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ABSTRACT 
Based on the experimental work on recycled aggregate concrete (RAC) from different mix 
proportions, including recycled aggregate (RA) replacement ratios, water-to-cement ratios and 
aggregate-to-cement ratios, this project develops optimal design criteria for RAC. The optimal design 
criteria for RAC with five accurate prediction equations among compressive strength, tensile strength 
and flexural strength of the RAC was developed in this project by using linear regression analysis. 
The developed equations can be used to predict characteristic compressive, tensile and flexural 
strength by providing parameters of the mix proportions or from one of the characteristic strength or 
from the properties of the RA collected from the centralised recycling plants or construction and 
demolition sites with their designed mix proportions.  
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INTRODUCTION  
Environmental control is an increasingly pressing concern in the construction industry. Natural 
resources are consumed in its day-to-day operations and waste is generated. Construction activities 
thereby impose significant environmental impacts over the entire construction life cycle (Polster et al. 
1996; Morledge and Jackson 2001). Waste management in the construction industry has not been 
successfully controlled, and it is challenging to initiate improvement. It has been thought that the 
reuse and recycling of materials will provide effective means to reduce the impact on limited landfill 
spaces and also improve waste management. This paper aims to study the use of RA from demolished 
concrete waste as RAC and develops optimal design criteria of RAC for structural applications. 
 
RESEARCH METHODOLOGIES 
RA samples collected from the south-eastern Australia centralised recycling plant were used for 
investigating the properties of RAC. The experimental work on RAC from different mix proportions, 
including replacement ratios of RA from 0% to 100%, water-to-cement ratios at 0.35, 0.40, 0.45, 0.50, 
0.55 and 0.60, and aggregate-to-cement ratios at 3.0, 3.5, 4.0, 4.5, 5.0, 5.5 and 6.0, are investigated on 
strength behaviour.  
 
OPTIMAL DESIGN CRITERIA FOR RECYCLED AGGREGATE CONCRETE 
Data collected from the experimental work were analysed using the Statistical Package for Social 
Sciences (SPSS) Version 18.0 for Windows. It is clear that the relationship between different 
parameters of the RA, including RA replacement ratios, amount of water used, amount of cement 
used, amount of sand used, water-to-cement ratio and aggregate-to-cement ratio, and compressive, 
tensile and flexural strength are linear. The implication is that the higher RA replacement ratio will 
deteriorate the concrete strength.  
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Linear regression analysis is used for the development of the prediction equations for the RAC 
optimal design criteria. Table 3 shows the correlation among the characteristic strengths and 
quantities of different RA replacement, water, cement, sand, water-to-cement ratio and aggregate-to-
cement ratio. The correlation between ƒc΄ and the replacement ratios of the 10 mm RA, 10 mm NA, 20 
mm RA, 20 mm NA, water, cement, sand, RA replacement ratio, water-to-cement ratio and 
aggregate-to-cement ratio are 0.538, 0.512, 0.538, 0.512, 0.660, 0.646, 0.344, 0.528, 0.804 and 0.580 
respectively. The significant value between the characteristic strengths and RA parameters in Table 3 
are all less than 0.05, which means that all correlations are significant at the 95% confidence level. 
The sensibility analysis results for the data for RAC is 0.918, which shows that the data is suitable for 
analysis and the development of the optimal design criteria. 
 

Table 1: Characteristic of compressive, tensile and flexural strength  
Water-

to-
cement 
ratios 

Aggregate-
to- 

cement 
ratios 

RA  
replacement 

ratios 

Average 
compressive 

strength, 
(MPa) 

Average 
tensile 

strength
(MPa) 

Average 
flexural 
strength 
(MPa) 

Characteristic 
compressive 
strength, ƒc΄ 

(MPa) 

Characteristic 
tensile 

strength, ƒct΄ 
(MPa) 

Characteristic 
flexural 

strength, ƒcf ΄ 
(MPa) 

0 70.99 5.94 6.64 69.77 5.18 6.33 
30 63.92 5.23 6.08 63.60 4.78 5.80 0.3 

100 49.19 4.76 4.14 47.51 4.50 4.00 
0 68.01 5.60 6.16 66.33 4.93 5.90 

30 56.21 4.92 5.51 53.95 4.58 5.17 0.35 
100 46.00 4.49 4.00 44.73 3.96 3.91 

0 62.00 5.33 5.80 61.50 4.70 5.31 
30 53.73 4.85 5.00 52.14 4.46 4.47 0.4 

100 41.90 4.16 3.83 39.47 4.03 3.30 
0 56.80 5.14 5.58 53.11 4.89 4.72 

10 55.40 5.03 5.00 54.52 4.78 4.82 
20 55.10 4.90 4.93 48.69 4.08 4.26 
30 52.40 4.73 4.55 49.07 4.40 3.99 
40 51.97 4.64 4.39 50.89 4.23 3.69 
50 50.00 4.51 4.05 42.22 4.20 3.83 
60 48.00 4.62 4.35 46.43 4.31 4.20 
70 46.80 4.37 4.20 43.73 3.78 3.83 
80 47.24 4.25 4.15 43.93 3.66 3.69 
90 44.20 4.09 4.06 41.09 4.00 3.51 

