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a b s t r a c t

In the last two decades, a variety of recycling methods for construction and demolition wastes (CDW)
have been developed. For instance, as one of the major components in CDW, concrete rubble has been
used to replace natural aggregate after being treated. This is known as recycled concrete aggregate
(RCA). The property and use of RCA for structural or non-structural concrete have been extensively stud-
ied and numerous findings have been adopted in engineering practice to produce sustainable concrete.
Concrete rubble, however, is inevitably mixed with other wastes such as crushed clay bricks (CCB).
The level of inclusion varies depending on the original construction materials of demolished buildings.
The differing properties of CCB from RCA will affect the mix design as well as the physical and mechanical
properties of the resulting new concrete when the inclusion level exceeds a certain limit. Separating CCB
from RCA presents an operational difficulty in practice and also has huge cost implications. Therefore, it is
important to study the effect of CCB with various inclusion levels on the properties of fresh and hardened
concrete. This paper reports on a study conducted to investigate the physical and mechanical properties
of recycled concrete with high inclusion levels of RCA and CCB and to explore the potential or the limi-
tation of this type of mixed recycled aggregate in primary concrete structures.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Concrete is one of the most widely used construction materials
in the world, mainly due to its favourable features such as durabil-
ity, versatility, satisfactory compressive strength, cost effectiveness
and availability. However, the use of conventional concrete has
been claimed to be not environmentally friendly, manifested by
frequently voiced negative concerns such as the depletion of the
reserve of natural resources, high energy consumption and dis-
posal issues. In the last two decades, a variety of recycling methods
for construction and demolition wastes (CDW) have been explored
and well developed. For instance, as one of the major components
in CDW, concrete rubble has been used to replace natural aggre-
gate (NA) after being treated. It is known as recycled concrete
aggregate (RCA). Concrete rubbles from most demolished buildings
do not only include concrete materials, but are also mixed with
crushed clay bricks (CCB). These clay bricks come from either load
bearing masonry walls or just cladding or party walls. It is not only
costly but also technically impossible to separate CCB from RCA.
The mixture of RCA and CCB, sometimes called recycled aggregate
(RA), has to be considered for use without separation. Current prac-
tice has seen extensive use of RCA and CCB. BS EN Standards [1,2]

recommends that for concrete including RCA and CCB, up to a cer-
tain percentage level, i.e., RCA (e.g. 30%) and CCB (e.g. 5%), the same
mix design for conventional concrete can be used and there is no
noticeable difference in resulting concrete properties. It is also rec-
ommended for recycled concrete to be used in secondary structural
members of relatively low grades, e.g. curbs, paving blocks and
ground bearing floor slabs.

The investigation of the properties of RCA was initiated by Glu-
zhge [3] in Russia. Extensive research and development in various
aspects of recycled concrete have been conducted in many coun-
tries since then. It has been well acknowledged that properties
such as water absorption, shape and size of RCA, impurities, and
chemical composition will influence the behaviour of recycled con-
crete. A report on RCA by Nixon provides an insight into early
investigation in this field [4]. Apart from RCA, CCB has also been
recognized as a major and often inseparable component in con-
struction and demolition wastes. However, the effect of CCB on
properties of recycled concrete is less well known in research stud-
ies because they are yet to be considered as a good recyclable
material compared to RCA.

RCA was initially used as landfill and mainly for low-value pur-
pose because of limited recycling facilities and for economical effi-
ciency. However, this situation has changed after extensive
research work and significant advancement in modern sustainable
concrete technology having recently emerged. At present, they
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have been widely used for non-structural concrete applications
such as coarse materials of road base, paving blocks and embank-
ment fills.

This paper reports on a new study with the aim to investigate the
physical and mechanical properties of recycled concrete including
high levels of RCA and CCB and to explore the potential or the limita-
tion of RA used in primary concrete structures. By conducting a series
of laboratory experiments, physical properties of recycled aggregate,
workability of fresh concrete, strengths of hardened concrete at var-
ious ages and the permeability will be studied. The research findings
will inform the influences of the inclusions of RCA and CCB at various
percentage levels on concrete properties.

