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A B S T R A C T

In this study recycled concrete aggregate (RCA) and recycled asphalt pavement (RAP) are used in the production
of self-consolidating concrete (SCC) with varying percentage replacements of natural coarse aggregate (NCA). A
total of 16 concrete mixtures were prepared and tested. Mixtures were divided into four different groups, with
constant water to cementitious (w/cm) material ratio of 0.4, based on RCARAP content: 0%, 25%, 50%, and 75%
of NCA replaced by RCARAP. Portland cement was used for the control mixtures of each group, while all other
mixtures were designed with partial replacement of cement by supplementary cementitious materials (70% fly-
ash, 70% slag, and 25% fly-ash+25% slag). The fresh properties such as flowability, deformability; filling ca-
pacity, and resistance to segregation of concrete were investigated. The hardened properties such as compressive
strength and split tensile strength were studied. The durability characteristics including the unrestrained
shrinkage test, and rapid chloride permeability test (RCPT) were investigated. Partial replacement of cement
using FA and S resulted in smaller 28-days-compressive strength compared to control mixtures. The replacement
of NCA by RCARAP reduced the workability, and the compressive and tensile strengths of SCC mixtures.

1. Introduction

One of the most advanced developments in concrete technology is
self-consolidating concrete (SCC) and it is one category of high per-
formance concrete (HPC). SCC was first developed by Japanese re-
searchers [1]. There was extreme demand of narrow highly reinforced
concrete mostly at beam-column joints. The use of SCC will result in
reduction of labor cost since it eliminates mechanical vibration and
speeds the construction process [2]. The use of low slump traditional
concrete in congested zones without skilled labors may cause serious
problems such as porous concrete, and weak bonding. Partial replace-
ment of Portland cement by SCMs can enhance the workability of SCC.
In order to overcome some of the problems associated with SCC, many
researchers have studied the use of SCMs, [13]. Bouzoubaa et al. [3]
studied the properties of SCC in which the cement was replaced by class
F Fly ash. Nine SCC mixtures and one control concrete mixture was
prepared and tested. The effect of replacing Portland cement by 40%,
50% and 60% class F Fly ash was studied. The SCMs content was fixed
at 400 kg/m3 and water/cement ratio ranged from 0.35 to 0.45. Several
tests were conducted to study the fresh properties of SCC mixtures. It
was concluded that fly ash slightly improves the concrete workability
and compressive strength.

Bermel et al. [4] studied the usage of RAP concrete for pavement in
Montana. In order to use RAP as replacement for natural aggregates,

many mixes with dissimilar proportions were made for Portland cement
concrete pavement (PCCP). Tests were conducted to find the related
property of RAP concrete to be used in PCCP. It was observed that use
of traditional practices concrete containing RAP aggregate up to 25%
fine and 40% coarse replaced aggregate can give compressive strength
of more than 25-Mpa. When the amount of RAP replacing natural ag-
gregate increased, there was a decrease in the compressive strength.
There was more benefit observed when both fine and coarse aggregate
were replaced by RAP when compared to only one replacement. It was
also observed that RAP concrete displayed more flexural strength to
that of conventional Portland cement concrete.

The use of RCA was also studied by several researchers. Khayat [5],
investigated the workability requirements for self-consolidation and
discussed the use of several tests that can be utilized to find the capacity
of filling, deformability, and stability of SCC. Additionally, the pro-
portioning of SCC mixtures to reduce the amount of coarse aggregate
and to increase the workability of SCC mixtures was discussed. Hwang
et al. [6] performed an experiment to check the accuracy of different
tests to determine the workability and to study usage characteristics of
concrete utilized in various applications of structures. Seventy SCC
mixtures were evaluated for workability properties made with w/cm
that ranged between 0.35 and 0.42. It was concluded that slump flow,
J-ring or V-funnel flow time tests can be used to study the suitability of
SCC mixtures to fill narrow sections, and SCC mixtures with slump flow
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values that range between 620 and 720 mm are suitable to be used in
structural applications.

This study investigates the feasibility of producing SCC including
high volume of SCMs, greater than 50%, including RCARAP up to 75%
as partial replacement for NCA with adequate properties.

