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ABSTRACT 

In this paper, the effect of utilizing crumb rubber (CR) and recycled coarse aggregate (RCA) as partial replacements 

for fine aggregate (FA) and coarse aggregate (CA), respectively in concrete on the mechanical properties of concrete was 

experimentally investigated. The experimental work was carried out on 84 concrete cylinder (150x300 mm in size) at 

different levels of replacement of FA and CA with CR and RCA, respectively. The mechanical properties of concrete were 

measured at 28 days. The utilization of CR and RCA showed a marked influence on the mechanical properties of concrete 

especially in the case of FA replacement with CR. Eight effective predictive models utilizing multivariate regression to 

estimate the compressive strength and splitting tensile strength of concrete containing CR and RCA as partial replacement 

of FA and CA, respectively at 28 days were proposed. The input parameters were: a) level of replacement of CA with RCA, 

and b) Level of replacement of FA with CR. The output parameters were compressive and splitting tensile strengths. The 

models were compared to find the best one. As compared to other proposed models, the full quadratic model had the highest 

correlation in both cases of compressive and splitting tensile strength models. 

 
Keywords: crumb rubber, recycled aggregate, mechanical properties, multivariate regression, prediction. 

 

1. INTRODUCTION 

The significant growth of the automotive industry 

caused a major problem of the disposal process of waste 

rubber. Waste disposal tires has become a global problem. 

Effective reuse of waste tires is a pressing and important 

issue for energy saving and environmental protection [1]. 

The utilization of rubber in concrete, often referred to as 

rubberized concrete, promotes the use of rubber as an 

alternative to the fine aggregate. Many researchers studied 

the effect of utilizing CR on the mechanical properties of 

concrete. The rubber may be used as a replacement for FA 

in structural concrete works, road pavements, retaining 

walls and estuaries [2]. The 15% replacement of FA in 

concrete with CR reduced the compressive strength by 50% 

[3] while the full replacement of FA with CR reduced the 

compressive strength of concrete by more than 93% when 

compared with control specimen [4]. The increase in rubber 

waste content in concrete decreased the flexural strength [5 

to 7] due to lack of adhesion at the boundaries of the rubber 

aggregate. The chemical pre-treatment of rubber particles 

by sodium hydroxide (NaOH) increased the tensile strength 

of rubberized concrete by 15% when compared with non-

treated rubber [8]. The increase in the level of replacement 

of FA with CR reduced the density of concrete [9] and 

decreased the slump value of the concrete [6]. 

The demolition of old and deteriorated structures 

in order to replace them with a new one is a frequent 

phenomenon. Many environmental issues, such as large 

quantities of construction and demolition waste, a lack of 

suitable disposal sites, and a scarcity of natural resources, 

have stimulated the use of demolition waste as a substitute 

for natural aggregate in concrete. When the recycled 

aggregates are used in the manufacturing of structural 

concrete, the assessment of their physical and mechanical 

properties is a key issue [10]. Using recycled aggregates in 

concrete expands the variety of materials that can be reused 

in the construction industry. If the desired quality of the 

final product is achieved, using recycled aggregates solves 

an abundance of waste materials [11]. RCA is distinct from 

natural aggregate because the former has hardened cement 

mortar. The adhered cement mortar has a higher porosity 

and water absorption than natural aggregate, as well as a 

lower strength. The absorption of RCA is three to five times 

the absorption of natural CA [12 and 13]. Incorporation of 

RCA in concrete has a negative impact on the mechanical 

properties and durability of the concrete [14]. Several 

previous researchers studied the effect of utilizing RCA on 

the mechanical properties of concrete. Lijiu et al. [15], 

Tabsh et al. [16] and Torrijos et al. [17] reported that the 

compressive strength of concrete containing various types 

of RCA has decreased. The concrete strength decreased as 

the crushing index of recycled aggregate increased [18 to 

21]. The utilization of RCA in concrete increased the slump 

value of concrete when compared with natural CA and 

decreased the density of concrete [22]. One of the solutions 

to the disposal process of waste rubber and the large 

volumes of demolition waste may be the combined use of 

waste rubber as CR and RCA as partial replacements for FA 

and CA, respectively, in concrete production. 

