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ABSTRACT

This paper reports the properties of concrete containing recycled fine aggregate (RFA) and fly
ash (FA) obtained from local source in Perth, Western Australia (WA). This study is consisted of
two parts. In the first part, the properties of concrete containing 25, 50, 75 and 100% (by wt.)
replacement of natural fine aggregate (NFA) with RFA are considered. In the second part, the
effect of class F fly ash as partial replacement of cement on the properties of recycled con-
cretes containing 25% and 50% RFA are evaluated. The fly ash is used as 30% and 40% re-
placement of cement. The properties of concrete evaluated are the compressive strength, indi-
rect tensile strength, flexural strength and water absorption. All properties are measured at 7,
28 and 56 days. The results show that, better compressive, tensile and flexural strength of con-
crete can be obtained in recycled aggregate concretes containing up to 50% RFA as partial re-
placement of NFA. However, in the case of recycled aggregate concretes containing 30% and
40% fly ash the compressive strength is increase at 56 days and both compressive strength
and tensile strengths are decreased at early ages. The flexural strength is increased in recycled
aggregate concrete containing fly ash. It is observed that the water absorption is increased as
RFA content increased. It is also observed that the water absorption is decreased significantly
in recycled aggregate concretes containing fly ash at 56 days.

Keywords: Recycled fine aggregate, fly ash, compressive strength, tensile strength, flexural

strength, water absorption

INTRODUCTION

Concrete is one of the most abundantly used construction
materials on the earth and consists of cementitious materials,
water, coarse and fine aggregate. Both coarse and fine
aggregates occupy approximately 75% to 80% of concrete
and is expected that the demand of aggregates will be
doubled in the next 30 years due to increased urbanisation
and infrastructures growth worldwide [1]. Yet there are
worrying signs indicating that the shortage of aggregates
sources are imminent especially in large urban areas and this
can cause scarcity problems in the future. On the other hand,
vast amount of construction and demolition (C&D) wastes
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are generated due to increased construction activities and
these C&D wastes are generally sent for landfill. It has been
estimated that 1.5 million tonnes of C&D waste was
generated in Perth metropolitan area of the western part of
Australia in 2000 [2]. This waste was subsequently sent to
landfill, accounting for almost 55% by weight. Therefore,
utilization of C&D wastes as replacement for virgin
aggregates should be a viable option for concrete industry.
The use of recycled aggregates processed from C&D wastes
is one of possible solutions which have been thoroughly
researched worldwide.

Extensive research have been conducted on concrete
containing recycled coarse aggregates but very few research

VOLUME 40, NO. 1 FEBRUARY 2014


216272d
Typewritten Text
s.ahmed@curtin.edu.au 

216272d
Typewritten Text

216272d
Typewritten Text
  

216272d
Typewritten Text

216272d
Typewritten Text

216272d
Typewritten Text


examined the effect of recycled fine aggregate (RFA) on
properties of concrete [3-9]. Khatib [4] and Debieb and Kenai
[9] reported approximately 10-15% reduction in 28-day
compressive strength of concrete containing RFA, while
Evangelista [3] observed negligible effect on the compressive
strength of concrete containing RFA of 30% or less. In all of
the studies above the RFA is obtained from controlled
sources like crushing and grinding of aggregates in laboratory
[7], different known grade of old concrete [8], etc.[9].
However, in practice it is difficult and not cost effective for
the manufacturer of recycled aggregates to sort different
types of demolished concrete. Most often they combined
different C&D wastes together. Conflicting results in the
above research is also due to difference sources of RFA.

Fly ash is the by product of coal fired power plant and
the disposal of this material creates another environmental
problem. The effects of fly ash on concrete are well
established. Utilizing fly ash as partial replacement of cement
has environmental benefits, reduces landfill demands, reduces
concrete costs and improves concrete properties [10].

This study is conducted to evaluate the properties of con-
crete containing RFA available locally in Perth, WA and
class F fly ash. In part A, the effect of various replacement
levels of RFA on the compressive strength, tensile strength,
flexural strength and water absorption of recycled concretes
is evaluated. The optimum RFA content(s) in terms of better
or similar properties of those concretes containing NFA are
used in part B where the effect of 30% and 40% fly ash as
partial replacement of cement in those concretes are evalu-
ated.

RESEARCH SIGNIFICANCE

To the best of author’s knowledge, only one article [5]
reported the properties of concrete containing combined RFA
and fly ash. The contents and properties of RFA vary consid-
erably if the source is from mixed C&D wastes. In most re-
ported studies on recycled aggregate concretes, the RFA is
obtained from known source, such as concrete of known
compressive strengths, demolished concrete as the only
source of material, etc. However, in reality C&D wastes are
consisted of demolished concretes of various strengths, de-
molished masonry structures, and other demolished RC struc-
tures. In order to promote the locally manufactured RFA in

the concrete industry the properties of concretes containing
RFA need to be studied. The partial replacement of cement
by fly ash in recycled aggregate concretes makes the concrete
more green which will be of great interest to the construction
industry.