2. Objectives

The main objective is to study the effect of using combined recycled
concrete aggregate and recycled asphalt pavement (RCARAP) and
supplementary cementitious materials (SCMs) such as fly-ash (FA) and
slag (S) on the fresh, mechanical, and durability characteristics of SCC.
The partial percentage replacement of NCA with RCARAP were 0%,
25%, 50% and 75%; and cement replaced with 70% FA, 70% S and
combination of 25% FA and 25% S in concrete mixtures. There are four
SCC mixtures for a particular RCARAP percentage replaced: (1) 0%
replacement of cement content (2) 70% cement replacement by FA (3)
70% cement replacement by S and (4) 50% cement replacement by FA
and S (25% Fly Ash and 25% Slag).

3. Experimental program

Table 1 summarizes the mixtures matrix used in this study. A total
of 16 mixtures were prepared and tested. Four groups were used in this
study based on the amount of RCARAP replacing NCA (0%, 25%, 50%
and 75%), where each percentage replacement of RCARAP is divided
equally between RCA and RAP. Each group consists of four mixtures
with different binding materials, where the cement was replaced by
different percentages of FA and S (70% FA, 70% S and combination of
25% FA and 25% S) in concrete mixtures. The testing conducted in-
cluded: (1) the fresh properties of all mixtures tested by determining the
slump flow test, passing ability using the slump flow with J-Ring,
viscosity of SCC using T50 test and segregation using the segregation
index (SI) test, (2) the hardened properties of all mixtures using the
compressive strength at 3, 14, and 28 days and split tensile test at 28
days, and 3) the durability characteristics using the unrestrained
shrinkage and rapid chloride permeability tests (RCPT) tests.

3.1. Materials

Crushed limestone with relative specific gravity of 2.68 and
moisture absorption of 1.2% at saturated surface dry (SSD) condition,
and RCA with relative specific gravity of 2.39 and moisture absorption
at SSD of 3.03% were used in the preparation of all SCC mixtures. The
same aggregate gradation was used for NCA, RCA, and RAP used as
coarse aggregates (40% passing through sieve size measuring 19 mm,
20% passing through sieve size 12.5 mm, 20% passing through sieve
size 9.5 mm and 20% passing through sieve size 4.75 mm) to ensure
uniformity of the coarse aggregate. RAP from hot mixed asphalt ob-
tained from Illinois Department of Transportation (IDOT), and RCA
from local supplier were used in the mixtures. Local sand with relative
specific gravity of 2.44 and moisture absorption of 2.5% at saturated
surface dry condition was used as fine aggregate. The gradations of the
coarse and fine aggregates are shown in Fig. 1. Type I Portland cement
having a specific gravity of 3.15, and surface area of 400 m2/kg was
used in the preparation and mixing of all concrete mixtures. Class C FA

and S were also used as binding materials with different percentages
replacing cement. High range water reducing agent (HRWRA) and
viscosity modifying agents (VMA) were used to increase the workability
of all mixtures and to enhance the viscosity of SCC mixtures.

3.2. Fresh properties

The fresh properties of SCC such as flowability, and passing ability
were measured using the slump flow test according to ASTM C 1611
[7], and slump with J-Ring according to ASTM C 1621 [8]. The seg-
regation resistance of all prepared mixtures was evaluated using the SI
test. This test relies on visual inspection and each mix was given a value
between (0 and 2), where SI = 0 indicates no segregation, SI =1 in-
dicates acceptable segregation, and SI = 2 denotes significant segre-
gation occurred. The fresh properties of SCC mixtures are shown in
Table 2.

3.3. Hardened properties

The hardened properties in this study included testing the average
compressive strength of three 100 × 200 mm cylinders, according to
ASTM (C39/C39M-09) [9], at 3, 14, and 28 days, the split tensile
strength of a 150 × 300 mm SCC cylinder, according to ASTM (C 496/
C 496M-04) [10], at 28 days. All specimens were moist cured at a re-
lative humidity of 95% until the day of testing.

3.4. Durability characteristics of concrete mixtures

3.4.1. Unrestrained shrinkage test
A 76.2 × 76.2 × 254 mm concrete prism cast from each mixture

was used to determine the unrestrained shrinkage of all concrete mix-
tures using a Comparator test set-up. The prisms were moist cured in
the curing room at room temperature and relative humidity of 95% for
the first 7 days and air cured thereafter. The unrestrained shrinkage was
measured after 7 days and every 5 days during the air curing phase
until 90 days according to ASTM C (490/ C 490M-09) [11].

