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This paper presents the results of a study of the long term mechanical properties and pore structures of
recycled aggregate concrete. In this study, two different sources of recycled aggregates were used to
replace natural aggregate at a level of 100%. The compressive and splitting tensile strength of the concrete
were tested, and the pore structures of the concrete were analyzed. The results showed that after 5 years
of curing, the recycled aggregate concretes had lower compressive strength and higher splitting tensile
strength than the corresponding natural aggregate concrete. However, from 28 days to 5 years, the
increase of compressive and splitting tensile strengths was more in the recycled aggregate concretes.
After 5 years of curing, the concrete made with 100% of crushed old concrete aggregate had the lowest
porosity. Good correlations were found between compressive and tensile strength and porosity.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

For a variety of reasons, reuse of construction and demolition
(C&D) materials by the construction industry has become more sig-
nificant. In addition to environmental protection, conservation of
natural aggregate resources, shortage of waste disposal land, and
increasing cost of waste treatment prior to disposal are the main
reasons for the growing interest in recycling C&D materials [1]. Al-
ready many countries have introduced legislation and policy mea-
sures to encourage the use of recycled aggregates in civil
engineering works. The potential benefits and drawbacks of using
recycled aggregate in new concrete have been extensively studied
[2–8].

Although much information is already available on the effect of
recycled aggregate on the mechanical properties of the concrete up
to a curing age of 90 days, the literature contains only a limited
number of research results on the long term mechanical properties
of recycled aggregate concrete [9–11].

The porosity of recycled aggregate concrete (RAC) is generally
higher than that of natural aggregate concrete (NAC) due to the ad-
hered mortar present in recycled aggregates [12]. The porosity and
the pore size distribution are the most important characteristics of
the pore system of concrete which influence the ingress of foreign
substances to the interior of concrete [13,14]. It is therefore impor-
tant to understand the development on the pore system in order to
assess the durability properties of the recycled aggregate concrete.
ll rights reserved.

n).
According to Gomez-Soberon [15], RAC that were prepared with
100% recycled concrete as coarse aggregates (with natural sand
and fine aggregates) had higher porosity than that of NAC. From
the curing age of 28 days to 90 days, the total porosity of both
the RAC and NAC was reduced but the reduction in the RAC was
higher. Unfortunately data on the longer term (beyond 90 days)
relationship between porosity and concrete properties of RAC are
not available.

In this study, the influence of the two different sources of recy-
cled aggregates on the long term mechanical properties and pore
system of RAC that were prepared with 100% substitution of natu-
ral coarse aggregates was assessed. The effect of long-term (up to
5-years) water curing on the mechanical properties of the RAC
was quantified.

2. Experimental details

2.1. Materials

2.1.1. Cement
ASTM Type I Portland cement was used in all concrete mixes

and the corresponding properties are shown in Table 1. The water
used was ordinary tap water. No superplasticizer was used in all
the concrete mixes.

2.1.2. Aggregates
Natural and recycled aggregates were used as the coarse aggre-

gates in the concrete mixtures. A locally available crushed granite
was used as the natural coarse aggregate.
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Table 1
Chemical composition of cement.

Chemical composition (%)

SiO2 19.61
Fe2O3 3.32
Al2O3 7.33
CaO 63.15
MgO 2.54
SO3 2.13
Loss on ignition (LOI) 2.97
Density (g/cm3) 3.16
Specific area (cm2/g) 3519

Table 4
Mix proportions of concrete mixtures.

Notation Recycled
aggregate (%)

Constituents (kg/m3)

Water Cement Sand Granite Recycled
aggregate

CC 0 195 355 690 1127 0
RCA-C 100 0 1038
RA-C 100 0 1068

Table 5
Compressive strength of concrete mixtures.

