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Abstract: The utilization of traditional supplementary cementitious materials (SCMs) has become
more intense in the concrete industry due to their better long-term properties. This research evaluates
the fresh and hardened properties of concrete that was developed using a high amount of recycled
aggregate (RA) incorporated with sustainable SCMs. Rice husk ash (RHA), palm oil fuel ash (POFA)
and palm oil clinker powder (POCP) were used as SCMs at 10%, 20% and 30% cement replacement
levels to investigate their positive role in the performance of RA concrete. The results showed
that the 10% replacement level of cement by RHA produced the highest strength at all ages tested.
Although POFA and POCP were found to negatively affect the strengths at an early age, the hardened
properties showed improvement after a relatively long curing time of 90 days. In addition, the
targeted compressive strength of 30 MPa was achieved by using SCMs at levels up to 30%. Overall,
the sustainable SCMs can reduce the quantity of cement required for concrete production, as well
as reduce the conventional cement with the industrial by-products, which are considered as waste
materials; thus, the concrete produced using up to 30% of SCMs as a replacement for cement could
be considered as more environmentally-friendly concrete.

Keywords: sustainability; supplementary cementitious materials; pozzolans; recycled aggregate
concrete; engineering properties

1. Introduction

In today’s fast growing urbanization, environmental sustainability is a significant factor that
cannot be ignored by architects, engineers, researchers and, above all, by the construction industry;
one of the means to achieve the balance in sustainable development is through the utilization of locally
available waste or recyclable materials. The alarming rate of concrete production that consumes a vast
amount of natural resources around the world signifies the need for sustainability through the use of
alternate materials. It is estimated that the production of concrete consumes about 27 billion tonnes of
raw materials or four tonnes of concrete per person per year [1]. The quarrying and manufacturing
process of massive quantities of aggregates, in addition to about 2.8 billion tonnes of cement products
manufactured every year [2], cause around 5–7% of the planet’s total CO2 emissions [3]. Consequently,
the problem is likely to get worse, as it is foreseen that by 2025, about 3.5 billion tonnes of CO2

will be emitted from the manufacturing of cement [4]. Further, it is predicted that by 2050, concrete
production will reach four-times the level as that of 1990 [5]. It is to be borne in mind that the main
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ingredients in concrete, namely binders and aggregates constitutes about 10–15% and 60–80% of the
total volume, respectively [6]. The quarrying activities around the world to produce coarse aggregates
have drastically changed the ecological balance, and hence, it is indispensable to search for sustainable
alternatives to replace both the binder and the aggregates that are being used in concrete to reduce
the adverse effects due to excessive use of virgin materials. On the contrary, many waste materials
are dumped in open fields and underutilized; one such waste known as construction and demolition
waste that could be a potential recyclable material is valuable recycled concrete aggregate (RA).

RA is available in many developed and developing countries due to the demolition of aged
buildings and structures; further, in many war-torn countries, many structures have been the target
of bombing, and structures have become redundant. This results in huge quantities of RA being
heaped as piles of rocks, and thus, RA has a role to play in sustainable development; RA has become
increasingly important in the field of construction as an alternative to primary (natural) aggregates.
Nevertheless, many studies concluded that utilization of RA in concrete will affect the hardened
properties negatively [7–9]. The results obtained by Akça et al. (2015) [10] showed that utilization of
concrete made from 100% RA is limited, due to the reduction in the hardened strength ranging from
15–25%. Moreover, after reviewing the effect of RA on concrete, Safiuddin et al. (2013) [11] found that
the reduction in the strength of concrete made from RA was attributed to the existing porous adhered
mortar on its surface, which has higher water absorption.

Researchers showed that in spite of the reduction in the mechanical and durability performance
of RA concrete, the concrete could attain considerably enhancement by utilization of traditional
supplementary cementitious materials (SCMs) with high pozzolanic activity, such as fly ash (FA), silica
fume (SF) and ground granulated blast slag (GGBS) [12,13].

In recent decades, the usage of traditional SCMs or pozzolans has become more intense in
the concrete industry due to their better long-term properties. Hence, concerns over the plentiful
availability of the traditional SCMs led to contemplation about other sustainable sources as pozzolanic
materials [14]. Sustainable sources of SCMs including rice husk ash (RHA), palm oil fuel ash (POFA)
and palm oil clinker (POC) have been utilized by researchers in the production of normal, high-strength
and lightweight concretes [15–17]; however, the utilization of these sustainable SCMs has been limited
to some properties, and very few literature works related to SCMs are available. Hence, more research
works have to be carried out to investigate the utilization of SCMs in the development of RA concrete.

The rice industry generates millions of tonnes of rice husk during milling of paddy rice, which
comes from the fields. RHA is a by-product generated from burning of the rice husk at a temperature
range of about 800–900 ◦C in the biomass plants that use rice husk as fuel for power generation. It was
estimated that about 156 million tonnes of rice husk are generated globally, of which 2.14 million
tonnes in Malaysia and 1.81 million tonnes in the USA annually; it is estimated that 18–22% of rice husk
weight will be converted into RHA after burning in boilers [18–20]. Thus, rice husk has the potential
to produce 26–34 million tonnes of RHA containing over 90% (up to 95%) amorphous silica that could
be used as an alternative SCM [21]. The commercial viability of RHA is not prevalent, and hence,
dumping of RHA in the vicinity of the agricultural lands is a considerable threat to the environment.
Hence, research works on the utilization of RHA as sustainable SCM in different types of concrete have
been examined [22,23]. It was reported that, due to its highly pozzolanic nature, RHA can be used
up to 20% as SCM without affecting the strength and durability properties of concrete [16]. Another
research work on the development of high-strength concrete showed that a compressive strength up to
80 MPa could be achieved by incorporating 10–30% of RHA [24].