2. Literature review

Properties of RCA have been widely reported [4–9]. It has been
found that one of the most remarkable differences between RCA
and NA is water absorption. It is particularly significant in recycled
fine aggregate. Topcu and Sengel [8] carried out experimental stud-
ies on concrete specimens with varying substitution percentages of
RCA up to 100% by weight. Test results showed that the density de-
creased as the waste concrete materials were increased, but the
difference in density was not as large as those in water absorption.
Limbachiya et al. [10] also found that RCA content from 7% to 9%
yielded lower relative density and twice higher water absorption
compared to NA in the saturated surface dry (SSD) state. Molhotra
[11] conducted studies on RCA using optical and scanning electron
microscopy (SEM) and reported that the particle of RCA tended to
be more angular and smoother than natural aggregate (NA).

The workability of fresh concrete containing RCA with a similar
water content is lower as discussed by many researchers over many
years, especially with RCA replacement more than 50% [8]. Mukai
and Kikuchi [12] also agreed that recycled coarse aggregate and nat-
ural sand required approximately 5% more free water in concrete
mix compared to NA in order to achieve a similar slump. There were
a number of methods proposed by other researchers to improve the
workability of the recycled concrete. Poon et al. [13] suggested that
certain measures were required in relation to the change of the mois-
ture condition of the recycled concrete aggregate prior to concrete
casting. In a study of the same group, it was suggested that replace-
ment of 25% of cement by fly ash to produce concrete mix had gen-
erally increased the slump of the mixture [14].

Many researchers agree that the compressive strength of recy-
cled concrete gradually decreases as the amount of RCA increases.
However, up to certain percentage of RCA substitution may not
have significant effect on strength. For instance, Limbachiya et al.
[10] stated that there was no effect on the ceiling strength of con-
crete with the replacement of RCA by up to 30%. Their studies also
emphasized on the shrinkage and creep strains, which had been
found to increase with RCA content. In the durability study test,
they discovered that RCA can be used in the range of high strength
concrete only if the engineering properties were satisfied. Other
researchers pointed out that the replacement of 100% for both
the coarse and fine RCA had led to a decrease in concrete strength
by 16% at 28 days in comparison with the control specimen
[15,16]. Poon et al. [14] also conducted a similar study but on dif-
ferent materials and reported that the replacement levels of 25%
and 50% of bricks and blocks had little effect on the compressive
strength of specimen but higher levels of replacements of these
materials reduced the compressive strength significantly. It was
stated that the reduction in compressive strength of recycled con-
crete was largely controlled by water/cement ratio, water absorp-
tion of RCA and replacement ratio [17]. Rao et al. [18] found that
the strength of concrete with RCA and NA was comparable even
at full replacement, but the water/cement ratio needed to be main-

tained at a ratio higher than 0.55. If the water/cement ratio was re-
duced to 0.4, the strength of RCA was only 75% of control mix.

Many researchers have explained that the decrease in mechan-
ical strength of RCA concrete was primarily due to the existence of
cement paste residue in aggregate particles. Sanchez and Alaejos
[19] further pointed out that the main properties unfavourably af-
fected by mortar content were absorption, density and Los Angeles
abrasion. There is also a great deal of research conducted with the
aim of improving the compressive strength of recycled concrete.
Kou et al. [20] has recommended that the practical way to optimize
the strength characteristics of paving blocks was by incorporating
25–35% of fly ash and by doing so, test results indicated that com-
pressive strength had reached 49 MPa at 28 days. There was also
suggestion that the properties of recycled concrete may be in-
creased significantly by adding admixtures of superplasticizers
and silica fume [17].

Apart from strength, other properties that require attentions are
drying shrinkage and creep. Ravindrajah et al. [21] in their tests
found that the creep of recycled concrete made with coarse recycled
aggregate were 30–60% higher than that in conventional concrete.
Furthermore, Katz’s study has shown that the use of RCA had in-
duced shrinkage values ranging between 0.55 and 0.8 mm/m at
the age of 90 days, whereas for NA was only around 0.30 mm/m [22].

In terms of durability tests, Buyle-Bodin and Hadjieva-Zaharieva
[23] found that porosity and RCA substitution percentage affected
the quality of concrete cover and hence permeability as well. They
also suggested that the main problems of durability were caused
by the use of fine recycled aggregate and higher water/cement
ratio.