0.45 

100 39.10 3.83 3.80 34.93 3.42 3.65 
0 46.00 4.63 4.86 45.34 4.24 4.65 

30 43.40 4.37 4.33 41.20 3.89 3.89 0.5 

4.5 

100 32.00 3.41 3.50 30.39 3.09 2.88 



Table 2: Characteristic of compressive, tensile and flexural strength  
 

Water-
to-

cement 
ratios 

Aggregate-
to- 

cement 
ratios 

RA  
replacement 

ratios 

Average 
compressive 

strength, 
(MPa) 

Average 
tensile 

strength
(MPa) 

Average 
flexural 
strength 
(MPa) 

Characteristic 
compressive 
strength, ƒc΄ 

(MPa) 

Characteristic 
tensile 

strength, ƒct΄ 
(MPa) 

Characteristic 
flexural 

strength, ƒcf ΄ 
(MPa) 

0 40.00 4.14 4.40 37.24 3.97 4.01 
30 37.22 3.89 3.98 34.74 3.28 3.72 0.55 

100 29.00 3.09 3.12 27.38 2.94 2.90 
0 32.21 3.80 4.20 30.35 3.51 3.72 

30 32.30 3.57 3.60 30.56 2.65 3.12 0.6 

4.5 

100 25.26 2.95 3.02 21.78 2.81 2.76 
0 80.40 6.24 6.67 78.67 6.07 6.55 

30 74.01 5.55 5.79 72.66 4.83 5.08 3.0 
100 55.46 4.52 4.75 54.47 4.32 3.88 

0 73.10 5.76 6.20 72.22 4.95 5.96 
30 65.94 5.24 5.34 63.59 4.70 5.02 3.5 

100 51.82 4.33 4.22 50.22 4.09 4.03 
0 66.12 5.40 5.85 64.39 4.99 5.51 

30 57.13 4.97 4.79 56.18 4.61 4.46 4.0 
100 45.62 4.13 3.92 44.12 3.67 3.72 

0 52.20 4.92 4.89 49.49 4.57 4.56 
30 47.60 4.55 4.27 47.24 4.48 3.73 5.0 

100 34.35 3.64 3.42 33.39 3.43 3.28 
0 50.42 4.60 4.40 49.28 4.02 3.35 

30 42.91 4.26 3.87 40.45 3.23 3.58 5.5 
100 32.30 3.43 3.08 31.90 3.22 2.69 

0 42.93 4.26 4.00 41.45 3.88 3.08 
30 34.92 3.72 3.64 34.09 3.34 3.21 

0.45 

6.0 
100 27.13 2.92 2.84 24.34 2.28 2.09 

 



Table 3: Correlation between characteristic strengths and quantity of mix proportions by proportional 
  fc fct fcf RA10 NA10 RA20 NA20 Water Cement Sand RAtotal WC AC 

Pearson Correlation 1 .926** .915** -.538** .512** -.538** .512** -.660** .646** -.344** -.528** -.804** -.580** fc 

Sig. (1-tailed)  .000 .000 .000 .000 .000 .000 .000 .000 .009 .000 .000 .000 

Pearson Correlation .926** 1 .892** -.557** .537** -.557** .537** -.628** .566** -.278* -.550** -.756** -.529** fct 

Sig. (1-tailed) .000  .000 .000 .000 .000 .000 .000 .000 .029 .000 .000 .000 

Pearson Correlation .915** .892** 1 -.616** .594** -.616** .594** -.575** .565** -.303* -.610** -.730** -.551** fcf 

Sig. (1-tailed) .000 .000  .000 .000 .000 .000 .000 .000 .019 .000 .000 .000 

Pearson Correlation -.538** -.557** -.616** 1 -.997** 1.000** -.997** -.005 -.033 .036 .999** .012 .029 RA10 

Sig. (1-tailed) .000 .000 .000  .000 .000 .000 .486 .412 .404 .000 .469 .423 

Pearson Correlation .512** .537** .594** -.997** 1 -.997** 1.000** -.010 -.033 .038 -.999** .015 .038 NA10 