Several predictive models have been suggested to 

predict the effect of replacement of fine or coarse aggregate 

in concrete with different materials on its mechanical 

properties. Chithra et al. [23] used ANN and multiple 

regression analysis (MRA) to predict the compressive 

strength of high-performance concrete containing nano 

silica and copper slag as partial replacements for FA and 

cement. Jinjun et al. [24] constructed predictive models 
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using ANN and MRA for modelling the behaviour of 

concrete containing recycled aggregate.  

Multivariable regression was used to model the 

effect of incorporating rubber, silica fume and zeolite on the 

concrete compressive strength [25]. 

ANN was used for modelling the effect of partial 

replacement of cement and coarse aggregate in concrete 

with fly ash and ceramic tiles, respectively, on the 

compressive strength of concrete [26]. Pham et al. [27] 

proposed an ANN-based model for predicting the 

mechanical properties of geopolymer concrete. Kandiri et 

al. [28] used ANN to develop predictive models for the 

compressive strength of concrete containing blast furnace 

slag. 

This paper aims to study and predict the effect of 

combined replacements of FA and CA in concrete with CR 

and RCA on the mechanical properties of concrete. The 

hardened density, compressive and splitting tensile 

strengths of concrete containing CR and RCA at 28 days 

were measured. Eight predictive models utilizing 

multivariate regression were developed to predict the 

complex effects of replacing FA and CA in concrete with 

CR and RCA on the compressive and splitting tensile 

strengths of concrete. The constructed models are linear 

model, pure quadratic model, interaction model, and full 

quadratic model. Different conditions for FA substitution 

with CR and CA substitution with RCA have used in the 

constructed models as input data. 

 

2. MATERIALS 

The materials included were natural sand, coarse 

aggregate, recycled coarse aggregate, crumb rubber, 

ordinary Portland cement (OPC) with a specific gravity of 

3.15, super-plasticizer to attain the required workability, 

and normal tap water. 

The used natural sand has a bulk density of 1700 

kg/m3, specific gravity of 2.5, fineness modulus of 2.17 and 

water absorption of 1.8%. The used crumb rubber as FA 

replacement has a bulk density of 500 kg/m3, specific 

gravity 0.9, fineness modulus of 4.38 and water absorption 

of 0.3%. The crumb rubber was produced from scrap tires 

rubber by grinding. The gradations of natural FA and CR 

are shown in Figure-1. 

 

 
 

Figure-1. Gradations of natural fine aggregate and 

crumb rubber 

The used natural CA has a maximum size of 

aggregate of 25.5mm, bulk density of 1650 kg/m3, specific 

gravity of 2.7, crushing value of 15.19%, and water 

absorption of 0.8%. The used RCA as a replacement for CA 

has a maximum aggregate size of 25.5 mm, bulk density of 

1450 kg/m3, specific gravity of 2.5, crushing value of 

25.25%, and water absorption of 4.17%. The gradations of 

the natural CA and RCA are shown in Figure-2. 

 

 
 

Figure-2. Gradations of natural CA and RCA. 

 

3. EXPERIMENTAL WORK 

Eighty-Four concrete cylinders of 150x300 mm 

were prepared. Six concrete cylinders as control specimens. 

Seventy-eight concrete cylinders were prepared by partially 

replacing FA and CA in concrete with CR and RCA, 

respectively. The levels of replacement of FA in concrete 

by volume with CR were 10% and 20%. The levels of 

replacement of CA in concrete with RCA were 25%, 50% 

and 100%. The prepared concrete cylinders were in 

accordance with ASTM C 192. The specimens were tested 

under compression and splitting tensile after 28 days of 

curing.  

Rubber particles were pre-treated to improve the 

adhesion of the rubber/cement interface. The zinc stearate 

layers that form on the rubber surface of tires are removed 

by chemical pretreatment with (Na OH) solution [29]. The 

(Na OH) solution dissolves additives on the rubber's 

surface, leaving voids on the rubber's outer surface, 

resulting in a rough and porous surface which may improve 

rubber/cement cohesion [30].  