Most existing researches of CCB focused on the comparison of
mechanical properties of recycled and conventional concrete [24].
The specific gravity and water absorption value for 100% substitu-
tion of CCB were 1.93% and 11.2%, respectively. It was found that
compressive strength was ranged from 13.8 to 34.5 MPa, which
compared favourably with conventional concrete. The modulus of
elasticity was about 30% lower and tensile strength was about 11%
higher. The brick aggregate concrete was classified as medium
weight concrete. Mansur et al. [25] used four basic mixes with differ-
ent grades ranging from 30 MPa to 60 MPa to assess the suitability of
crushed clay bricks as the coarse aggregate. The resulting concrete
had comparable compressive and higher tensile strengths, a lower
drying shrinkage and almost identical specific creep compared to
conventional concrete, but the modulus of elasticity was drastically
decreased and had a substantial loss in workability. Debieb and
Kenai [26] investigated crushed bricks as both fine and coarse aggre-
gates. It was found that the decrease in 28 day compressive strength
was about 35%, 30% and 40%, respectively, when coarse, fine and
both fine and coarse aggregates were fully substituted by crushed
bricks. The reduction of the modulus of elasticity was 30%, 40% and
50% and that of the flexural strength was 33%, 36% and 46%, respec-
tively. Based on their findings, they suggested that the substitution
rate should be limited to 25% and 50% for coarse and fine crushed
bricks respectively in order to obtain good quality concrete. They
also suggested that structural concrete applications of crushed brick
should be limited to low performance concrete.

In this research, physical and mechanical properties of concrete
containing RCA mixed with various levels of CCB were measured
and compared with the conventional concrete, i.e., that only con-
tains NA. The comparison illustrated the performance of concrete
made of 100% RCA. The influence of CCB inclusion was also revealed.

3. Test samples and material preparation

Four sets of samples were constructed, which contained various
percentages of RCA and CCB, as presented in Table 1. The first set of
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mix contained 100% of NA, which served as the control sample.
According to previous research findings from literature review,
the following decisions were made in preparing test samples in
this study, i.e., using natural sand as fine aggregate, pre-wetting
all recycled aggregates before mixing, and choosing modest w/c ra-
tion in mix design. For each sample, tests for properties of aggre-
gate, fresh and hardened concrete were conducted.

Materials making the test samples included coarse aggregate,
fine aggregate, cement and water. The coarse aggregate involved
NA, RCA and CCB. For NA, visual inspection had indicated that
the surface texture was in the form of crushed limestone with
a maximum size of 10 mm. The NA was not saturated surface
dry and adjustments were needed to take moisture absorption
into account. RCA and CCB came from two sources. The first
was treated recycled aggregates from a local demolition plant,
and they were poorly graded. So in this study, sieving and
remixing were performed to obtain the specified grading con-
forming to the requirement of BS EN 12620 [27]. Aggregates
from this source contained adhered mortar in crushed concrete
and bricks, and they were not removed prior to the experiment.
The second source consisted of separate RCA and CCB recovered
from laboratory crushed concrete specimens and clay bricks.
Through inspection, it was discovered that a large percentage
of crushed cement paste was present in this source, and again
adhered mortar to aggregate was not removed. The fired clay
bricks used to make CCB were unused and hence adhered mortar
was not present. Given the inherently wide variation of source
for RCA and CCB in the practice, these two sources were not dif-
ferentiated in this study. Both RCA and CCB were pre-soaked be-
fore mixing. Natural sand was used as fine aggregate throughout
the investigation with grading limits as specified by BS EN 12620
[27]. The fine aggregate was oven dried at 110 ± 5 �C for 24 h be-
fore it was sieved. Sieve analysis was carried out to determine
the percentage of the fine aggregate passing through the
600 lm sieve. This percentage was required when performing
mix design calculations. Concrete strength in this study was
set close to grade 40 and CEM I Ordinary Portland Cement
(OPC) according to BS EN 197-1 [28] was used to produce all
mixtures. The cement was stored in airtight containers to pre-
vent them from being exposed to moisture. Tap water in the lab-
oratory was used in making specimens. The British Department
of Environment (DoE) method was used to conduct the mix de-
sign. The composition for the control mix design is presented in
Table 2. The coarse NA aggregate was then substituted by RCA or
CCB in designated ratios to make the other three groups of sam-
ples as presented in Table 3.

4. Laboratory tests

4.1. Testing of aggregates

4.1.1. Particle density and water absorption tests
The particle density is a parameter for characterizing and clas-

sifying coarse aggregate. Determining the weight and volume of
aggregate is also required to obtain a specified mixture. The parti-
cle density or specific gravity of NA, RCA and CCB was determined
in standard procedures in accordance to BS EN 1097-60 [29]. It was
also used to calculate the void in the aggregate, which is one of the
design considerations of concrete mix.