3.4.2. Rapid chloride permeability test
The rapid chloride permeability test is used to evaluate the re-

sistance of concrete to chloride diffusion. The test was performed in
accordance with ASTM (C 1202-12) [12]. A cylindrical plain concrete
specimen with a 100 mm diameter and a 50 mm thickness is exposed to
a 3% sodium chloride (NaCl) on one side and 0.3 N sodium hydroxide
(NaOH) solution on the other side. A 60-volt current is passed through
the specimen for 6 h and the current integrated over time is measured
in coulombs.

Table 1
SCC Mixtures Matrix.

Mixtures Proportions 100% Cement 70% FA 70% S 25% FA + 25% S

0% RCARAP Mix 1 Mix 2 Mix 3 Mix 4
25%RCARAP Mix 5 Mix 6 Mix 7 Mix 8
50% RCARAP Mix 9 Mix 10 Mix 11 Mix 12
75% RCARAP Mix 13 Mix 14 Mix 15 Mix 16

%
Pa

ss
in

g

Sieve Size (mm)

Aggregate Gradation

Fine Aggregate Coarse Aggregate RAP RCA

Fig. 1. Natural coarse and fine aggregates gradation.
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4. Results and discussion

4.1. Effect of SCMs and RCARAP on the fresh properties of SCC mixtures

Fig. 2 shows that the inclusion of FA and S as replacement for ce-
ment increase or at least stabilize the workability of SCC mixtures in-
cluding those containing RCARAP. The slight increase or no change in
the values of the slump flow is due to the different amounts of HRWRA
and VMA used in every mixture to meet or exceed SCC minimum slump
flow requirements, between 500 and 750 mm, [13]. Another factor
could be the high percentages of SCMs, greater than 50%, used in this
study. Additionally, as the percentage of RCARAP replacement of NCA
increases, the value of slump flow also increases or remains stable for
all binding materials: (1) 100% cement in Mixes 1, 5, 9 and 13, (2) 70%
FA in Mixes 2, 6, 10 and 14, (3) 70% S in Mixes 3, 7, 11 and 15, and (4)
combined use of FA and S (25% FA + 25% S) in Mixes 4, 8, 12 and 16.
The reason for the slight or no increase in the slump flow can be at-
tributed to the higher absorption of RCA compared to NCA and RAP,
the high viscosity of the asphalt-mortar coating surrounding the ag-
gregate and the angularity of RCA and RAP particles compared to NCA.
The highest slump flow value (686 mm) was recorded for Mix 12 (50%
RCARAP+25% FA+25% S) and Mix16 (75% RCARAP+25% FA+25%
S), while the lowest slump flow value (533 mm) corresponds to Mix 1
(100% cement + 0% RCARAP) and Mix 2 (70% FA+ 0% RCARAP).

4.2. Effect of SCMs and RCARAP on the hardened properties of SCC
mixtures

4.2.1. Effect of SCMs and RCARAP on the compressive strength of SCC
It is clear from Fig. 3a–d, that the use of SCMs instead of cement

reduces the compressive strength in all mixtures. However, the decrease
in the compressive strength of the mixtures containing only FA is more
than those containing S or FA and S. The use of 70% FA in Mixes, 2, 6,
10, 14 reduces the 28-days compressive strength by 17.3%, 16.0%,
25.2%, and 27.6% compared to the control mixes within each of the
four groups (Mixes 1, 5, 9, and 13). Additionally, it is shown in Fig. 3
that the use of 70% S has a lesser effect in reducing the compressive
strength compared to the ternary mixture (50% cement + 25% FA +
25% S). This reduction in the compressive strength is due to the higher
than usual volume of SCMs investigated in this study, which resulted in
a reverse effect and produced mixtures with lower compressive
strength. Furthermore, as the percentage of RCARAP increases (0% to
75%) the compressive strength of all mixtures decreases accordingly.
The compressive strength decreased in Mix 5 (100% cement + 25%
RCARAP), Mix 9 (100% cement + 50% RCARAP), and Mix 13 (100%
cement + 75% RCARAP) by 11%, 26%, and 43.8%, respectively,
compared to Mix 1 (100% cement + 0% RCARAP). A similar trend is
observed in all mixtures. Therefore, it can be concluded that the com-
pressive strength of SCC mixtures is inversely proportional to the in-
crease in the percentage of RCARAP replacing NCA. This reduction in
strength can be justified by the weak bond between the asphalt-mortar
and aggregate in RAP, and the adherence of mortar to the RCA ag-
gregate, which is evidenced by the high absorption of the RCA ag-
gregate. The higher absorption of water can reduce cement hydration
and decreases the compressive strength.