Notation Recycled
aggregate (%)

Compressive strength
(MPa)

Gain from 28 days
to 5 years (%)

28 days 1 year 5 years

CC 0 43.8 53.7 58.9 34
RCA-C 100 34.3 48.8 55.4 62
RA-C 100 35.6 49.2 54.1 52
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Two sources of recycled coarse aggregates were used. Both were
recycled C&D waste sourced from two recycling facilities in Hong
Kong. The first one, RA, contained mainly crushed natural stones
such as granite and marble sourced from excavated work, and
some old concrete rubbles and a very small amount of other impu-
rities (0.2%), such as small pieces of wood, tiles and metals. The
impurities were not removed before the experiment as the very
small percentage of impurities should not have a significant effect
of the properties of the aggregate [6]. The second source of recycled
aggregate contained almost entirely of crushed concrete rubbles
obtained mainly from building demolition projects. To ascertain
that the this batch of recycled aggregate contained only crushed
concrete, a hand picking step was also made to select crushed con-
crete lumps (>100 mm 100% old concrete) from the recycled aggre-
gate obtained from the second recycling plant and they were
further crushed in the laboratory using manual and mechanical
means. This specifically sorted recycled aggregate was referred to
as RCA. The constituents of the recycled aggregate are shown in
Table 2.

Recycled and natural coarse aggregates used had the same
nominal size, 10 mm and 20 mm. The properties of the natural
and recycled aggregates were tested according to British Standard
methods [16,17] as shown in Table 3. The MIP porosities of the
aggregates were determined using a method reported previously
[8]. Moreover, natural river sand with a fineness modulus of 2.11
was used as the fine aggregate in all the concrete mixtures.
2.2. Concrete mix proportions

A total of three concrete mixes were produced namely, control
concrete (CC) and two RAC concretes (with 100% recycled coarse
aggregates) namely RCA-C and RA-C, respectively. All concrete
Table 2
Constituents of recycled aggregates.

Material Constituents (% by weight)

RA RCAL

Old concrete 10 100
Excavated natural stone 89.8 0
Other impurity (tile, timber, etc.) 0.2 0

Table 3
Properties of natural and recycled coarse aggregates.

Type Nominal size (mm) Density (kg/dm3)

Crushed granite 10 2.62
20 2.62

Recycled concrete aggregate (RCA) 10 2.35
20 2.45

Recycled aggregate (RA) 10 2.41
20 2.52
mixes were prepared with a constant water-to-cement ratio
(w/c) of 0.55 and a cement content 355 kg/m3. The mix proportions
were designed by assuming the aggregates were in saturated-
surface-dry condition and appropriate moisture adjustments were
made to cater for the different water absorption properties of the
aggregates before batching. The absolute volume method was
adopted to design the concrete mix proportions as shown in
Table 4. In each concrete mixture, the 10 and 20 mm coarse aggre-
gates were used in a ratio of 1:2.

2.3. Specimen preparations

100 � 100 � 100 mm cubes and 200 � 100 diameter cylinder
specimens were cast to determine the compressive strength, split-
ting tensile strength and the pore structures of the concretes. All
specimens were cast in steel molds and compacted using a vibrat-
ing table. After casting, the specimens were covered with a plastic
sheet, cured in air for a period of 24 h, and then demolded. After
demolding, the specimens were cured in a water tank at
27 ± 1 �C until the test ages (28 days, 1 year and 5 years) were
reached.

For the Mercury Intrusion Porosimetry (MIP) test, two small
concrete cores, of 21 mm in diameter � 25 mm in length, from
the centre of the cast specimens were extracted with a diamond
drill. The extracted concrete cores were soaked in acetone for stop-
ping the hydration, and then dried in a vacuum oven at 60 �C for
48 h before MIP testing.

2.4. Testing

The compressive and splitting tensile strength tests were mea-
sured at the curing time of 28 days, 1 year and 5 years by a Denison
compression machine with a loading capacity of 3000 kN. The
loading rates for the compressive and splitting tests were
Water absorption (%) Strength-10% fines value (kN) MIP porosity (%)

1.12 159 1.62
1.11
7.42 110 8.46
5.63
3.42 131 3.02
2.63



Table 6
Splitting tensile strength of concrete mixtures.

