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Abstract—Recycled coarse aggregate (RCA) was obtained from 

waste samples of C30 in the laboratory through crushing, 

washing and screening and cube compressive strength test was 

conducted on RCA concrete under different conditions. The 

results show that the compressive strength of recycled 

aggregate concrete (RAC) decreases with the amounts of RCA 

generally increase of the replacement ratio on recycled 

aggregate in the same water-cement ratio. However, when the 

replacing 50% the natural coarse aggregate (NCA), the 

compressive strength of RAC appears to jump. Two-factor 

analysis is used to arrange the experiment by taking a full 

consideration of the factors which have effect on the 

compressive strength, such as water-cement ratio, coarse 

aggregate replacement ratio, and the interaction between 

water-cement ratio and replacement ratio. The analysis of 

variance is established and is used to analyze the influence rate 

of the compressive strength. It also shows that main factor 

which affects the compressive strength is coarse aggregate 

replacement ratio and the interaction function on the water-

cement and replacement ratio cannot be ignored. The study 

offers a valuable reference to the design of recycled concrete. 
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I. INTRODUCTION 

With the rapid development of society and economy, 
natural resources are depleting in the earth. Especially 
procurement of these natural materials extremely modifies 
the natural sources and creates major environmental 
problems [1-2]. Taking the construction industry as an 
example, every year 15 billion tonnes of concrete are 
produced throughout the world that means 2 tonnes of 
concrete per inhabitant per year [3]. Furthermore, the 
quality of coarse aggregate accounted for about 55% of the 
total. It can be seen that aggregate consumption is huge, and 
one day coarse aggregate will be exhausted, like other 
mineral resources. Currently, these waste concrete is often 
disposed in open-air stacking or landfill manner. Therefore, 
this not only takes up a lot of land, but also causes 
environmental pollution and waste of resources. 

As early as 1946, Gluzhge [4], the former Soviet Union 
scholar, the feasibility of using waste recycled aggregate 

concrete was studied. In the middle of 20th century, Japan, 
the United States and some European countries have begun 
the research and the utilization of recycled concrete and the 
study focuses mainly on the mechanical properties of RAC 
[5-7]. Hansen [8] conducted related research on the 
compressive strength of recycled concrete and found that 
the compressive strength of recycled concrete roughly 5% to 
24% lower than ordinary concrete. Limbachiya et al. [9] 
drew a conclusion that compressive strength of recycled 
concrete was lower than that of ordinary concrete, reducing 
the range of 15%-42%. Salomon [10] found that the 
compressive strength of recycled concrete was lower than 
that of ordinary concrete by test. However, Xiao [11] and 
Huang [12] believe that the compressive strength of 
recycled concrete is almost the same with that of ordinary 
concrete when the replacement ratio of coarse aggregate is 
no more than 30%. Folino [13] and Tavakoli [14] argue that 
a reasonable proportion of recycled aggregate can make 
cube compressive strength of recycled concrete be higher 
than that of ordinary concrete under the same water-cement 
ratio.  

At present, numerous studies have been carried out by 
researchers on the relationship with the compressive 
strength of RCA concrete and replacement ratio of coarse 
aggregate or water-cement ratio and so on, and 
corresponding results are obtained. However, so far it is not 
really clear that which factor plays a major role in the 
compressive strength of RCA and whether the interaction of 
these factors also affects the compressive strength. This 
paper discusses these factors of influencing compressive 
strength, such as replacement ratio, water-cement ratio and 
the interaction of two factors by use of universal testing 
machine. This research is of great theoretical value to the 
design of recycled concrete.  

II. EXPERIMENTAL DESIGN 

A. Preparation of Coarse Aggregate 

This experiment adopts P. O 42.5 ordinary Portland 
cement, natural river sand, tap water, and coarse aggregate 
(the mixture of crushed stone and RCA). Coarse aggregate 
is continuous gradation and the range of particle size is 5-
31.5mm.
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TABLE I. PRINCIPAL PHYSICAL PROPERTIES OF RECYCLED COARSE AGGREGATE 

 
Recycled coarse aggregate, with large porosity, large 

absorption, low strength, and so on, compared with natural 
aggregate. Thus, the features limit the application of 
recycled concrete in some engineering. According to 
national standard GB/T25177-2010 concrete with recycled 
coarse aggregate, RCA was obtained from waste samples 
of C30 in the laboratory through crushing, washing and 
screening. The main physical properties of RCA were 
presented in Table 1. 