To study the effect of the most crucial parameters affecting the
compressive strength of SCC mixtures such as RAP, FA, and S and age, a
linear regression analysis along with analysis of variance (ANOVA) is
conducted.

= + × + ×

+ × + ×

a b FA

c S d

Compressive strength Constant ( RAP content) ( )

( ) ( age) (1)

The results obtained from the regression analysis are shown in
Table 3. Each of the factors studied (RCARAP, fly-ash, slag and age) was
found to be significant in the development of compressive strength
since they all have a p-value less than 0.05 with R-squared value of
94.05%. The regression analysis shows that the age of the mixture has a

Table 2
Fresh properties of all SCC mixtures.

Mixes % of SCM RCARAP (%) Slump Flow without
J-Ring (mm)

T50 without J-
Ring (s)

Slump Flow with
J-Ring (mm)

T50 with J-
Ring (s)

Segregation Index
(SI)

HRWRA (ml/
m^3)

VMA (ml/
m^3)

Mix 1 100% Cement 0% 533 3 508 4 0 592 89
Mix 2 70% FA 0% 533 3 508 4 1 444 104
Mix 3 70% S 0% 609 3 558 4 2 592 104
Mix 4 25% FA+25%

S
0% 584 4 533 6 0 503 104

Mix 5 100% Cement 25% 609 4 533 6 0 555 148
Mix 6 70% FA 25% 635 4 584 6 1 637 148
Mix 7 70% S 25% 635 3 584 5 0 592 148
Mix 8 25% FA+25%

S
25% 635 5 584 7 1 407 111

Mix 9 100% Cement 50% 635 5 584 7 0 481 111
Mix 10 70% FA 50% 635 5 584 7 2 629 111
Mix 11 70% S 50% 609 5 558 6 0 592 118
Mix 12 25% FA + 25%

S
50% 685 5 609 7 0 555 111

Mix 13 100% Cement 75% 635 5 584 7 0 578 111
Mix 14 70% FA 75% 635 5 558 8 1 592 111
Mix 15 70% S 75% 635 6 584 8 0 629 118
Mix 16 25% FA+25%

S
75% 685 6 609 8 0 667 118

Fig. 2. Slump flow values of all mixtures.
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positive impact on the development of compressive strength with a
coefficient of 0.6935, whereas the other factors (RCARAP, FA, and S)
have negative impact (−0.2066, −0.1247 and −0.0722 respectively)
with RCARAP having the most adverse impact on the compressive
strength. A comparison of statistical analysis and values obtained from
laboratory experiments showed a relevant relationship with all the
points being close to equality line. The Comparison of estimated and
measured compressive strength is shown in Fig. 4.

4.2.2. Effect of SCMs and RCARAP on the tensile strength of SCC
Fig. 5 shows the split tensile strength of all SCC mixtures prepared

and tested after 28 days. The use of SCMs as a partial replacement for
cement reduces the split tensile strength of SCC mixtures with 70% FA
being most influential in reducing the strength, followed by 70% S, and
a combination of (25% FA + 25% S) with the exception of Mix 4 (0%
RCARAP + 25% FA+ 25% S) which has the maximum tensile strength
of 6.2 MPa. The minimum tensile strength value was 2.91 MPa for Mix
14 (75% RCARAP + 70% FA). The tensile strength decreases as the
percentage of RCARAP increases in the mixtures. The tensile strength
decreased by 11.7%, 23.4%, and 31.8% when RCARAP percentage is
increased by 25%, 50% and 75% respectively (Mixes 5, 9, and 13) when
cement solely is used as a binding material. This can be attributed to the
weak bond between the asphalt-mortar and aggregate in RAP, and the
adherence of mortar to the RCA aggregate. A similar trend is observed
when 70% FA, 70% S, and 25% FA+25% S are used as binding ma-
terials in addition to cement.

4.3. Effect of SCMs and RAP on the durability characteristics of SCC-RAP
mixtures

4.3.1. Effect of SCMs and RAP on the unrestrained shrinkage
Fig. 6 shows the total shrinkage strain of all SCC mixtures. It is

observed that partial replacement of cement with SCMs reduces the
unrestrained shrinkage. Control mixtures (Mixes 1, 5, 9 and 13) have
the highest shrinkage followed by mixtures with 70% S (Mixes 3, 7, 11
and 15) as binding material, whereas mixtures with 70% FA is most
effective in reducing the unrestrained shrinkage of all SCC mixtures.

