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Abstract - The present study investigates in mechanical and elastic properties of concretes made with recycled asphalt 
pavement (RAP), without any pretreatment. For that purpose five families of concrete were designed with different 
substitution contents with a maximum of 50% RAP, at three water cement (W/C) ratios (0,50-0,60 and 0,70). During mixture 
procedure, the “two steps mixing approach” (TSMA) was applied. Controlled slump is 90-150 mm. Compressive tests and 
modulus of elasticity tests were conducted on hardened specimens at 28 days. Experimental results showed that the more 
RAP content increases in mix, the more mechanical and elastic characteristics decrease. It is the same when W/C ratio 
increases. Then, a good correlation between static modulus of elasticity and compressive strength is obtained. Finally, 
mathematical modeling using factorial design 22 is established in aim to quantify the effect of RAP and W/C ratio on 
response in terms of compressive strength and modulus of elasticity. Established models can predict both properties for 
hardened concrete, whatever the RAP content and whatever W/C ratio. 
 
Index terms - Environment, sustainable materials, concrete, recycled asphalt pavement concrete, recycling, valorization, 
compressive strength, static modulus of elasticity, factorial design, modeling. 
 
I. INTRODUCTION 
 
Using recycled aggregates in concrete design is an 
ecological approach which respects environment and 
reduces the huge demand in terms of natural 
aggregates. Producing eco-friendly concretes got a 
large interest in civil engineering especially 
regardless to sustainable development. The most used 
recycled aggregates are materials from demolition 
(crushed concrete, bricks…) and bituminous 
materials from pavement maintenance. In fact, in 
Italy, partial substitution of natural aggregates by 
30% recycled materials is definitely accepted, to 
produce C30/37 class concretes, since July 2009 [1]. 
Many studies and investigations about the 
determination of mechanical properties of these 
particular concretes were conducted and are presented 
in literature [2]. Silva et al. [3] presented an 
interesting review based on selected published works 
from 1973 to 2015, relative to the effect of recycled 
aggregates from demolition introduction on static 
modulus of elasticity, considering the main influent 
parameters such as recycled aggregate content, 
dimension and origin, mixing procedure, chemical 
admixture, on the evolution in time of modulus of 
elasticity. Moreover, authors presented a relationship 
between the static modulus of elasticity and 
compressive strength. Also, C 32/40 class concretes 
can be made with partial substitution of natural 
aggregates by aggregates from demolition [4]. 
Corinadesi demonstrated that only 15% of reduction 
is observed in modulus of elasticity in 30% recycled 
aggregate concretes.  
However, using RAP in cement concrete remains not 
really common. Generally, it is reused in bituminous 

concrete. But some studies in this field were 
conducted in laboratory. Mathias [5] realized many 
tests on RAP concretes and complex modulus and 
phasing tests. Experimental results showed that RAP 
concretes present similar rheological behavior than 
conventional ones. In another side, Huang et al. [6] 
studied four different groups of RAP concretes with 
one group designed with coarse RAP, another group 
with fine RAP, a third one with 100% RAP and the 
last group is conventional concrete. Experimental 
results show that compressive strength and elastic 
modulus of elasticity decrease when RAP is 
introduced but the index toughness increases. 
However, minimal reductions are observed when 
coarse RAP is introduced. 
The present study aims to study compressive strength 
and static modulus of elasticity of a hardened RAP 
concrete, designed at different ratios W/C. Then, a 
mathematical model is established using factorial 
design, to predict both considered characteristics; 
compressive strength and modulus of elasticity. 
 
II. EXPERIMENT 
 
Experimental program investigates on the 
determination of compressive and static modulus of 
elasticity of a recycled asphalt pavement concretes, 
made with different contents of substitution of natural 
aggregates, with a maximum of 50%. Portland 
cement CEM IIA/42.5 from Sour El Ghozlane – 
Bouira (Algeria) is used to produce all mixes, its 
surface of Blaine is 3997 cm2/g and its density is 
3.14. Crushed calcareous sand 0/3 and gravels 8/15-
15/25 are used, coming from a carry in El Hachimia 
region-Bouira. RAP is provided from a thirty five old 
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road crossing Beni Amrane-Boumerdes. The shape of 
the recycled aggregates is irregular. Graduation 
curves of natural and recycled aggregates are shown 
in figure 1. Mechanical properties of aggregates are 
mentioned in table 1.  
 