The first step of the pre-treatment process of 

crumb rubber was the washing of it by tab water to remove 

any impurities. The (Na OH) Solution of 10% concentration 

was used in the treatment process of crumb rubber. The PH 

value increased to 14. After that, the rubber particles were 

washed in water until the PH reached seven, removing any 

residual (Na OH) solution that may cause negative impact 

on the performance of the concrete. CR was left in air to dry 

as shown in Figure-3. 
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Figure-3. Crumb rubber after drying 

 

The water/cement ratio was 0.50 for all concrete 

mixes. The Super-plasticizer quantity was 2 kg/m3 for all 

mixes. Table-1 shows the quantities of concrete ingredients 

for all concrete mixes. Mixing of concrete was performed 

in a pan-type concrete mixer. 

 

 

 

 

 

 

 

 

 

 

 

Table-1. Constituent materials used to prepare specimens. 
 

Specimen Cement 

RCA 

content 

(%) 

CR 

content 

(%) 

Coarse Aggregate 

(kg/m3) FA 

(kg/m3) 

CR 

(kg/m3) 
CA RCA 

RCA0-R0 400 0 0 1132 0 629 0 

RCA0-R10 400 0 10 1132 0 566 26.8 

RCA0-R20 400 0 20 1132 0 503 53.5 

RCA25-R0 400 25 0 839 280 621 0 

RCA25-R10 400 25 10 839 280 559 26.4 

RCA25-R20 400 25 20 839 280 497 52.9 

RCA50-R0 400 50 0 552 552 614 0 

RCA50-R10 400 50 10 552 552 553 26.1 

RCA50-R20 400 50 20 552 552 491 52.3 

RCA100-R0 400 100 0 0 1079 599 0 

RCA100-R10 400 100 10 0 1079 539 25.5 

RCA100-R20 400 100 20 0 1079 479 51.0 

 

4. METHODS 

 

4.1 Density 

The density was measured for the concrete 

cylinders. The reported value was the average weight of 

three specimens. 

 

4.2 Compressive Strength  

Compressive strengths were measured using 

150x300 mm concrete cylinders after a period of 28-days in 

accordance with ASTM standard C39. The test was carried 

out using a 2000 KN compression-testing machine. 

 

4.3 Splitting Tensile Strength  

The splitting tensile strengths were measured for 

concrete cylinders with dimensions of 150x300 mm after 

28 days in accordance with ASTM standard C496. The 

reported value was the average tensile strength of three 

tested specimens. 

 

4.4 Multiple Linear Regression (MLR)  

It is a statistical technique for predicting the 

presence of a relationship between multiple variables. The 

aim of MLR is to better understand the relationships 

between multiple independent variables and the dependent 

variable [31]. Equation (1) shows the general form of MLR. 

 

 

1

n

i i

i

Y a b x 
=

= + +                                                            (1) 

 

Where, 

Y is the strength of concrete 
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xi is the independent variable 

n is the number of variables 

bi is the parameters of the model 

a is the constant 

Ɛ is the error 

 

4.5 Multiple Nonlinear Regression Analysis  

Nonlinear regression is used to estimate the 

dynamic relationship between the independent variable and 

the function. Nonlinear multivariable regression is used to 

estimate the relationship of different independent and 

dependent variable parameters. This refers to a variety of 

modelling and regression methods for specific variables, 

especially when data is limited [32].  

The pure quadratic form and full quadratic form 

were used. The details of each model as well as the 

mathematical equations are described in the following 

sections. 

 

4.6 Assessment Criteria for Model Performance 

Determination coefficient (R2) and root mean 

square error (RMSE) are used as statistical measures to 

estimate the ability of the proposed models to predict the 

compressive and tensile strengths of concrete. The 

mathematical expression for R2 and RMSE are shown in 

Equations (2) and (3), respectively. 

 
2
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                     (2) 

 

2

1

1
( )

n

i ii
RMSE x y

n =
= −                                             (3) 

 

Where, 

𝑥𝑖 is the tested measures 

𝑦𝑖  is the predicted data 

�̅� is the mean of tested measures 

�̅� is the mean of predicted data 

n is the number of data set 

 

5. RESULTS AND DISCUSSIONS 

 

5.1 Experimental Results 

Table-2 illustrates all experimental test results 

after 28 days of curing. 

 

 

 

 

 

 

 

 

 

 

Table-2. Experimental test results. 