Fig. 3. SCC compressive strength: (a) 0% RCARAP, (b) 25% RCARAP, (c) 50% RCARAP, (d) 75% RCARAP.

Table 3
Linear regression model parameters.

Factors Coefficients Standard Error t Stat P-value

Constant 35.12710173 1.02880028 34.14375 8.69E−33
RCARAP −0.206643333 0.01325984 −15.5842 2.68E−19
Fly ash −0.124771083 0.014961166 −8.33966 1.57E−10
Slag −0.072199655 0.014961166 −4.8258 1.79E−05
Age 0.693519108 0.036226727 19.14385 1.15E−22

Fig. 4. Estimated versus measured compressive strength for all parameters.

Fig. 5. Split tensile results for all mixtures.
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Furthermore, as the percentage of RCARAP replacing NCA increases,
the unrestrained shrinkage increases accordingly which indicates that
the RCARAP has more adverse effect on the shrinkage. This can be
attributed to the existence of cement paste with RCA and its higher
water absorption. The maximum recorded shrinkage (−0.0043) cor-
respond to Mix 12 (50% RCARAP + 25% FA+ 25% S) and the
minimum value (−0.0030) corresponds to Mix 4 (0% RCARAP + 25%
FA +25% S). Fig. 7a-d shows the unrestrained shrinkage of all mixtures
based on the percentage of RCARAP replacing NCA.

4.3.2. Effect of SCMs and RAP on the Permeability
The permeability resistance of SCC mixtures was measured using

rapid chloride permeability test (RCPT) at 90 days. Fig. 8 shows the
chloride permeability for all mixtures. It is observed that the use of
SCMs reduces the permeability of SCC mixtures. The control mixtures
(Mixes 1, 5, 9, and 13) have the highest chloride penetration. Mixtures
that contain a combination of 25% FA and 25% S have the lowest
permeability when the percentage of RCARAP remains constant with
the exception of Mix 3 (0% RCARAP + 70% S) where the measured
chloride diffusion is slightly lower than Mix 4 (0% RCARAP + 25% FA
+25% S). Additionally, as the percentage of RCARAP replacing NCA
increases, the resistance to chloride penetration increases regardless of
the binding materials used. This can be attributed to the asphalt mortar
and binder surrounding the RAP which is highly viscous in nature and

the existence of mortar surrounding RCA, which could result in redu-
cing the size of concrete pores.

4.4. Summary and conclusions

Four different groups with different RCARAP replacing NCA by 0%,
25%, 50%, and 75% were prepared and tested. Each group has four
mixtures with different binding materials (100% Portland cement, 70%
FA, 70% S, 25% FA and 25% S). Based on the results obtained from the
experimental program, the following conclusion can be drawn:

1. A high strength, workable, durable and cost-effective SCC is
achieved by using 70% FA and 70% S in concrete mixtures as partial
replacement of Portland cement.

2. Using RCARAP as a replacement for NCA with 0%, 25%, 50% and
75% in SCC mixtures resulted in reducing the workability when
compared to the control mixtures (Mixes 1, 5, 9, and 13) within each
of the four groups studied.

3. The partial replacement of RCARAP for NCA by 25%, 50%, and 75%
resulted in reducing the 28-days compressive strength of SCC mix-
tures.

4. The compressive strength of the SCC mixtures including a combi-
nation of 25% FA and 25% S at 28-days was in between those made

Fig. 6. Total unrestrained shrinkage of SCC mixtures.

Fig. 7. SCC Shrinkage: (a) SCC-control, (b) SCC-70% FA (c) SCC-70% S, (d). SCC-25% FA +25% S.

Fig. 8. Chloride diffusion in all SCC mixtures using Rapid Chloride Permeability Test
(RCPT).
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by 70% FA and 70% S with S being higher and FA lower.
5. It can be deduced from the developed linear regression model that

age is the only parameter that had a positive effect on the com-
pressive strength of SCC mixtures.

6. The use of RCARAP in lieu of NCA resulted in the decrease of the
split tensile strength of all mixtures regardless of the binding ma-
terials used.

7. The highest reduction in the split tensile strength of all mixtures
corresponded to using 70% FA as partial replacement for cement
when compared to mixtures having 70% S and 25% FA and 25% S.

8. The use of SCMs reduces unrestrained shrinkage, whereas the re-
placement of NCA by RCARAP resulted in the increase of shrinkage.

9. SCC mixtures including high content of SCMs gave better results
than their corresponding control mixtures and showed higher re-
sistance to chloride penetration.
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