 
Figure 1: Graduation curves of a) gravel 15/25 b) gravel 8/15   

c) RAP d) sand. 
 

Content  Sand G 
8/15 

G 
15/25 

RAP 

Density (kg/m3) 2.64 2.64 2.65 2.40 
Fineness 
modulus 

3.07 / / / 

Sand equivalent 
(%) 

80 / / / 

MDE (%) / 24 / 37 
LA (%) / 27 22 25 
Asphalt content 
(%) 

/ / / 4.12 

Table 1 
Physical and mechanical properties of aggregates 

 
A total of fifteen mixtures were designed, as shown in 
table 2, where the absolute volume method was 
applied for the partial substitutions. For partial 
substitutions of natural aggregates with recycled 
aggregates contents were considered 20-30-40 and 
50%, named RAPC 20%, RAPC 30%, RAPC 40% 
and RAPC 50% and compared to conventional 
concrete, named RAPC 0,fully made with natural 
aggregates. Considered W/C ratios are 0.50-0.60 and 
0.70. Cement content is 330 kg/m3. Target 
compressive strength is 20 MPa. The « TSMA » [7] 
was applied during mixing. It should be pointed out, 
that RAP used has not been treated with the exception 
of a screening at 20mm. 
 
Concrete type BF  

0% 
BF 
20
% 

BF 
30% 

BF 
40% 

BF 
50% 

Cement (Kg) 330 330 330 330 330 

Coarse aggregates 
(Kg) 

119
2 

952 832 716 596 

Fine aggregates (Kg) 704 564 492 424 352 
G/S 1.69 1.6

9 
1.69 1.69 1.69 

RAP content (%) 0 20 30 40 50 

W/C=0.
5 

Water 
(Kg) 

168 168 168 168 168 

Sp (Kg) 5.8 9.6 10.2 11.6 14 

W/C=0.
6 

Water 
(Kg) 

200 200 200 200 200 

Sp (Kg) 2.0 2.8 3.4 4.4 7.8 

W/C=0.
7 

Water 
(Kg) 

231 231 231 231 231 

Sp (Kg) 1.2 2.0 2.0 2.4 3.4 
Table 2 

Concrete formulas 
 

A superplasticizer, from SIKA Algeria, was added to 
correct the workability of RAP concretes, highly 
affected by the introduction of the recycled materials, 
in sufficient quantities to obtain plastic concretes (S3 
class). After the mixing procedure, fresh concrete was 
placed in cylinders of diameter of 160mm and height 
of 320mm, in three layers and consolidated by using 
pricking. Specimens were left in their moulds for 48 h 
and finally cured in water at 20±2°C. Three concrete 
specimens were prepared for each batch. Tests are 
conducted at 28 days. Standard tests for conventional 
concretes were conducted on specimens because of 
the similar rheological behavior of RAP concretes 
compared to conventional concretes [5]; slump test 
according to NF P 18-451 [8], compressive strength 
according to NF EN 12390-3 [9] and static modulus 
of elasticity according to ISO 6784 [10]. Specimens 
were confectioned according to NF EN 12390-2 [11]. 

 
III. RESULTS AND DISCUSSION 
 
Mechanical and elastic properties obtained from 
experimental results are as follows: 
 
1) Compressive strength 
Figure 2 illustrated compressive test results at 28 
days. Results are in accordance with results reported 
in literature [12-15]. Experimental results show a 
reduction in compressive strength due to RAP 
introduction of 7% for RAPC 20% at 28 days, when 
W/C=0.50. Relative loss is 8% when W/C=0.60 and 
10% when W/C=0.70.  For RAPC 50%, relative loss 
is 46% when W/C=0.50. It is 45% when W/C=0.60 
and 41% when W/C=0.70 as it is shown by fig.3. 
Most of researchers working on recycled aggregate 
concretes, explain this reduction by the weak 
interfacial transition zone, between the old 
bituminous surface of RAP and the mortar. 