Sig. (1-tailed) .000 .000 .000 .000  .000 .000 .474 .414 .400 .000 .459 .400 

Pearson Correlation -.538** -.557** -.616** 1.000** -.997** 1 -.997** -.005 -.033 .036 .999** .012 .029 RA20 

Sig. (1-tailed) .000 .000 .000 .000 .000  .000 .486 .412 .405 .000 .469 .423 

Pearson Correlation .512** .537** .594** -.997** 1.000** -.997** 1 -.010 -.033 .038 -.999** .016 .038 

Sig. (1-tailed) .000 .000 .000 .000 .000 .000  .475 .414 .400 .000 .459 .400 

Pearson Correlation -.660** -.628** -.575** -.005 -.010 -.005 -.010 1 -.272* -.198 .001 .827** .188 

Sig. (1-tailed) .000 .000 .000 .486 .474 .486 .475 .032 .091 .497 .000 .103 

Pearson Correlation .646** .566** .565** -.033 -.033 -.033 -.033 -.272* 1 -.889** -.005 -.748** -.974** 

Sig. (1-tailed) .000 .000 .000 .412 .414 .412 .414 .032 .000 .487 .000 .000 

Pearson Correlation -.344** -.278* -.303* .036 .038 .036 .038 -.198 -.889** 1 .004 .369** .903** 

Sig. (1-tailed) .009 .029 .019 .404 .400 .405 .400 .091 .000 .489 .005 .000 

Pearson Correlation -.528** -.550** -.610** .999** -.999** .999** -.999** .001 -.005 .004 1 .000 .000 

Sig. (1-tailed) .000 .000 .000 .000 .000 .000 .000 .497 .487 .489 .500 .500 

Pearson Correlation -.804** -.756** -.730** .012 .015 .012 .016 .827** -.748** .369** .000 1 .707** 

Sig. (1-tailed) .000 .000 .000 .469 .459 .469 .459 .000 .000 .005 .500 .000 

Pearson Correlation -.580** -.529** -.551** .029 .038 .029 .038 .188 -.974** .903** .000 .707** 1 

NA20 

Sig. (1-tailed) .000 .000 .000 .423 .400 .423 .400 .103 .000 .000 .500 .000  

** Correlation is significant at the 0.01 level (1-tailed).            * Correlation is significant at the 0.05 level (1-tailed).              
 



There are four methods – Stepwise, Remove, Backward and Forward – used in the linear regression 
analysis. Prediction equations will be developed if the correlation significant (sig. or α) of the models 
is less than 0.05, which leads to the development of Equation 1 and Equation 2. 

 
)10161.1()411.111(118.105' RAWCf c   

 
Equation 1  

 
)455.131()236.132()175.0()148.26()32.69(870.324' ACWCRAtotalSandWaterf c 

Equation 2 

 

 
where ƒc΄ is the characteristic compressive strength; WC the water-to-cement ratio; RA10  the 
replacement ratios of 10 mm RA; Water the quantity of water by proportion of mix proportion (%); 
Sand the quantity of sand by proportion of mix proportion (%); RATotal the total RA replacement 
ratio; and AC aggregate-to-cement ratio. 
 
The same procedure is also used for the development of the model for the characteristic tensile and 
flexural strength with the RA parameters, which leads to the development of Equation 3 and Equation 
4 respectively. 
 

)01.0()892.5(192.7' RATotalWCf ct   Equation 3 

)015.0()648.7(246.8 RATotalWCf cf   Equation 4  

where ƒct΄ is the characteristic tensile strength; and ƒct΄ is the characteristic flexural strength. 
 

Equation 1, Equation 2, Equation 3and Equation 4 are provided to predict target characteristic 
compressive, tensile and flexural strength from mix proportions. The independent variables for 
Equation 1 are water-to-cement ratio and replacement ratios of 10 mm RA. The independent variables 
for Equation 3 and Equation 4 are water-to-cement ratio and total RA replacement ratios. Equation 1 
is reanalysed using the same independent variables as in Equation 3 and Equation 4 in the linear 
regression analysis with the four methods, Equation 5 is deviated.  
 

)175.0()283.112(509.105' RATotalWCf c   Equation 5  

 
CONCLUSION 

The optimal design criteria for RAC with five accurate prediction equations was developed in this 
chapter by using linear regression analysis. The developed equations can be used to predict 
characteristic compressive, tensile and flexural strength by providing parameters of the mix 
proportions or from one of the characteristic strength.  
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