B. Compressive Strength Test 

Firstly, in accordance with the law of Chinese industry 
standard JGJ52-2006 quality standards and test methods of 
ordinary concrete, C30 concrete mix proportions were 
calculated. Secondly, according to the experimental 
specification mixing concrete, the mixed concrete was put 
into 150 × 150 × 150 mm mold testing and placed in the 
curing room. After curing 28 d, loading tests are carried out 
to these concrete samples by WEW-1000A universal testing 
machine. 

III. TWO-FACTOR TEST DESIGN AND TEST RESULTS  

A. Introduction on Two-factor Test Design 

Two-factor analysis of the experiment is to discuss two 
factors significantly affecting the test results. Thus, it is 
known as binary analysis of variance. According to test times, 
two-factor test method can be divided into no repeat test and 
repeated test analysis of variance. The paper adopts the 
analysis of variance of repeated test. 

B. Experiment Program and Test Results  

Two-factors are mainly considered in the design; one is 
water-cement ratio, and the other is replacement ratio of 
coarse aggregate. Three levels 0.43, 0.49 and 0.55 were 
considered to water-cement ratio. Simultaneously, five levels 
0%, 30%, 50%, 70% and 100% were studied to replacement 
ratio of coarse aggregate. Test results are shown in Table 2. 

TABLE II. CONCRETE COMPRESSIVE STRENGTH OF CONCRETE UNDER 

DIFFERENT WATER-CEMENT RATIO AND REPLACEMENT RATIO/MPA 

Factor 
Replacement ratio of coarse aggregate /% 

0 30 50 70 100 

Water-
cement 

ratio 

0.43 

37.9 

38.7 

38.2 

33.1 

33.9 

33.4 

35.3 

34.4 

34.6 

30.2 

29.6 

30.1 

29.5 

29.1 

28.8 

0.49 
36.8 
37.6 

37.1 

30.9 
31.8 

31.2 

35.5 
35.8 

35.7 

30.2 
29.5 

29.9 

28.4 
28.9 

28.6 

0.55 

34.9 

35.3 

35.5 

29.3 

29.8 

30.2 

32.6 

33.4 

32.8 

27.9 

28.5 

28.2 

27.2 

26.9 

27.5 

IV. VARIANCE ANALYSIS OF TEST RESULTS 

The influence rate is established by mathematical 
statistics method and the effect of two parameters (water-
cement and replacement ratio of RCA) on the compressive 
strength is studied according to test results.  

In general, there are two varied factors A and B, where A 
and B, respectively, have r levels and s levels, A1, A2…Ar 
and B1, B2…Bs. To study the interaction influence of A×B, 
repeated experiments were done in each combination level 
(Ai, Bj) and each test value was recorded as xijk (i = 1,2, ..., r; 
j = 1,2, ..., s; k = 1,2, ..., c). Therefore, the total times of tests 
apparently are n=rsc. 

The steps of two-factor variance analysis are as follows. 
Abbreviations and Acronyms 

A. Calculating the Mean 

Assuming: 
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where x , ijx , ix and  jx  are the arithmetic mean of all 

test values, the arithmetic mean of any combination (Ai, Bj) 
level on C tests, the arithmetic mean of all values in Ai levels, 
and the arithmetic mean of all values in Bj levels, 
respectively. 