EXPERIMENTAL PROGRAM

Materials

General purpose Portland cement is used in all mixes.
The fly ash used in this study is class F fly ash and is
obtained from Collie power station in WA. The recycled fine
aggregate is supplied by a local recycling plant in Perth,
Western Australia, where mixed C&D wastes are used to
manufacture both recycled coarse and fine aggregates. The
RFA used in this study is the residue of the crushing of C&D
wastes which passes through approximately 5 mm opening
sieve. The contents of the FRA are approximately 65%
concrete and the rest are from masonry, tiles, and others [11].
The RFA is washed thoroughly and dried afterwards to
maintain the saturated surface dry (SSD) condition. Natural
coarse aggregate (NCA) of 10 mm and 20 mm sizes are used
in this study. The properties of recycled and natural fine
aggregates are shown in Table 1. Sieve analysis of RFA and
NFA is also conducted and is shown in Figure 1. It is
observed that the RFA used in this study met the
requirements specified in Australian standard 2758.1 — 1998
as shown in Figure 1.

Mix Proportions

In total nine series of mixes are considered in this study.
Five series are considered in part A of this study to evaluate
the effect of different replacement levels of NFA with RFA.
First series is the control mix where both NCA and NFA are
considered, which is designed for a target 28 days
compressive strength of 40MPa. While in remaining four
series the RFA are added at different replacement levels such
as at 25%, 50%, 75% and 100% of NFA. In part B, the effect
of 30% and 40% fly ash used as partial replacement of
cement on the properties of recycled concretes containing
25% and 50% RFA are evaluated. Details of the experimental

TABLE 1
Water Absorption and Bulk Density of RFA and NFA

Properties measured NFA RFA

Water Absorption (%) 1.16 2.61
Uncompacted Bulk Density (kg/m®) 1498 1607
Compacted Bulk Density (kg/m?) 1634 1734
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FIGURE 1
Grading of RFA and NFA with Respect to AS 2758.1

program can be seen in Table 2. The mix proportions of all

the mixes are shown in Table 3.

Casting, Curing and Testing

The compressive strength, indirect tensile strength, flex-

ural strength and water absorption of concretes containing
RFA were measured at three different ages (7-day, 28-day
and 56-day) with the exception of flexural strength (only 28-
day and 56-day) in each series to evaluate the effect of RFA
on the properties of concrete. Slump test was done immedi-
ately after mixing to measure the workability of each mix. At
least three specimens were cast and tested in each series. All

TABLE 2
Detailed Experimental Program

Part Series NCA (%) NFA (%) RFA(%) Fly ash (%) Mix designation
1 100 100 0 0 Control (0% RFA)
2 100 75 25 0 25% RFA
A
3 100 50 50 0 50% RFA
4 100 25 75 0 75% RFA
5 100 0 100 0 100% RFA
6 100 75 25 30 25% RFA+30% fly
ash
B
7 100 75 25 40 25% RFA+40% fly
ash
8 100 50 50 30 50% RFA+30% fly
ash
9 100 50 50 40 50% RFA+40% fly
ash
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TABLE 3
Mix Proportions

Mix designation Mix (In kg/m3)
Cement content ~ Water content Fly ash Coarse aggregate NFA RFA
Control (0% RFA) 727 -
25% RFA 545 182
430 -

50% RFA 363 363

75% RFA 194 1038 182 545

100% RFA 0 727

25% RFA+30% fly ash 301 129 545 182
25% RFA+40% fly ash 258 172 545 182
50% RFA+30% fly ash 301 129 363 363
50% RFA+40% fly ash 258 172 363 363

specimens were water cured until the day before the test date. RESULTS AND DISCUSSIONS
The compressive strength test was carried out on 100 x 2002

mm cylinders and the indirect tensile strength was determined
on 150 x 300 mm cylinders. As for modulus of rupture, 100
x 100 x 400 mm prism was tested. The 100 x 200g mm cylin-
ders were cut into four slices and were used in water absorp-
tion test. All tests were conducted in accordance with relevant
Australian standard.

Compressive strength (MPa)

Compressive Strength

The development of compressive strengths of concretes
containing RFA at 7, 28 and 56 days is shown in Figure 2.
The results show that the compressive strength of concretes

containing RFA of up to 50% is increased with increase in
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FIGURE 2
Effect of RFA and fly ash on compressive strengths of recycled concretes
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RFA content and this is observed at all ages except at 56 days
where a slight reduction is observed. However, significant
reduction in the compressive strength of concretes containing
75% and 100% RFA is observed at all ages. The reductions
are 13% and 22% at 28-day and 56-day, respectively of
concrete containing 100% RFA. This is also consistent with
the results previously obtained from Khatib [4].