Notation Recycled
aggregate (%)

Splitting tensile strength
(MPa)

Gain from 28 days
to 5 years (%)

28 days 1 year 5 years

CC 0 2.43 2.94 3.32 37
RCA-C 100 2.21 3.12 3.64 65
RA-C 100 2.26 3.07 3.52 56
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200 kN/min and 57 kN/min in accordance with BS 1881 Part 16
[18] and BS 1881 Part 117 [19], respectively. The testing of MIP
was performed with a ‘Micromeritics Poresizer 9320’ mercury
intrusion porosimeter according to BS7591 Part 1 [20].
Fig. 2. Pore size distribution of concretes at 5 years.

Fig. 3. Development of pore size distribution in CC mixtures at 28 days, 1 year and
5 years.
3. Results and discussion

3.1. Compressive and splitting tensile strength

The results of compressive strength of the prepared concrete
mixes are shown in Table 5. Each presented value is the average
of three measurements. It can be seen that at the first two test ages
the compressive strength of the recycled aggregate concretes were
lower than that of the CC. At 28 days, the compressive strength of
the RCA-C and RA-C, were reduced by 21.7% and 18.8%, respec-
tively, when compared with the CC. However, the reduction of
compressive strength had decreased after 5 years to 6.3%, and
8.9%, respectively.

Table 5 displays the strength gain of the concrete from 28 days
to 5 years. The concrete mixture RCA-C had the highest strength
gain of more than 60%. Although the control concrete (CC) had
the highest compressive strength at 28 days, it showed the lowest
strength gain after 5 years.

The splitting tensile strengths of the concrete mixes are pre-
sented in Table 6. At 28 days, when compared with CC, the splitting
tensile strength of the two types of RAC, RCA-C and RA-C, were
lowered by 10.0% and 7.0%, respectively. The 5-years results indi-
cated that there was significant improvement in splitting tensile
strength of the RAC and the strength values are higher than that
of the control. Table 6 indicates that the splitting tensile strength
of the CC had increased by 37% between 28 days and 5 years.
RCA-C had the highest splitting tensile strength gain of 65% and
RA-C 56%.

The higher strength gain after 5 years of curing, in particular the
splitting tensile strength, of the RAC might be due to the fact that
the presence of the recycled concrete aggregate improved the
microstructure of the interfacial transition zone (ITZ) and
Fig. 1. Pore size distribution of concretes at 28 days.
increased the bond strength between the new cement paste and
the old aggregates after continuous hydration. An improvement
in bond strength would induce a higher increase in tensile strength
rather than compressive strength [21]. The self-cementing ability
of recycled aggregate may also have contributed to the increase
in strength [22].

3.2. Porosity and pore size distribution

The pore structures of the samples CC and RA-C were also mea-
sured at 28 days, 1 year and 5 years. However, the pore structures
Fig. 4. Development of pore size distribution in RCA-C mixtures at 28 days and
5 years.



Fig. 5. Development of pore size distribution in RA-C mixtures at 28 days, 1 year
and 5 years.

Table 7
Porosity of concretes.

Notation Porosity (%) % Decrease from 28 days to 5 years Average pore diameter (lm)

28 days 1 year 5 years 28 days 1 year 5 years

CC 10.21 8.21 7.26 28.94 0.047 0.043 0.031
RA-C 10.79 10.44 9.99 7.37 0.024 0.025 0.028
RCA-C 10.91 ND 6.01 44.89 0.029 ND 0.023

Fig. 6. Strength increases and porosity reduction in all concretes from 28 days to
5 years.