Test for water absorption was also carried out to determine the
amount of water that would be absorbed by coarse aggregate in a
concrete mixture. The water absorption capacity was controlled at
saturated surface dry (SSD) and oven dry (OD) states, respectively.
The test was conducted by following the same standard employed
for particle density test. Appropriate adjustments of the quantity
of cement in relation to the water absorption of aggregates were ta-
ken into account to allow for free moisture content of the aggregate.

4.1.2. Sieve analysis
Sieve analysis was conducted to confirm that all the aggregates

used for mixture met the specification in order to prevent poor var-
iation in the grading from influencing the fresh or hardened con-
crete properties. Thus, the grading for all the mix design was
kept constant throughout the duration of the study. BS EN 12620
[27] was followed to determine the grading of coarse and fine
aggregates. A standard sieve set ranging from 0.15 mm to 5 mm
was used for fine aggregate, while the sieve sizes for coarse aggre-
gate was from 2.36 mm to 20 mm.

4.2. Testing of fresh concrete specimens

4.2.1. Slump test
Slump test was performed to measure the workability of fresh

concrete. This test was carried out in accordance to BS EN
12350-2 [30]. As an indication of consistency between different
batches, slump was measured for every batch of mixes. The work-
ability for NA-100 (control), in terms of slump, was expected to
vary within 10–30 mm (see Table 4) and it can be classified as
low workability category.

4.3. Testing of hardened concrete specimens

4.3.1. Compressive strength test
Compressive strength test was used to determine the failure

stress of the test specimens under uniaxial compression. It was

Table 1
Test samples and their inclusions of RCA and CCB.

NA-100 (control) RCA 0%
RCB-80 CCB 20%, RCA 80%
RCB-50 CCB 50%, RCA 50%
RC-100 RCA 100%

Table 2
Control mix design.

Fresh concrete Estimate of workability (mm) 10–30

Batch weight per 0.04 m3 Cement Content (kg) 17.4
Coarse aggregate (kg) 41.5
Fine aggregate (kg) 26.5
Water content (kg) 8.2

Hardened concrete Target mean strength (MPa) 38

Table 4
Workability for control mix.

Max aggregate size (mm) 10
Aggregate type Crushed limestone
Free water content (kg/m3) 205
Estimate of workability (mm) 10–30

Table 3
Mix percentage of test samples.

Samples Water/cement ratio Aggregate/cement ratio

NA-100 0.47 4:1
RCB-80 0.47 3.2a:0.8b:1
RCB-50 0.47 2a:2b:1
RC-100 0.47 4a:1

a Ratio proportion of RCA.
b Ratio proportion of CCB.
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conducted in compliance to BS EN 12390-3 [31] by using ‘Avery-
Denison’ compression machine. Two 100 mm cube specimens per
batch of concrete mix were prepared for this test according to BS
EN 12390-1 [32]. Development of compressive strength was mon-
itored by testing at 7 and 28 days of age.

4.3.2. Tensile splitting strength test
Tensile splitting strength tests with cylinder specimens were

conducted to measure the indirect tensile strength. It was con-
ducted in accordance to the requirement of BS EN 12390-6 [33]
and by using the Denison testing machine. Like the compressive
strength, two cylinder specimens of 100 � 200 mm were tested
for each batch of concrete and at 7 and 28 days, respectively.

4.3.3. Flexural strength test
This test was carried out to determinate the flexural strength of

hardened concrete through the use of simple prisms with three-
point loading. Two prism specimens of 100 � 100 � 500 mm from
each batch of concrete were subjected to test in accordance to BS
EN 12390-5 [34] after 7 days or 28 days.

4.3.4. Water permeability test
Permeability is closely related to durability of concrete. It mea-

sures the steady flow of water through the concrete matrix in hard-
ened state for a given time [35]. Although this method has not been
generally standardized as a British Standard, it can be determined
by using a device called ‘Autoclam’. This equipment has been
developed at Queen’s University Belfast and it is performed as a
modified version of Initial Surface Absorption Test (ISAT). The
apparatus required for the test is shown in Fig. 1. Specimens for
this testing consisted of 100 mm standard concrete cubes and they

were preconditioned or sheltered for long periods to remove the
moisture before any water permeability test took place [35]. There
were total of two water permeability tests performed on each
batch of concrete.