Rinsing the RFA is one of the reasons for slight
improvement of compressive strength of concrete containing
25% and 50% RFA compared to the control. Boltryk [12]
stated that the rinsing of RFA improves the strength of
aggregate-cement paste interfacial zone and cohesion
between aggregates. Another reason for the maintenance of
better compressive strength is the extra cement attached into
it. Katz [13] proposed that the extra cement content in RFA
can be as high as 25%. RFA is also more angular due to
grinding and crushing. This improves the friction resistance
of the aggregate that in turn increases the compressive
strength of concrete which depends heavily on the strength of
its aggregate. However, as more RFA is added to replace the
virgin one, this leaves more voids and pores in the concrete,
reducing the compressive strength as well. The amount of
voids in concrete is also influenced by the porosity of the
aggregates. The RFA is more porous than NFA due to high
amount of old mortars. Therefore, high amount of RFA in
concrete mix would eventually reduce its compressive
strength and this is observed in this study as well.

The effect of fly ash on the development of compressive
strength of recycled concretes containing RFA can also be
seen in Figure 2. The reduction of compressive strength of
recycled concretes containing 25% and 50% RFA at early
ages such as at 7 and 28 days is observed when 30% and 40%
fly ash are use as partial replacement of cement in those

concretes. However, at 56 days no such reduction is
observed, rather slight increase in compressive strengths is
observed in those concretes. In a similar study Kou and Poon
[5] reported improvement in the compressive and tensile
strength of concretes containing up to 75% RFA and 20% fly
ash. This improved compressive strength at 56 days can be
attributed to the slow pozzolanic reaction involved in
concrete containing moderate amount of fly ash. The long
term strength gain of fly ash concretes is reported by many
researchers [10].

Indirect Tensile Strength

The development of indirect tensile strengths of all
mixes at 7, 28 and 56 days is shown in Figure 3. Generally,
the splitting strength of recycled concretes reduces with
increase in RFA contents at all ages except the concretes
containing the RFA content of up to 50% at 7 days where an
increase in tensile strength is observed. However, the rate of
reduction is not as high as observed in concretes containing
more than 50% RFA. The effect of fly ash as partial
replacement of cement on the tensile strength of concretes
containing RFA is also shown in Figure 3. It can be seen that
the tensile strength of recycled concretes containing 25% and
50% RFA is decreased due to the replacement of 30% cement
with fly ash. At higher replacement level, such as at 40% fly
ash, two completely opposite trends are observed; the tensile
strength is decreased in concrete containing 25% RFA where
as the tensile strength is increased in concrete containing 50%
RFA at all ages.

In Table 4 the comparison of theoretical prediction of
indirect tensile strength of recycled concretes with that
measured in the experiments are shown. It can be seen that

O7-day W28-day [@56-day

Tensile strength (MPa)

0% RFA  25% RFA 50% RFA 75% RFA 100% RFA 25% RFA+ 25% RFA+ 50% RFA+ 50% RFA+

30% fly ash 40% fly ash 30% fly ash 40% fly ash

RFA content

FIGURE 3
Effect of RFA and fly ash on indirect tensile strengths of recycled concretes
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TABLE 4
Comparison of Theoretical and Measured Indirect Tensile Strengths

Mix Age Theoretical Indirect Measured Indirect Ratio of Measured vs
Tensile Strength Tensile Strength Theoretical
Days MPa MPa

Control (0% RFA) 28 2.59 3.27 1.26
25% RFA 28 2.49 3.18 1.28

50% RFA 28 2.67 3.17 1.19

75% RFA 28 2.42 3.34 1.38

100% RFA 28 2.42 2.79 1.15

25% RFA+30% fly ash 28 2.34 2.27 0.97
25% RFA+40% fly ash 28 1.97 1.98 1.00
50% RFA+30% fly ash 28 2.38 2.44 1.03
50% RFA+40% fly ash 28 2.39 3.01 1.26

the theoretical values according to AS 3600 — 2009 are lower
than the measured values. This indicates that the current
formula to predict the tensile strength of concrete in AS 3600
— 2009 is conservative for concrete containing RFA.
However, in the case of recycled concretes containing both
RFA and fly ash better correlation can be observed between
the measured and theoretical values.