 

Specimens 

Concrete 

Compressive 

Strength 

(fc’), MPa 

Splitting 

Tensile 

Strength 

(ft), MPa 

Density, 

kg/m3 

RA0-R0 26.3 3.0 2465 

RA0-R10 23.0 2.8 2391 

RA0-R20 21.3 2.5 2366 

RA25-R0 24.6 2.9 2420 

RA25-R10 22.0 2.7 2330 

RA25-R20 20.0 2.2 2271 

RA50-R0 23.8 2.8 2360 

RA50-R10 21.6 2.5 2327 

RA50-R20 19.5 2.1 2326 

RA100-R0 23.4 2.9 2248 

RA100-R10 20.0 2.4 2244 

RA100-R20 18.8 2.1 2207 

 

5.1.1 Density  

The addition of CR and RCA in concrete affects 

the hardened density of the concrete. Table-2 and Figure-4 

show the density of hardened concrete. It has been observed 

that the hardened concrete density decreased with the 

increase in the level of replacement of FA and CA in 

concrete with CR and RCA, respectively. The 20% 

replacement of FA in concrete with CR and fully 

replacement of CA with RCA reduced the density of 

concrete by 10.5%. The 20% replacement of FA in concrete 

with CR reduced the density of concrete by 4%. The fully 

replacement of CA with RCA reduced the density of 

concrete by 8.8%. 

 

 
 

Figure-4. Hardened concrete density. 

 

5.1.2 Compressive strength 

The compressive strength test was performed on 

forty-eight concrete cylinders after 28 days of curing with 

various levels of replacement of FA and CA with CR and 

RCA, respectively. Table-2 and Figure-5 show the 

compressive strengths of tested concrete cylinders. It can be 

seen that the increase in the level or replacement of FA in 
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concrete with CR reduced the compressive strength of 

concrete. It can also be noticed that the increase in the level 

or replacement of CA in concrete with RCA reduced the 

concrete compressive strength. The 20% replacement of FA 

in concrete with CR and fully replacement of CA with RCA 

reduced the compressive strength of concrete by 28.5%. 

The 20% replacement of FA in concrete with CR reduced 

the concrete compressive strength by 19%. The fully 

replacement of CA with RCA decreased the concrete 

compressive strength by 11%. 

 

 
 

Figure-5. Concrete compressive strength. 

 

5.1.3 Splitting tensile strength 

It was performed on thirty-six concrete cylinders 

after 28 days of curing with various levels of replacement 

of FA and CA with CR and RCA, respectively. Table-2 and 

Figure-6 show the splitting tensile strengths of the tested 

specimens. It can be noticed that the increase in the level or 

replacement of FA in concrete with CR reduced the tensile 

strength of concrete. It can also be noticed that the increase 

in the level or replacement of CA in concrete with RCA 

reduced the tensile strength of concrete. The 20% 

replacement of FA in concrete with CR and fully 

replacement of CA with RCA decreased the tensile strength 

of concrete by 30%. The 20% replacement of FA in 

concrete with CR reduced the compressive strength of 

concrete by 16.7%. The fully replacement of CA with RCA 

decreased the tensile strength of concrete by 3.3%.  

 

 
 

Figure-6. Splitting tensile strength of concrete. 

 

5.2 Multivariate Regression Models 

In the following section, the multi-linear 

regression models to estimate the compressive and tensile 

strengths of concrete are illustrated. In addition, the pure 

quadratic, interaction, and full quadratic models were 

extensively investigated. The models were compared to 

find the best one for the prediction of the compressive 

strength and splitting tensile strength of concrete containing 

CR and RCA as partial replacements for FA and CA. The 

data statistics of the constructed models for both 

compressive strength and tensile strength cases is shown in 

Table-3. 

 

 

Table-3. Data statistics. 
 

Model Parameter Number Minimum Maximum Mean 
Standard 

deviation 

Compressive 

Strength 

CR Replacing FA 48 0 20 10 8.25 

RCA Replacing CA 48 0 100 43.75 37.37 

Compressive Strength, MPa 48 15.39 26.74 21.73 2.63 

Tensile 

Strength 

CR Replacing FA 36 0 20 10 8.28 

RCA Replacing CA 36 0 100 43.75 37.5 

Tensile Strength, MPa 36 1.75 3.12 2.58 0.36 

 

 

5.2.1 Linear strength models 

Equations (4) and (5) demonstrate the multilinear 

models for compressive strength and splitting tensile 

strength, respectively. 