At the start of testing, it was ensured that the reservoir of the
apparatus was fully filled with water. The reservoir was con-
structed with transparent plastic to allow observation of water le-
vel so that refilling can take place. During the course of testing, care
was taken to ensure that the reservoir always had sufficient water.
The contact area was defined by a metal base ring with an internal
diameter of 50 mm adhered onto the surface of specimen. The
body of the ‘Autoclam’ was then fastened onto the base ring by
means of bolting. The cumulative quantity of water flow was re-
corded at the pressure of 0.5 bar for less than 2 min. Test results
were reported in terms of a water permeability index with units
m3/min1/2 as described in the ‘Autoclam’ permeability system
operating manual.

5. Results and discussion

5.1. Composition of recycled aggregate

Fig. 2 shows the composition of the recycled aggregate sample
collected from the demolition plant. RCA was the main component
with the weight fraction of approximately 84%. CCB consisted of
14.5%, whilst other waste impurities accounted for 1.4%. Even
though the percentage of impurities was small, they could produce
weak points in the concrete and hence affect the mechanical prop-
erties of concrete [36]. This is why BS EN 8500-2 [2] specifies the
maximum allowable limit for harmful impurities in RA. This study
however did not investigate the impact of these impurities as most
of them were removed during sorting process.

5.2. Particle density and water absorption

Comparisons of NA with CCB and RCA have been made in terms
of particle density and water absorption. The water absorption in
RCA and CCB were found to be 4.2% and 10.2%, respectively. These
values were much higher than that of NA, of which absorption was
only about 1.4%. The water absorption of RCA or CCB was approx-
imately 4 times or 10 times of NA. This was due to the presence of
more and larger pores in RCA and CCB. It was also attributed to the
porous characteristics of the residue of mortar adhering to the ori-
ginal aggregate particles. Particle density and water absorption test
results are presented in Table 5.

From the test, it was also discovered that particle density of RCA
and CCB in saturated surface dry condition was 2520 and 2240 kg/
m3, respectively. It was somewhat lower than the density of NA of
2680 kg/m3 due to a low density of old mortar attached to original
aggregate particles or the brick itself. In addition, there was a dif-
ference of approximately 9% and 30% respectively, in the oven-
dried density of RCA and CCB compared with NA.

5.3. Sieve analysis

Table 6 indicates that the percentage of fine aggregate passing
through 600 lm was 58.61%. Furthermore, it also reveals that the

Fig. 1. Apparatus for water permeability test.

Recycled 
concrete 

aggregate

84.1%

Crushed 
bricks
14.5%

Waste 
impurities

1.4%

Fig. 2. Composition of recycled aggregate sample from the demolish plant.

Table 5
Results of particle density and water absorption tests.

Tests NA
(10 mm)

RCA
(10 mm)

CCB
(10 mm)

Particle density on OD basis (1000 kg/m3) 2.65 2.42 2.04
Particle density on SSD basis (1000 kg/m3) 2.68 2.52 2.24
Water absorption (%) 1.4 4.2 10.2
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maximum amount of fine aggregate retained at sieve size of
150 lm was 170 g, which was 33.4% of total weight of sample size.
By comparing the sieve analysis results with the grading limits
from BS EN12620 [27], the fine aggregate at its current state indi-
cated that the passing percentage fell in the region of medium
grading limits and thus it was categorized as medium class.
Fig. 3a illustrates the grading curve of fine aggregate.

Table 7 reveals that the coarse NA retained at sieve size of 5 mm
was 1618 g, which accounted for 81% of total mass of coarse aggre-
gate sieved. It also shows that the percentages of coarse NA passing
through the standard sieve were 89.35%, 8.63% and 1.21%, which

was in the range of the specification provided by BS EN12620
[27]. Fig. 3b illustrates the grading curve of coarse NA aggregate.
According to the same standard, grading of original RCA collected
from the demolition plant did not qualify for concrete use. There-
fore, a remixed grading for all the mixes was undertaken.

5.4. Slump test

Slump test was performed on all concrete batches and they
were recorded and shown in Table 8. Slump displacement for the

Table 6
Result of sieve analysis for fine aggregate.

Sieve size
(mm)

Mass retained
(kg)

Retained
(%)

Passed
(%)

Medium
grading limit

5.00 0.0332 6.51 93.49
2.36 0.0967 18.97 74.52 65–100
1.18 0.0503 9.87 64.65 45–90
0.60 0.0308 6.04 58.61 25–80
0.30 0.0885 17.36 41.25 5–48
0.15 0.1702 33.39 7.85
<0.15 0.04 7.85 0

Total 0.5 100
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Fig. 3. Grading curves.

Table 7
Result of sieve analysis for coarse NA.