 
Figure 2: Effect of RAP introduction and W/C ratio on 

compressive strength. 

a b c d 
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However, as expected for conventional concretes, 
compressive strength decreases when water cement 
ratio increases. Reduction at 28 days of age is 14-11 
and 12% respectively for RAPC 0-20% and 50% 
when water cement ratio passes from 0.50 to 0.60. It 
is 18-17 and 12% respectively for RAPC 0-20% and 
50% when water cement ratio passes from 0.60 to 
0.70.  
Generally, the effect of W/C on compressive strength 
is the same for both conventional and RAP concretes. 

 
2) Static modulus of elasticity 
Experimental results are represented in figure 3 and 
show that static modulus of elasticity decreases 
significantly when RAP content increases in mix and 
when W/C ratio increases. This reduction can be 
explained by the fact that elastic modulus of recycled 
aggregates is less important than natural aggregates’. 
Relative loss due to RAP introduction is about 16% 
for RAP 20% at W/C=0.50. It is 20% at W/C=0.60 
and 29% at W/C=0.70. Relative loss is 40-51 and 
59% for RAP 50% respectively at W/C ratios 0.50, 
0.60 and 0.70. 
 
Relative loss due to W/C ratio is 12% for RAP 20% 
when W/C ratio passes from 0.50 to 0.60. It is 13% 
for RAP 30% when it is 8% for conventional 
concretes when W/C ratio passes from 0.50 to 0.60. 
Relative loss is 25% for RAP 20% when W/C ratio 
passes from 0.60 to 0.70. It is 32% for RAP 30% and 
12% for conventional concretes.  
 
For RAP 50%, relative loss reaches 27% when W/C 
ratio passes from0.50 to 0.60 and it is 40% when W/C 
ratio passes from 0.60 to 0.70. 

 

 
Figure 3: Effect of RAP and W/C ratio on modulus of 

elasticity. 
 
Modulus of elasticity and compressive strength 
values are plotted in the graph, as shown in figure 4. 
As expected, the modulus of elasticity increases when 
compressive strength increases. A satisfactory 
correlation is obtained with a coefficient of 
determination is R2=0.827. Most statisticians consider 
that a model is acceptable and satisfactory for a 
coefficient 0.70 and higher [16]. Hence, the modulus 
of elasticity can be evaluated from the compressive 
strength. Many models and expressions predicting 

modulus of elasticity are available in literature or 
codes [17-20].  
In the following, mathematical models are proposed, 
to predict both compressive strength and modulus of 
elasticity, using factorial design.

 
Figure 4: Modulus of elasticity versus compressive strength. 

 
IV. MODELING 

 
In aim to quantify the effect of RAP introduction and 
the effect of W/C ratio on compressive strength and 
static modulus of elasticity of a hardened concrete, a 
factorial plan was developed, and a mathematical 
model was established. From that model, both 
compressive strength and modulus of elasticity can be 
predicted. However, factorial plans need a variable 
change when lowest levels are designated by -1 and 
highest levels by +1. Then, centered or coded 
variables are handled. High and low levels of all 
considered factors, delimit the field of the study. 
Factorial plans are most of the time presented with a 
statistical study of the experimental results, with a 
validation step, the estimation of the experimental 
error and confidence interval. 
In this study, influent parameters are RAP content 
and W/C ratio. Response is in terms of compressive 
strength then in terms of modulus of elasticity. The 
study of the individual and combined effect of 
parameters is considered separately for each 
response. The interval of RAP content used in this 
study is [0, 50%]. It was cut into five experimental 
fields; [0-30%] noted field I, [30%-50%] noted field 
II, [20%-40%] noted field III, [0-40%] noted field IV 
and [0-50%] noted field V. For each field, RAP 
content and W/C ratios take minimal coded variables 
for minimal natural values and maximal coded 
variables for maximal natural values.  
A polynomial model is chosen to quantify the effect, 
on response in terms of compressive strength first, 
and then in terms of static modulus of elasticity, of 
RAP content a1, of W/C ratio a2 and of the combined 
effect of both parameters a12, according to the 
following expressions: 
 

Rc= a0+a1 X1+a2 X2+a12 X1 X2 
Estat= a0’+a1’ X1+a2’ X2+a12’ X1 X2 

 
Where Rc is the compressive strength, Estat is the 
static modulus of elasticity, X1 coded variable related 
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to RAP content, X2 coded variable related to water 
cement ratio and a0, a1, a2, a12 are the polynomial 
coefficients. 
Mathematical resolution of established equations 
gives the polynomial coefficients for five 
experimental fields. Results are mentioned in table 3.  
Results show that individual effect of RAP 
introduction on compressive strength is negative and 
similar whatever the considered field. It is the same 
for the individual effect of W/C ratio. However, the 
combined effect of both parameters is smaller the 
individual effect and it is positive for all fields. 
Also, both individual effect of RAP introduction and 
individual effect of W/C ratio on static modulus of 
elasticity are negative but affect modulus of elasticity 
more than compressive strength; obtained values of 
polynomial coefficients are greater. However, the 
combined effect of both parameters is smaller the 
individual effect and it is negative for all fields. 
 

