of rubberized concrete. 

6. Conclusions 

The present study investigated the behavior of rubberized concrete with coarse aggregate replacement by rubber particles up to 

Fig. 5. Comparison the proposed stress-strain relationship with experimental results.  
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100% of coarse aggregate volume, which represents between (60–65%) of total aggregate volume, after analyzing the published 
experimental results for 98 concrete mixes in the literature. New equations for compressive strength, elastic modulus, peak strain and 
compressive stress-strain relationship were proposed. However, amongst the analytical investigation of experimental tests in the 
literature, these observations can be highlighted from this study:  

• The proposed compressive stress-strain relationship showed reliable prediction of experimental tests in the literature with wide 
range of concrete strength and volume replacement of coarse aggregate from total aggregate (pvr).  

• The proposed compressive stress-strain relationship showed improving of accuracy of available models for rubberized concrete in 
the literature.  

• The proposed compressive stress-strain relationship is based on 3 parameters only, namely the rubberized concrete compressive 
strength, peak strain and volume of coarse aggregate replacement from total aggregate (pvr). Therefore, using of this relationship is 
simple and suitable for modeling of reinforced rubberized concrete members.  

• The mechanical properties of rubberized concrete can be related to reference conventional concrete as function of volume 
replacement of coarse aggregates from total aggregate (pvr).  

• Based on parametric study, relationship between peak strain and compressive strength of rubberized concrete was proposed.  
• Relationship of compressive strength and modulus of elasticity of rubberized concrete regarding volume replacement ratio of 

coarse aggregate from total aggregate were proposed.  
• The proposed relationships for compressive strength, modulus of elasticity and peak strain agree with experimental tests.  
• Rubber particles have slight effect on the shape of descending branch of rubberized concrete. however, study the effect of rubber 

particles on strain localization is recommended. 
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influence the work reported in this paper. 

Fig. 6. Comparison the proposed stress-strain relationship with experimental results.  
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Fig. 7. Comparison the proposed stress-strain relationship with Bompa et al. [6]model.  
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Fig. 8. Effect of rubber particles on the stress-strain curves for rubberized concrete with respect to reference conventional concrete with 
compressive strength of 30 and 60 MPa. 

Fig. 9. Effect of pvr on the shape of stress-strain curve for conventional and rubberized concrete with same strength.  
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Data availability 

Data will be made available on request. 

Appendix 1. Experimental database properties with coarse aggregate replacement, used in this study  

Reference W/ 
C 

Cement type Coarse aggregate CA (mm) Fine aggregate FA (mm) Tire chips (mm) Rep. of coarse 
aggregate (%) 

[19]  0.48 Type I, portland 
cement 

Brazos River (4–25 mm) Brazos River (0–4 mm) CA (10–50 mm)  0.00  
5.00  

10.00  
15.00  
20.00  
40.00  
60.00  
80.00  

100.00 
[17]  0.39 Type I, portland 

cement 
Crushed natural aggregate 
(2.36–12.5 mm) 

Crushed natural aggregate 
(0.15–4.75 mm) 

CA 
(2.36–12.5 mm)  

0.00  
5.00  

10.00  
15.00  
20.00 

[5]  0.4 Ordinary portland 
cement (OPC) 

Crushed stone gravel (4–20 mm) Natural sand (0.1–4 mm) CA (4–25 mm)  0.00  
25.00  
50.00  
75.00  

100.00 
0.6  0.00 

25.00 
50.00 
75.00 
100.00 

[41]  0.5 Type II, portland 
cement 

Crushed stone gravel (4–19 mm) Natural sand (0.1–4.76 mm) CA ( 4–12.7 mm)  0.00  
25.00  
50.00  
75.00  

100.00 
[12]  0.4 CEM I 42.5 R, 

Portland cement 
Crushed limestone (4–25 mm) Crushed limestone sand 

(0.1–4 mm) 
CA (10–40 mm)  0.00  

5.00  
10.00  
15.00  
20.00  
25.00  
30.00 

[36]  0.57 Ordinary portland 
cement (OPC) 

Crushed stone gravel (4–20 mm) Natural siliceous sand 
(0.1–4.75 mm) 

CA (5–20 mm)  0.00  
25.00  
50.00  
75.00  

100.00 
[10]  0.48 Type I, portland 

cement 
Mineral aggregate (4–20 mm) Natural sand (0.1–4.75 mm) CA (4–30 mm)  0.00  

25.00  
50.00  
75.00  

100.00 
[1]  0.55 Ordinary portland 

cement (OPC) 
Mineral aggregate (4–20 mm) Natural sand (0.1–4 mm) CA (4–20 mm)  0.00  