Sieve size
(mm)

Mass
retained (kg)

Retained
(%)

Passed
(%)

Single-sized
aggregate limits
for 10 mm

14.00 0 0 100 100
10.00 0.2136 10.65 89.35 85–100
5.00 1.6184 80.72 8.63 0–25
2.36 0.1487 7.42 1.2 0–5
<2.36 0.0239 1.2 0

Total 2 0
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control mix was recorded as 33 mm, while 100% RCA replacement
showed a slump measurement of 24 mm. Slump for RCB-80 was
20 mm, which was 40% lower compared to control mix. The RCB-
50 mixture was recorded to have lowest slump, i.e., 10 mm. There-
fore, it can be implied from the result that there was a tendency for
slump to decrease as the mixing ratio of RCA increased. The ten-
dency became even stronger when CCB ratio is increased. This re-
sult may be due to RCA and CCB containing high amount of crushed
cement mortar, which was relatively weak and had porous texture.
Hence, some of them might break during blending. Significant in-
crease of small sized particles and porous texture of crushed mor-
tar in the mixture would affect particle size distribution of
aggregate, and hence the absorption capacity. This was particularly
the case for CCB, which was more prone to break. Another possibil-
ity was related to the relative density of aggregate. All mixture cal-
culations were designed based on relative density of NA instead of
the weighted average of RCA and CCB, and therefore led to the in-
creased in the volume of coarse aggregate in concrete. As a result,
most of the free water has been ‘lost’ and the degree of hydration of
cement reduced. It was also noted that there was a difficulty dur-
ing the compaction and performing surface finish on the RCB-50
concrete due to its low workability and dry nature.

5.5. Compressive strength test

Compressive strength test results for four different mixes at
7 days and 28 days from same w/c ratio are presented in Table 9.
It shows that NA produced stronger concrete than RCA or/and
CCB included concrete. It was observed that with increased CCB
substitution levels, the compressive strength decreased as indi-
cated in Fig. 4a and 4b. The design strength for control mix was
38 N/mm2 as specified in the mix design calculations. All of the
mixes were found to meet the expected design strength after
28 days.

From the NA to RC-100 mix, there was a drop of 6.7% and 5.7% in
compressive strength at 7 and 28 days, respectively. It was discov-
ered that the compressive strength gained by RC-100 mix was al-
most comparable to those of NA under the same w/c ratio. In
fact, the adoption of the pre-wetting method and the complete ab-
sence of fine recycled aggregate were useful to produce this com-
pressive strength.

Loss of strength of approximately 8% at 7 days and 11% at
28 days respectively was observed in concrete produced with

Table 8
Slump test results.

Specimen Substitution ratio (%) Slump (mm)

NA-100 RCA 0% 33
RCB-80 CCB 20%/RCA 80% 20
RCB-50 CCB 50%/RCA 50% 10
RC-100 RCA 100% 24

Table 9
Results of cube compressive strength test.

Mixtures Specimen age (day) Compressive strength (N/mm2) Relative strength reduction (%)

Cube 1 Cube 2 Average

NA-100 (control) 7 41.9 41.2 41.55 0
28 54.7 54.6 54.65 0

RCB-80 7 38.1 38.3 38.2 8.1
28 49.3 48.3 48.8 10.7

RCB-50 7 35.5 35.8 35.65 14.2
28 44.3 43.4 43.85 19.8

RC-100 7 38.8 38.7 38.75 6.7
28 51.2 51.9 51.55 5.7

38.75 38.2
35.65
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Fig. 4. Effect of content of coarse CCB on compressive strength.
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20% CCB replacement ratio. The reduction in compressive strength
was observed more significantly in recycled concrete made with
50% CCB replacement ratio as it decreased by as much as 14% at
7 days and 20% at 28 days. Table 9 also summarizes the strength
reduction observed in using RCA or/and CCB.

Fig. 5 shows the failure pattern of cubes of different mixes after
compressive test. It was classified as non-explosive failure. Such
pattern of failure satisfied the failure modes in accordance to the
BS EN 12390-3 [31]. Through visual inspection, it can also be seen
that most of the cube specimens showed the cracking to be at
approximately 45� to the axis near the ends.