Field a0 a1 a2 a12  
 
Compressive 
strength 

[0-
30%] 15.01 

-
1.36 

-
2.43 0.39 

[30-
50%] 11.45 

-
2.20 

-
1.59 0.45 

[20-
40%] 13.21 

-
1.67 

-
1.90 0.41 

[0-
40%] 13.95 

-
2.41 

-
2.15 0.67 

[0-
50%] 12.81 

-
3.56 

-
1.98 0.85 

 a0’ a1’ a2’ a12’  
 
Static 
modulus of 
elasticity 

[0-
30%] 23.05 

-
4.73 

-
2.63 

-
0.91 

[30-
50%] 16.30 

-
2.03 

-
3.57 

-
0.04 

[20-
40%] 19.03 

-
2.63 

-
3.42 

-
0.30 

[0-
40%] 22.09 

-
5.69 

-
2.72 

-
1.00 

[0-
50%] 21.02 

-
6.75 

-
2.67 

-
0.95 

Table 3 
Polynomial coefficients values 

 
In another side, it is noticed, concerning compressive 
strength, that the negative individual effect of RAP 
introduction on response is minimal in field I for 
RAP percentages between 0 and 30%. The negative 
individual effect of W/C ratio on response is minimal 
in field II for RAP percentages between 30 and 50%.  
Concerning the modulus of elasticity, the negative 
individual effect of RAP introduction on response is 
minimal in field II for RAP percentages between 30 
and 50%. The negative individual effect of W/C ratio 
on response is minimal in field I for RAP percentages 
between 0 and 30%.  
An optimal content of RAP can be recommended: it 
is about 30%. 

Retained mathematical models predict compressive 
and static modulus of elasticity in function of RAP 
content and W/C ratio, of 28 days aged concretes, as 
follow: 
Rc = 13.23-1.78 X1-2.01 X2+0.42 X1 X2 
 
With mean values of obtained polynomial 
coefficients in fields I and II.  
 
Estat=19.68-3.38 X1-3.10X2-0.47 X1 X2 
 
With mean values of obtained polynomial 
coefficients in fields I and II.  
 
Statistical analysis of experimental results, with 
validation tests in the center of each field and for all 
cure time, leads to an experimental error less than 
10%. 

 
CONCLUSION 

 
Obtained results showed that a hardened RAP 
concrete can present similar mechanical and elastic 
properties than conventional concretes, with a relative 
loss in compressive strength, for RAPC 20% of only 
7 to 10% due to RAP introduction and a relative loss 
of 11% when W/C ratio passes from 0.50 to 0.60 and 
of 17% when W/C ratio passes from 0.60 to 0.70. 
Relative loss in static modulus of elasticity due to 
RAP introduction is 26 to 43% for RAP 30%. It is of 
13% when W/C ratio passes from 0.50 to 0.60 and of 
32% when W/C ratio passes from 0.60 to 0.70, for 
RAP 30%.  
 
A good correlation is obtained between experimental 
compressive strengths and experimental modulus of 
elasticity, with a determination coefficient R2 de 
0.827. 
 
Both compressive strength and static modulus of 
elasticity are affected by RAP introduction as well as 
by W/C ratio. Therefore, modeling using a 22 
factorial plan leads to quantify individual and 
combined effects of RAP introduction and W/C ratio 
on responses in terms of compressive strength then in 
terms of modulus of elasticity. 30% RAP content can 
be proposed as an optimum.  
 
Established mathematical models predict compressive 
strength and static modulus of hardened concretes, 
whatever RAP content introduced and whatever W/C 
ratio. Presented results are available for courant 20 
MPa concrete. Further studies must be conducted this 
way to include higher concrete strength classes. 
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