Flexural Strength

The flexural strength of all mixes at 28 and 56 days is
presented in Figure 4. Similar to the compressive and the
tensile strengths, the flexural strength of concrete containing
RFA increases as the RFA contents increases up to 50% and

@ 28-day W 56-day

Flexural strength (MPa)

0% RFA  25% RFA  50% RFA  75% RFA 100% RFA 25% RFA+ 25% RFA+ 50% RFA+ 50% RFA+

30% fly ash 40% fly ash 30% fly ash 40% fly ash

RFA contents

FIGURE 4
Effect of RFA and fly ash on flexural strengths of recycled concretes
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it decreased at higher contents of RFA such as at 75% and
100%. The effect of fly ash as partial replacement of cement
on flexural strength of concretes containing RFA is also
shown in Figure 4. It can be seen that the flexural strength of
recycled concretes is increased due to the replacement of
30% cement with fly ash. At higher replacement level, such
as 40% fly ash, two completely opposite trends are also
observed similar to that of the tensile strength; the flexural
strength is decreased in concrete containing 25% RFA where
as it is increased in concrete containing 50% RFA at all ages.

In Table 5 the comparison of the theoretical prediction of
flexural strength of recycled concretes with that measured in
the experiments are shown. It can be seen that unlike indirect
tensile strengths the theoretical flexural strength values
according to AS 3600 — 2009 are slightly lower than the
measured values, but overall the measured and the predicted
values exhibit good correlation. This indicates that the current
approximation formula in AS 3600 — 2009 for flexural
strength of concrete can be used for concrete containing RFA.
However, it is more conservative for concretes containing
both RFA and fly ash.

Water Absorption

The water absorption test results of all mixes at 7, 28 and
56 days is shown in Figure 5. It is observed in the figure that
the water absorption of concretes containing RFA increases
with increase in RFA contents. This is caused by higher water
absorption of RFA itself compared to NFA observed in this

study. The RFA also has higher particle surface area due to
adherence of old mortars on it for equal volume of aggregates
[14]. High water absorption values also indicate higher
porosity of concrete which is caused by the porous recycled
aggregate itself as well as porous C-S-H structure due to
inadequate free water content. However, the scenario changes
when fly ash is added in the recycled concretes. It can be seen
in Figure 5 that the water absorptions of recycled concretes
containing 30% and 40% fly ash changed significantly after
28 and 56 days of curing. This can be attributed to the
pozzolanic and particle packing effects of fly ash in those
concretes. The formation of dense microstructure through the
formation of secondary C-S-H gel in the matrix and
interfacial transition zone (ITZ) between aggregates and
matrix in fly ash concretes is reported by many researchers.

From the results it can be seen that the combined use of
fly ash and RFA in concrete is feasible as long as the reduc-
tions in strength are accounted for in the design process.
Concrete mixes with RFA replacements of 75% and 100%
are however found to be unpractical due to poor strength. For
‘green concrete’ to become widely accepted as a substitute
for conventional concrete quality control is essential to ensure
consistent and predictable capacity.

It is recommended that further study is necessary consid-
ering other variables such as w/c ratios, varying fly ash con-
tents and the use of admixtures. Further study can also be
conducted to test sample at ages beyond 56 days to investi-
gate the long term influence of fly ash on concrete containing
RFA. It is also recommended to conduct an optimisation
study to determine optimum RFA and fly ash contents and
optimum mix proportions.

TABLE 5
Comparison of Theoretical and Measured Flexural Strengths

Mix Age Theoretical Flexural Measured Flexural Ratio of Measured vs Theo-
Strength Strength retical
Days MPa MPa
Control (0% RFA) 28 4.32 4.87 113
25% RFA 28 4.16 4.77 1.15
50% RFA 28 4.46 4.86 1.09
75% RFA 28 4.04 4.03 1.00
100% RFA 28 4.03 3.97 0.98
25% RFA+30% fly ash 28 3.51 5.36 1.52
25% RFA+40% fly ash 28 2.96 4.68 1.58
50% RFA+30% fly ash 28 3.57 5.30 1.48
50% RFA+40% fly ash 28 3.58 4.38 1.22
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FIGURE 5
Effect of RFA and fly ash on water absorption of recycled concretes

CONCLUSIONS

Based on the results of this study, using the materials and
ranges of variables taken into account, the following
conclusion can be drawn for properties of concrete containing
RFA and fly ash:

1. The concrete containing RFA contents of up to 50%
exhibited similar or slightly better compressive strength,
indirect tensile strength and flexural strength at all ages.

2. At high RFA contents, such as at 75% and 100%, the
above strengths decreased significantly.

3. The water absorption of concrete increases with increase
in RFA contents.

4. The partial replacement of cement with 30% and 40% fly
ash in the recycled aggregate concretes exhibited
improvement in compressive strength, flexural strength
and water absorption at 56 days.

5. The use of fly ash as partial replacement of cement in
concretes containing RFA does not improve the concrete
properties at all ages.

6. Based on the limited variability and range of
experimental data, the prediction equation recommended
in AS 3600 for estimating indirect tensile and flexural
strength based on compressive strength appears to be
applicable for recycled aggregate concrete containing
RFA and fly ash.
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