Apparent density  

/kg.m-3 

Water absorption 

ratio /% 

Crushing value 

/% 

Bulk density 

/kg.m-3 

Porosity  

/% 

Mud content 

/% 

2200 6.16 14.7 1760 42 1.5 
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B. Calculating Square Sum of Total Deviation 

1) Square sum of total deviation 
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where SSA, SSB, SSA×B and SSe are square sum of deviation 
by factor A, square sum of deviation by factor B, square sum 
of deviation by interaction A×B, and residual sum of squares, 

respectively. In Equation 5,  
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2) Square sum of deviation on each factor: The 

simplified formulas are as follows: 
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where ijT , iT ,  jT , T and Q are Sum of experimental 

values of any combination  (Ai, Bj) level on C tests, the sum 
of sc experimental values on level Ai, the sum of rc 
experimental values on level Bj, the sum of n experimental 
values, and squares sum of n experimental values, 
respectively. Then, each simplified formula of square sum of 
deviation is as follows. 
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 eBATBA SSSSSSSSSS   (15) 

C. Degrees of Freedom 

Degrees of freedom on factor A 

 dfA=r-1 (16) 

Degrees of freedom on factor B 

 dfB=s-1 (17) 

Degrees of freedom on A×B 

 dfA×B=(r-1)(s-1) (18) 

Degrees of freedom on residuals 

 dfe=rs(c-1) (19) 

Total degrees of freedom 

 dfT=n-1=rsc-1 (20) 

where dfA, SSB, SSA×B, dfe, and dfT are degrees of freedom on 
factor A, factor B, A×B, residuals and total, respectively. 

D. Mean Squares 

Mean square of factor A 

 1

A
A




r

SS
MS

 (21) 

Mean square of factor B 
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Mean square of the interaction 
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E. F Value 
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where FA, FB and FA×B are F value of factor A, F value of 
factor B, F value of the interaction A×B. 

F. Significance Test  

Given test level α, the critical value  ej dfdfF ,1   is 

found out from the F distribution table and F values 

 ej dfdfF ,  will be calculated by formula (25-27). If 

   ejej dfdfFdfdfF ,, 1  , the influence of the factor 

on the test is significant. Further, the greater is the values 

 ej dfdfF , , the more significant is the influence of the 

factor. Meanwhile, the influence rate   is defined as 

follows: 

 

 
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1 
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G. The Influence Ratio of Each Factor on Concrete 
Compression Strength 

According to the steps above, the data of Table 2 was 
calculated; the results are shown in Table 3. Given the test 

level  =0.05,  30,205.01F =3.32,  30,405.01F =2.69, 

 30,805.01F =2.27 are obtained from F distribution table. 

If 1 , it indicates that the parameter has a significant 

influence on the compressive strength of recycled concrete. 
As can be seen from Table 3, the water-cement ratio, the 
replacement ratio of coarse aggregate, and their interaction 
on recycled concrete have a significant influence on 
compressive strength of recycled concrete. Further, the 
influence of the replacement of coarse aggregate is even 
larger and the interaction on the replacement of coarse 
aggregate and water-cement ratio can not be ignored. 

TABLE III. ANALYSIS OF THE INFLUENCE RATE OF EACH 

FACTOR ON CONCRETE COMPRESSION STRENGTH 

Source of 

Variance 
SS df MS F δ 

Factor A 49.152 2 24.576 221.206 66.628 

Factor B 456.241 4 114.060 1026.643 381.652 

A×B 9.983 8 1.248 11.233 4.948 

Error 3.333 30 0.111 — — 

Total 518.709 44 — — — 

Note: A- water-cement ratio; B- the replacement ratio of coarse aggregate. 

V. CONCLUSION 

Based on the compressive strength test of recycled 
concrete under the replacement of coarse aggregate and 
different water-cement ratio, combined with analysis of 
variance, the following conclusions were drawn: 

 Recycling of waste concrete compared with ordinary 
concrete can greatly reduce production costs and 
significantly improve the utilization of waste 
concrete. From the requirements of the concrete 
compressive strength in the construction, the 
replacement rate of 50% coarse aggregate is 
recommended to use waste concrete. 

 Avoid combining SI and CGS units, such as current 
in amperes and magnetic field in oersteds. This often 
leads to confusion because equations do not balance 
dimensionally. If you must use mixed units, clearly 
state the units for each quantity that you use in an 
equation. 

 Through the two-factor repeated test and analysis of 
variance, the result shows that main factor which 
affects the compressive strength is the replacement 
ratio of coarse aggregate and the interaction function 
on the water-cement and the replacement ratio 
cannot be ignored. 
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