 

28 25.176 2.088 22.187cf RCA CR= − −                            (4) 

 

28 3.027 0.202 2.991tf RCA CR= − −                                (5) 

 

Where, 

RCA is the replacement level of CA with RCA 

CR is the replacement level of FA with CR 

 

Figure-7 and Figure-8 show the plots of the normal 

probability of the standardized residuals of the linear 

regression models for compressive and tensile strength, 

respectively.  
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Figure-7. Plots of normal probability for standardized 

residuals (Multilinear compressive 

strength model). 

 

 
 

Figure-8. Plots of normal probability for standardized 

residuals (Multilinear splitting tensile 

strength model). 

 

The regression lines run through 48 and 36 

samples of compressive strength and tensile strength, 

respectively. Residuals look uniformly distributed around 

zero in both cases. The data statistics of the models are 

shown in Table-3. It is clear that the probability is less than 

0.05 as shown in Table-4. 

The constructed multilinear regressions for 

compressive strength and tensile strength are extremely 

significant with confidence levels more than 95%. It shows 

the models' validity for the data. R2 of the multilinear 

concrete compressive and tensile strength models are 

81.15% and 78.96%, respectively, which designates a good 

fit for each model, and the RMSE are 0.96 and 0.131 for 

compressive strength and tensile strength models, 

respectively. Figure-9 shows the scattered plot of the 

compressive strength values and predicted compressive 

strength on the data order of the observations. Figure-10 

shows the scattered plot of the tensile strength values and 

the predicted tensile strength on the data order of the 

observations. It revealed a correlation between the 

magnitude of the predicted strength and experimental 

results in both cases. 

 

 
 

Figure-9. Test results versus predicted compressive 

strengths. 

 

 
 

Figure-10. Test results versus predicted splitting tensile 

strengths. 

 

5.2.2 Pure quadratic models 

The pure quadratic model comprises linear 

parameters and constant as well. As the pattern does not 

appear to be linear and the relationship between parameters 

appears to be curved, pure quadratic model may be used. 

Equations (6) and (7) illustrate the mathematical 

expressions for concrete compressive strength and tensile 

strength. 

 
2 2

28 2.464 4.504 1.879

22.341 25.370

cf RCA RCA CR

CR

= − +

− +
                    (6)  

 
2 2

28 0.402 0.609 1.264

3.224 3.069

tf RCA RCA CR

CR

= − +

− +
                     (7) 

 

Table-4 shows the statistical summary of the 

quadratic models. The significance (p) values of the models 

are extremely low, indicating strong data models. The 

determination coefficients (R2) of the models are 82.62% 

and 81.43%, they are greater than those of the MLR models. 

The RMSE of the pure quadratic model for compressive 

strength is 0.92. The pure quadratic model’s RMSE is 0.123 

for splitting tensile strength model. The pure quadratic 

models fit the data in a better enhanced form than the 

multilinear model. Figure-11 and Figure-12 show the plots 
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of the normal probability of the standardized residuals of 

the pure quadratic models for compressive and tensile 

strength, respectively.  

 

 
 

Figure-11. Plots of normal probability for standardized 

residuals (pure quadratic strength model). 

 

 
 

Figure-12. Plots of normal probability for standardized 

residuals (pure quadratic strength model). 

 

Figure-13 and Figure-14 display the scattered plot 

of the experimental compressive and tensile strengths and 

predicted compressive and tensile strength, respectively on 

the data order of the observations. 

 

 
 

Figure-13. Test results versus predicted compressive 

strengths (pure quadratic model). 

 

 
 

Figure-14. Test results versus predicted tensile strengths 

(pure quadratic model). 

 

5.2.3 Interaction strength models 

Equations (8) and (9) show the interaction models 

for compressive strength and tensile strength of concrete 

containing CR and RCA at 28-days. 