Fig. 7. Correlation between compressive strength
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of RCA-C were only measured at 28 days and 5 years due to a mis-
take in sample storage. Each presented data in the figures and ta-
bles below is the average of two measurements.
3.2.1. Pore structure of the concrete
As shown in Fig. 1, at 28 days, the total intruded volumes in all

concretes were similar. After 5 years, significant differences were
noticed in the total intruded volume in the different samples (see
Fig. 2). RCA-C had the lowest cumulative intruded volume, fol-
lowed by CC, and the RA-C had the highest intruded volume. The
developments of pore structure in each of the concrete from
28 days to 5 years are illustrated in Figs. 3–5. It can be easily ob-
served that there were significant reductions in the total porosity
of all the samples after 5 years of curing. In Table 7, we find that
the greatest reduction in porosity was experienced by the RCA-C
(44.9%) followed by CC (28.9%) and RA-C (7.4%).
3.2.2. Average pore diameters
A comparison of the average pore diameters of the concrete

mixes is also shown in Table 7. The data show that there were
reductions in the average pore size for the RCA-C and CC mixes
but the average pore size of the RA-C mix remained more or less
the same.
3.3. Correlation between porosity and mechanical properties of the
concretes

Fig. 6 indicates that the compressive and splitting tensile
strengths increased, the porosity decreased in all the concrete
mixes from 28 days to 5 years. The concrete made with the highest
percentage of crushed concrete as coarse aggregate (RCA-C) expe-
rienced a higher increment in strength and a higher porosity
reduction followed by CC, and the RA-C.
and porosity at 28 days, 1 year and 5 years.



Fig. 8. Correlation between splitting tensile strength and porosity at 28 days, 1 year
and 5 years.

Fig. 9. Distribution of pore diameters at 5 years.
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Figs. 7 and 8 display the correlations between compressive and
splitting tensile strength with porosity, respectively. At 28 days,
the CC concrete had the highest strengths and lowest porosity.
The RCA-C concrete had the lowest strength and the highest poros-
ity. The gradients of the lines for the CC and RCA-C were similar.
But an obvious difference was noticed for the lines describing the
relationships between the strength values and porosity for the
RA-C mix. This may be explained by the presence of natural stone
in the recycled aggregate.

From 28 days to 5 years, the CC mix had the lowest increment of
strength and a modest decrease in porosity due to the fast hydra-
tion of the cement within the first 28 days in comparison with the
slower hydration from 28 days to 5 years.

For the RA-C mix, the reason why it only experienced a small
reduction of porosity is probably because it contained a significant
proportion of natural stones with very smooth surface. During con-
crete production, bleed water might have accumulated near the
surface of the natural stones and this has resulted in the higher
porosity at the aggregate–cement interface which could not be
filled even with continuous hydration. The pore size distribution
diagram (Fig. 9) of the RA-C does show the presence of the very fine
pores in the concrete. RCA-C experienced the highest increment of
mechanical properties and also the highest reduction in porosity
from 28 days to 5 years. This may be attributed to the further
hydration of the old cement mortar and the improved interfacial
bonding between the new cement paste and the old cement mortar
in the RCA-C as it was prepared with 100% recycled aggregate that
was entirely crushed concrete.
4. Conclusions

� Recycled aggregate concretes had lower compressive strength
but higher splitting tensile strength than normal aggregate con-
crete after 5 years of water curing.
� From 28 days to 5 years, the increase in compressive and split-

ting tensile strengths for the recycled aggregate concretes was
more than that in normal aggregate concrete.
� Normal aggregate concrete and recycled aggregate concrete,

made with two different sources of RA and RCA, had similar
porosity at 28 days of curing. But after 5 years of water curing,
significant differences in porosity were observed in the different
types of concretes.
� After 5 years of water curing the concrete made with 100%

crushed concrete aggregate had the lowest porosity. The poros-
ity was reduced by 45% between 28 days and 5 years. Concrete
made with recycled aggregate, which contained mainly natural
stone, had the highest porosity after 5 years of curing. The
porosity was only reduced by 7% between 28 days and 5 years.
� The recycled aggregate that was made up with crushed concrete

significantly improved the long-term interfacial properties of
the new concrete probably due to the long term self cementing
effects of the old cement mortar and the interaction of the new
cement paste and the old cement mortar.
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