5.6. Tensile splitting strength test

The tensile splitting strength results are listed in Table 10. It can
be seen that cylinder splitting strength reduced with an increase in
substitutions content of the RCA or CCB constituents in the mix-
ture. This trend of strength with respect to substitution ratio was
in close agreement with published trend from Evangelista and
Brito [37], who claimed that the reduction of strength was due to
the more porous structure of the recycled coarse aggregate. Fig. 6
illustrates the effect of content of coarse CCB in the cylinder
splitting strength at 7 and 28 days, respectively. In terms of the

(a) NA-100

(b) RC-100

(c) RCB-80

(d) RCB-50

Fig. 5. Failure modes of cube specimens at 28 days compression test.
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development of cylinder splitting strength with curing age, that for
20% and 50% CCB replacement levels seemed to be less pro-
nounced, as the strength gain was marginal beyond 7 days. The de-
crease in 7 day strength from NA-100 mix to the RCB-20 and RCB-
50 as indicated in Table 10 was 10% and 14%, respectively, and the
decrease for RC-100 mixture was only 8%; whereas the relative
28 day strength reduction was 31%, 34% and 14% for RCB-20,
RCB-50 and RC-100, respectively.

With the replacement ratio of the CCB increased, it was ob-
served that the aggregate distribution in red1 colour became more
obvious as illustrated in Fig. 7. Several failure modes were observed
from the test. In the case of RCB-50 mix, most of the tensile failure
was found to occur within the CCB aggregate particles. This phenom-
enon would normally happen due to the low tensile strength of CCB

   (a) NA-100          (b) RC-100 

          (c) RCB-80                  (d) RCB-50

Fig. 7. Fractured surfaces in the cylinder specimens after cylinder splitting strength
test.
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Fig. 6. Effect of content of coarse CCB on cylinder splitting strength.

Table 10
Result of tensile splitting strength test.

Mixtures Specimen age (day) Tensile splitting strength (N/mm2) Relative strength
reduction (%)

Cylinder 1 Cylinder2 Average

NA-100 (control) 7 3.07 3.29 3.18 0
28 4.29 4.09 4.19 0

RCB-80 7 3.09 2.66 2.87 9.8
28 2.67 3.13 2.9 30.8

RCB-50 7 2.64 2.83 2.73 14.2
28 2.67 2.86 2.77 33.9

RC-100 7 3.28 2.61 2.94 7.5
28 3.44 3.79 3.61 13.8

1 For interpretation of colour in Figs. 1–11, the reader is referred to the web version
of this article.
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of porous nature. While for other batches of concrete mix, failure
seemed to occur between the aggregate and mortar matrix
interfaces.

5.7. Flexural strength test

The results, as measured by the flexural strength test were tab-
ulated in Table 11. It was found recycled concrete made with RCA
without any CCB contents experienced only 3% and 9% reductions
in 7 day and 28 day flexural strength. It is also seen from the re-
sults that the flexural strength of RCB-50 mix at 7 and 28 days
was about 96% and 94% that of control mix. However, RCB-80 recy-
cled aggregate mixes was discovered to just exceed the NA-100
mix in flexural strength. This was attributed to the relatively low
Young’s modulus of CCB and hence the concentration of the tensile
stress along the matrix-aggregate interface has been alleviated.
Fig. 8 shows the effect of content of coarse CCB in flexural strength
at 7 and 28 days. Therefore, it gives an indication that concrete mix
containing different substitution ratio of CCB did not significantly
affect the performance on recycled concrete in term of flexural
strength and they were allowed to be used up to 50% for the recy-
cled concrete fabrication. Approximately similar findings were also
reported in paper [36], but their investigation included tiles as an
aggregate material.

Two different failure modes were observed in the flexural
strength test. In the case of NA-100 and RC-100 mixture, failure of-
ten appeared at the aggregate and mortar matrix interface (see
Fig. 9a and b). This area was often identified as weak regions in
the concrete [37]. As for RCB-50 mix, it was discovered that failure
occurred both at interface and within aggregate particles (see
Fig. 9d).

5.8. Water permeability test

Quantity of water flow was plotted against square root of time
for concrete cube specimens after curing for 28 days. A linear rela-
tionship was discovered for each batch of mix. Results of one of the
specimen are illustrated in Fig. 10. Regression equation and the
slope for each specimen can be determined and they are presented
in Table 12. The slop of the regression line is defined as the water
permeability index.