 

28 2.85 25.533 8.839

25.453

cf RCA CR RCAxCR= − − +

+
              (8) 

 

28 0.128 2.653 0.811

2.995

tf RCA CR RCAxCR= − − −

+
               (9) 

 

Table-4 shows summary of the interaction strength 

models. It can be seen that the significance (p) values of the 

models are incredibly low, indicating strong data models. 

The coefficients of determination (R2) of the models are 

82.58% and 79.78% for compressive strength and tensile 

strength models, respectively. The interaction compressive 

strength models' RMSE is 0.92, which equal to the pure 

quadratic model value for compressive strength. The 

interaction tensile strength models' RMSE is 0.128.  

Figures 15 and 16 show the plots of the normal 

probability of the standardized residuals of the interaction 

strength models for compressive and tensile strengths, 

respectively. Figure-17 and Figure-18 display the scattered 

plot of the experimental compressive and tensile strengths 

and predicted compressive and tensile strength, respectively 

on the data order of the observations. 

Both models show slight differences in their 

estimates. These models had better equip data than 

multilinear models since the coefficient of determination is 

larger, and the RMSE is equal to that of interaction model 

for compressive strength but RMSE is greater than that of 

interaction model for tensile strength. 

 

 

R² = 0.8262

10

14

18

22

26

30

10 14 18 22 26 30

P
re

d
ic

te
d

 S
tr

en
g
th

, 
M

P
a

Experimental Compressive Strength, MPa

R² = 0.8143

1

1.5

2

2.5

3

3.5

4

1 1.5 2 2.5 3 3.5 4

P
re

d
ic

te
d

 S
tr

en
g
th

, 
M

P
a

Exp. Splitting Tensile Strength, MPa

Pure Quadratic Model

Validation Data



                                VOL. 16, NO. 21, N0VEMBER 2021                                                                                                          ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2021 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                      2164 

 
 

Figure-15. Plots of normal probability for standardized 

residuals (interaction compressive 

strength model). 

 

 
 

Figure-16. Plots of normal probability for standardized 

residuals (interaction splitting tensile 

strength model). 

 

 
 

Figure-17. Test results versus predicted compressive 

strengths (interaction compressive 

strength model). 

 
 

Figure-18. Test results versus predicted splitting tensile 

strengths (interaction model). 

 

5.2.4 Full quadratic strength models 

The appropriateness of the full quadratic models 

has been examined to estimate both compressive and tensile 

strengths of concrete containing RCA and CR as 

replacements, these models uses squared, product, linear 

form parameters and constant terms, Equations (10) and 

(11) show the mathematical expressions of the proposed 

models.  The same model has used to predict the effect of 

incorporation of coal fly ash and waste glass powder as 

partial replacements for cement in pervious concrete on the 

compressive strength [33]. Figure-19 and Figure-20 show 

that Full-quadratic compressive strength and tensile 

strength models residuals are uniformly distributed about 

zero. 

 
2 2

28 2.347 5.113 1.228

25.408 8.413 25.623

cf RCA RCA CR

CR RCAxCR

= − +

− + +
                 (10) 

 
2 2

28 0.392 0.531 1.063

2.877 0.735 3.038

tf RCA RCA CR

CR RCAxCR

= − +

− − +
                   (11) 

 

RMSE of the full quadratic model is 0.88 for 

compressive strength model and 0.121 for tensile strength 

model, which is the least of all strength models in both 

compressive strength and tensile strength. The predictions 

from the full quadratic models are in good agreement with 

the observations. The determination coefficients (R2) are 

83.91% and 82.10% for compressive strength and tensile 

strength models, respectively in which are the peak among 

all models as shown in Table-4.  
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Figure-19. Plots of normal probability for standardized 

residuals (full quadratic compressive 

strength model). 

 

 
 

Figure-20. Plots of normal probability for standardized 

residuals (full quadratic splitting tensile 

strength models). 

 

Figure-21 and Figure-22 shows the scatter plots of 

the experimental and the predictions of compressive 

strength and tensile strength versus the observations order. 

It demonstrates that the expected values are extremely 

similar to the values obtained from experiments. The full 

quadratic models better fit the data of all constructed 

prediction models. 

 

 
 

Figure-21. Test results versus predicted compressive 

strengths (full quadratic compressive strength model). 