12.30  
21.91  
31.78  
35.60  
51.23 

[9]  0.33 Ordinary portland 
cement (OPC) 

Mineral aggregate (4.75–19 mm) Masonary sand (0.15–4.75 mm) CA 
(4.75–25.4 mm)  

0.00  
10.00  
20.00  
30.00  
40.00  
50.00  
60.00  
70.00  
80.00  
90.00 

(continued on next page) 
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(continued ) 

Reference W/ 
C 

Cement type Coarse aggregate CA (mm) Fine aggregate FA (mm) Tire chips (mm) Rep. of coarse 
aggregate (%)  

100.00 
[49]  0.45 Type I, portland 

cement 
Crushed stone (4.75–30 mm) River sand (0.1–5 mm) CA (15–40 mm)  0.00  

15.00  
30.00  
45.00 

[42]  0.45 Cement CEM II A-L 
42.5 R 

Crushed limestone (4–25 mm) Rolled limestone sand 
(0.1–4 mm) 

CA (4–25.4 mm)  0.00  
8.50  

17.15  
25.94 

[35]  0.35 CEM II-52.5 N 
Portland Limestone 
Cement 

Round river washed gravel from 
Trent Valley (UK)(4–20 mm) 

River washed sand from 
Shardlow, Derbyshire (UK) 
(0–5 mm) 

CA (5–20 mm)  0.00  
10.00  
20.00  
40.00  
60.00  

100.00 
[18]  0.53 Ordinary portland 

cement (OPC) 
Gravel (14 mm, 20 mm) Natural riverand manufactured 

sand (0–5 mm) 
CA (15 mm)  0.00  

4.80  
9.70 

[44]  0.48 type P. II52.5 R, 
Ordinary Portland 
cement 

Crushed granite (5–20 mm) River sand (0.1–5 mm) CA (5–20 mm)  0.00  
10.00  
15.00  
20.00  
30.00  
40.00  
50.00  
80.00  

100.00 
[2]  0.52 Ordinary portland 

cement (OPC) 
Mineral aggregate (10–20 mm) Natural sand (0.1–4 mm) CA (8–20 mm)  0  

15.45  
31.2  
47.05 

0.6  0 
5.6 
11.3 
18.7 
28.1   

Reference Rep. of Total aggregate 
(%) 

density (Kg/ 
m3) 

Size & shape of specimens fc test 
(Mpa) 

fc 150×300 
(Mpa) 

Ec (Gpa) εo % (mm/mm) 

[19]  0.00 2390.00 Cylinder (150 ×300 mm)  37.50  37.50 – – 
2.84 2360.00  24.00  24.00 – – 
5.68 2340.00  20.00  20.00 – – 
8.50 2310.00  17.00  17.00 – – 
11.35 2290.00  14.00  14.00 – – 
22.70 2160.00  11.00  11.00 – – 
34.05 2000.00  7.00  7.00 – – 
45.41 1880.00  4.00  4.00 – – 
56.76 1740.00  3.00  3.00 – – 

[17]  0.00 2323.00 Cylinder (150 ×300 mm)  35.26  35.26 – – 
2.56 2294.82  31.13  31.13 – – 
5.12 2266.65  29.29  29.29 – – 
7.69 2238.42  25.00  25.00 – – 
10.25 2210.30  22.00  22.00 – – 

[5]  0.00 2260.00 Cylinder (150 ×300 mm)  62.00  62.00 38.00 – 
15.50 2125.00  45.50  45.50 33.50 – 
31.10 2000.00  32.70  32.70 24.90 – 
46.67 1730.00  25.70  25.70 21.50 – 
62.20 1640.00  15.90  15.90 16.50 – 
0.00 2250.00  38.50  38.50 34.80 – 
15.50 2120.00  32.00  32.00 24.00 – 
31.10 1980.00  22.20  22.20 20.50 – 
46.67 1690.00  17.30  17.30 16.00 – 
62.20 1625.00  11.40  11.40 10.50 – 

[41]  0.00 – Cylinder (100 ×200 mm)  31.90  30.94 – – 
15.00 –  19.60  19.01 – – 
30.00 –  13.80  13.39 – 0.21 
45.00 –  9.90  9.60 – – 

(continued on next page) 
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(continued ) 

Reference Rep. of Total aggregate 
(%) 

density (Kg/ 
m3) 

Size & shape of specimens fc test 
(Mpa) 

fc 150×300 
(Mpa) 