The effect of CCB on the water permeability results was shown
in Fig. 11. Two observations can be made. Firstly, the 100% RCA was
more permeable than that of the reference concrete. For instance,
RC-100 mixture had a water permeability index 2.31 � 10�7 m3/
min1/2, showing an increase of about 21% compared to the control
mix. Such an increase, as agreed by Limbachiya et al.’s work [10],
was due to the presence of increasing proportion of adhered mor-
tar on recycled coarse aggregate in the mixture. Secondly, the test
result also shows that there was a noticeable increase in the water
permeability with the increasing CCB content up to 50%, which
indicated a reduction in durability. For instance, mixture RCB-50
exhibited the highest water permeability index of
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Fig. 8. Effect of content of coarse CCB on flexural strength.

Table 11
Results of flexural strength test.

Mixtures Specimen age (day) Modulus of rupture (N/mm2) Relative strength reduction (%)

Prism 1 Prism 2 Average

NA-100 (control) 7 3.18 3.6 3.39 0
28 4.14 4.06 4.10 0

RCB-80 7 3.95 3.61 3.78 �11.5
28 3.94 4.30 4.12 �0.4

RCB-50 7 3.13 3.44 3.28 4.1
28 3.7 4.02 3.86 5.9

RC-100 7 3.42 3.08 3.25 3.2
28 3.45 3.99 3.72 9.3
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3.98 � 10�7 m3/min1/2 yielding an increase of about 1.67 times and
twice, respectively, compared to RC-100 and control mixes. This
was attributable to the more porous characteristic of the CCB
coarse aggregate, which served as potential conduit for water
transport.

In comparison with the established value of Autoclam
permeability index classification, it was found that the water

(a) NA-100 

(c) RCB-80 

NA‘s lost 
their bond 

CCB 
aggregates 
broke  CCB aggregates 

lost their bond 

(b) RC-100

(d) RCB-50

Fig. 9. Distribution of aggregate particles in the prism specimen after failure by flexure.
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Fig. 10. Volume of water flowing into specimen with time (specimen 1).

Table 12
Regression equations and index of water permeability test for all the tested mixes after 28 days.

Mixture Regression equation Water permeability index (�10�7 m3/min1/2)

Specimen no. 1 Specimen no. 2 Average slope

NA-100 y = 2.01 � 10�7x + 1.06 � 10�7 y = 1.81 � 10�7x + 9.69 � 10�8 1.91
RCB-80 y = 3.36 � 10�7x + 1.6 � 10�7 y = 2.93 � 10�7x + 1.24 � 10�7 3.15
RCB-50 y = 4.06 � 10�7x + 1.1 � 10�8 y = 3.9 � 10�7x + 6.36 � 10�8 3.98
RC-100 y = 2.43 � 10�7x + 1.35 � 10�7 y = 2.19 � 10�7x + 1.64 � 10�7 2.31
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Fig. 11. Effect of content of coarse CCB on water permeability index.
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permeability index of control, RC-100 and RCB-80 mix attained a
‘very good’ protective quality with the value less than
3.7 � 10�7 m3/min1/2, while RCB-50 mix fell under ‘good’ protec-
tive quality classification. Therefore, it can be concluded that using
of CCB coarse aggregate in recycled concrete production is accept-
able up to 50% with regards to the performance in terms of dura-
bility. However, further research has to be done on air
permeability for validity purposes.

6. Summary

In studying the effects of RCA and CCB aggregates on the phys-
ical and mechanical properties of fresh and hardened concrete, mix
designs with the same w/c ratio and fine aggregate but various
course aggregates composition were employed. The following are
the conclusions drawn from this investigation:

� Even after undergoing the proper cleaning procedure at recy-
cled aggregate treatment plant, small amount of waste impuri-
ties, e.g. approximately 1.4%, still can be discovered after the
manually sorting process.
� The restriction of fine recycled concrete aggregate as mixing

materials and pre-wetting methods before mixing performed
well on fresh concrete properties except for RCB-50. Fifty per-
cent of CCB replacement ratio in RCA will lead to a low work-
ability and hence fresh concrete is hard to compact and finish.
� High water absorption percentages are discovered for CCB com-

pared to RCA and NA.
� Presence of cement mortar on attached aggregate and CCB in

the recycled aggregate provides the most significant effect on
the physical and mechanical properties of fresh and hardened
concrete.
� The effect of changing in content of CCB (0–50%) on physical

and mechanical properties will be crucial only for compressive
and cylinder splitting strengths. Their effects are relatively lim-
ited on the flexural strength.
� The content of CCB will markedly increase the permeability, but

up to 20% of CCB inclusion in RA aggregate will still produce
concrete with ‘very good’ protective quality, while for 50%
inclusion, it falls under the ‘good’ level.
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