 

 
 

Figure-22. Test results versus predicted splitting tensile 

strengths (full quadratic model). 

 

 
Table-4. Statistical summary of constructed models. 

 

 Model R2 (%) RMSE F-value P-Value 

Compressive 

Strength Models 

Linear 81.15% 0.96 101.17 9.32E-18 

Pure quadratic 82.62% 0.92 53.479 1.56E-16 

Interaction 82.58% 0.92 72.694 1.75E-17 

Full quadratic 83.91% 0.88 45.889 2.30E-16 

Tensile Strength 

Models 

Linear 78.96% 0.131 46.90 3.46E-09 

Pure quadratic 81.43% 0.123 25.22 1.01E-06 

Interaction 79.78% 0.128 31.59 1.69E-08 

Full quadratic 82.10% 0.121 20.18 1.49E-07 
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5.3 Model Validation 

In the model validation using concrete with 

different substitutions, constructed models were used to 

estimate the strength at 28-day, combining substitutions 

with various levels of replacement. A total of 20% of the 

data were chosen for the model validation. Figure-7 to 

Figure-22 show that the variation between the estimated 

and test results for strength ranged from 1.3% to 8.5% for 

compressive strength predictions and ranged from 0.2% to 

9.0 % for splitting tensile strength predictions. These 

variations may be due to variations in the properties of the 

ingredients of the concrete and the experimental conditions. 

Thus, these models can be used to estimate abilities of 

different substitutions within the context of considered 

replacements during models development. 

 

6. CONCLUSIONS 

The effect of replacement of FA and CA in 

concrete with CR and RCA, respectively was obtained by 

testing 84 concrete cylinders with dimensions of 150 x 300 

mm. The levels of replacement of FA with CR were 10% 

and 20%. The levels of replacement of CA with RCA were 

25%, 50% and 100%. The specimens were tested after 28 

days. The results showed a substantial effect of utilizing CR 

and RCA on the mechanical properties of concrete. Eight 

predictive models for the compressive and splitting tensile 

strengths of concrete with replacement of FA and CA with 

CR and RCA were constructed utilizing multivariate 

regression. The constructed models are the linear models, 

pure quadratic models, interaction models, and full 

quadratic models. The following findings are concluded. 
 

a) The full replacement of CA with RCA reduced the 

density of concrete by 8.8% while the 20% 

replacement of FA in concrete with CR reduced the 

density of concrete by 4%. 

b) The full replacement of CA with RCA and 20% 

replacement of FA in concrete with CR reduced the 

density of concrete by 10.5%. 

c) The full replacement of CA with RCA decreased the 

compressive strength of concrete by 11% due to the 

adhering old mortar on the RCA while the 20% 

replacement of FA in concrete with CR reduced the 

compressive strength of concrete by 19%. 

d) The full replacement of CA with RCA and 20% 

replacement of FA in concrete with CR reduced the 

compressive strength of concrete by 28.5%. 

e) The full replacement of CA with RCA reduced the 

splitting tensile strength of concrete by 3.3% while the 

20% replacement of FA in concrete with CR reduced 

the splitting tensile strength of concrete by 16.7%. 

f) The full replacement of CA with RCA and 20% 

replacement of FA in concrete with CR reduced the 

splitting tensile strength of concrete by 30% due to 

poor adhesion between rubber particles and cement 

paste. 

g) The multilinear regression for compressive strength 

and tensile strength of concrete contains CR and RCA 

as replacements for FA and CA is statistically 

significant, with levels of confidence more than 95%.  

h) All constructed models have significance (p) values 

close to zero, showing that they are acceptable models 

for the test results. 

i) The highest values of determination coefficient (R2) of 

the compressive strength and tensile strength models 

were 83.91% and 82.10%, respectively for the full 

quadratic strength models. 

j) RMSE values of the full quadratic compressive 

strength and tensile strength models are 0.88 and 0.121, 

respectively, which are the least value when compared 

with other models. 

k) The predicted values from all models are close to the 

observations. The high correlation level of estimation 

of the compressive strength and tensile strength of 

concrete containing CR and RCA as replacements for 

FA and CA was achieved in the full quadratic models 

with better data fit and less error of estimation. 
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