Ec (Gpa) εo % (mm/mm) 

60.00 –  7.50  7.28 – 0.27 
[12]  0.00 – Cube (150×150×150 

mm)  
53.69  51.41 40.92 – 

2.65 –  47.51  44.22 37.50 – 
5.29 –  43.83  39.94 34.50 – 
7.94 –  38.05  33.22 31.36 – 
10.58 –  33.89  28.38 30.20 – 
13.23 –  31.10  25.14 28.36 – 
15.87 –  27.91  21.43 24.79 – 

[36]  0.00 2400.00 Cylinder (150 ×300 mm)  27.00  27.00 – – 
16.20 2190.00  16.20  16.20 – – 
32.40 2095.00  14.04  14.04 – – 
48.60 1900.00  7.29  7.29 – – 
64.80 1870.00  5.94  5.94 – – 

[10]  0.00 – Cylinder (150 ×300 mm)  34.00  34.00 – – 
16.00 –  19.20  19.20 – – 
32.00 –  11.60  11.60 – – 
48.00 –  8.20  8.20 – – 
64.00 –  6.00  6.00 – – 

[1]  0.00 – Cylinder (150 ×300 mm)  29.00  29.00 16.80 0.219000 
7.50 –  23.30  23.30 12.43 0.209000 
13.27 –  17.04  17.04 9.72 0.206000 
19.25 –  13.00  13.00 9.37 0.169000 
21.60 –  8.90  8.90 6.24 0.150000 
31.00 –  5.77  5.77 5.89 0.135000 

[9]  0.00 2552 Cylinder (150 ×300 mm)  65.70  65.70 39.20 0.205000 
6.30 2473  46.90  46.90 36.00 0.228000 
12.60 2433  43.70  43.70 35.00 0.258000 
18.90 2374  42.00  42.00 32.40 0.281000 
25.20 2321  38.20  38.20 28.50 0.290000 
31.50 2263  29.90  29.90 24.10 0.319000 
37.80 2213  26.10  26.10 21.60 0.336000 
44.10 2180  24.20  24.20 18.70 0.364000 
50.40 2118  20.60  20.60 17.20 0.376000 
56.70 2048  17.70  17.70 14.70 0.387000 
63.00 2014  14.40  14.40 11.80 0.391000 

[49]  0.00 2399.00 Cylinder (150 ×300 mm)  38.80  38.80 31.80 – 
9.60 2245.00  30.10  30.10 27.50 – 
19.00 2130.00  21.00  21.00 21.20 – 
28.80 2050.00  18.10  18.10 16.50 – 

[42]  0.00 – Cylinder (150 ×300 mm)  55.50  55.50 40.60 – 
5.00 –  47.30  47.30 33.90 – 
10.00 –  37.80  37.80 31.80 – 
15.00 –  28.50  28.50 30.90 – 

[35]  0.00 – Cylinder (100 ×200 mm)  61.70  59.85 39.40 0.218000 
5.50 –  45.90  44.52 38.70 0.183000 
11.00 –  35.50  34.44 37.00 0.159000 
22.00 –  25.30  24.54 26.90 0.167000 
33.00 –  15.80  15.33 20.50 0.143000 
55.00 –  8.70  8.44 14.00 0.108000 

[18]  0.00 – Cylinder (100 ×200 mm)  41.30  40.06 31.00 0.160000 
2.80 –  32.48  31.51 26.30 0.166400 
5.70 –  29.26  28.38 22.90 0.181700 

[44]  0.00 – Cylinder (150 ×300 mm)  31.00  31.00 29.00 0.200000 
4.83 –  24.00  24.00 21.00 0.200000 
7.24 –  23.00  23.00 19.00 0.200000 
9.66 –  22.00  22.00 16.00 0.200000 
14.50 –  17.00  17.00 13.00 0.200000 
19.30 –  14.00  14.00 10.00 0.210000 
24.15 –  10.00  10.00 6.00 0.210000 
33.60 –  5.00  5.00 2.00 0.260000 
48.30 –  4.00  4.00 1.00 0.440000 

[2]  0 2372 Cube (150×150×150 
mm)  

45.8  42.23 – – 
6.2 2304  23.9  16.77 – – 
12.5 2234  20.87  13.24 – – 
18.8 2163  17.42  9.23 – – 
0 2310  27.11  20.50 – – 
2.25 2254  23.97  16.85 – – 
4.5 2195  20.41  12.71 – – 
7.47 2170  19.45  11.59 – – 
11.23 2117  17.06  8.81 – –  
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