One of the latest additions that could be considered as a potential SCM is POFA, a by-product
obtained from palm oil mills. It is produced by burning of oil palm shell, fibers and empty fruit bunches
at temperatures between 800 and 1000 ◦C for electricity generation during the palm oil extraction
process [25]. Annually, the amount of palm oil residues produced globally is about 184 million tonnes,
with 53 million tonnes in Malaysia, the world’s second largest producer and exporter of palm oil; and it
is estimated that the expansion of palm oil plants would increase by 5% every year [26,27]. The resulting
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ash after combustion, i.e., POFA, is 5% by weight of the original solid materials. According to these
statistics, the annual production of POFA is about 10 million tonnes around the world. Studies
concluded that the waste materials obtained by the palm oil industry can be reused in lightweight
concrete production, including blast-resistant concrete [28] and geopolymer concrete [29]. In addition,
the investigation on the potential use of POFA as SCM concluded that POFA is a good pozzolanic
material since it has a high amount of silica content (50–70%) [30]. An early study by Safiuddin et al.
(2016) [31] indicated that concrete containing 20% POFA has a 28-day compressive strength satisfying
the strength requirement for high-strength concrete. Further, Johari et al. (2012) [32] concluded that
utilization of POFA tends to reduce the early mechanical properties, while the strength at a later age
was comparable to the control specimens due to the pozzolanic mechanism of POFA.

POC is another by-product from the palm oil industry. The difference between POFA and POC
is that POFA is collected in the form of ash, while POC is collected as large chunks. Attempts have
been made by Kanadasan and Abdul Razak (2015) [33] to utilize the POC powder (POCP) as a cement
replacement material in self-compacting mortar; they found that the replacement of 50% of POCP
with a similar particle size as that of cement could produce compressive strength of about 70% of
control specimens.

There are very few and limited literature works available on the utilization of RHA and POFA
with RA concrete [34,35]; however, there is no research work on the use of POCP as SCM in the
development of RA concrete. Thus, this study investigates the effect of sustainable SCMs, namely
RHA, POFA and POCP on concrete made from 100% RA. Using a total of 11 concrete mixes, the effect
of these SCMs on the fresh and hardened properties, including workability, compressive strength,
ultrasonic pulse velocity (UPV), splitting tensile strength, flexural strength and modulus of elasticity,
of concrete made from RA was determined; the replacement levels of RHA, POFA and POCP were
maintained at 10%, 20% and 30% for conventional cement. In all mixes, the crushed granite aggregate
was replaced wholly with RA and compared with one control mix, developed using conventional
cement and normal aggregate.

2. Methodology

2.1. Materials

2.1.1. Cement

In all of the concrete mixes, ordinary Portland cement (OPC) conforming to ASTM C150 was used
as the binder. The physical and chemical properties of OPC are shown in Table 1.

Table 1. Chemical and physical properties of ordinary Portland cement (OPC), rice husk ash (RHA),
palm oil fuel ash (POFA) and palm oil clinker powder (POCP).

Properties OPC RHA POFA POCP ASTM C618 Class F

SiO2 (%) 21.0 91 64.17 60.29
Al2O3 (%) 5.9 0.35 3.73 5.83
Fe2O3 (%) 3.4 0.41 6.33 4.71

SiO2 + Al2O3 + Fe2O3 30.30 91.76 74.24 70.83 70 (minimum)
CaO (%) 64.70 0.49 5.80 3.28
MgO (%) 2.50 0.81 3.46 4.20
SO3 (%) 2.40 1.21 0.74 0.31 5 (maximum)
K2O (%) 1.00 2.16 5.56 7.24
TiO2 (%) 0.002 - 0.06 0.10
P2O5 (%) 0.07 - 3.30 3.78

Loss on ignition (%) 0.9 4.81 11.56 5.23 12 (maximum)
Specific gravity 3.14 2.03 2.14 2.53

Retained on 45-µm sieve (%) 13.6 1.70 11.6 29 34 (maximum)
Median particle size (µm) 22.47 19.41 17.62 37.97

Specific surface area (m2/kg) 351 655 506 383
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2.1.2. Supplementary Cementitious Materials

Three types of SCMs, RHA, POFA and POCP, from the by-products of two agricultural industries,
namely rice and palm oil, were utilized in this study. Figure 1 shows the physical appearance of these
three SCMs with OPC. Further, the chemical and physical properties of these materials are shown in
Table 1.
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Figure 1. Different binders used in the investigation: (a) OPC; (b) RHA; (c) POFA and (d) POCP.

RHA was used directly in concrete after being received from the factory. The specific gravity and
the total particles passing through a 45-µm sieve for RHA were 2.03 g/cm3 and 98.3%, respectively.
The total content of silicon dioxide (SiO2), aluminum oxide (Al2O3) and iron oxide (Fe2O3) was about
92% by mass. The physical properties and X-ray fluorescence analysis revealed that RHA conforms to
the requirements of pozzolanic material in accordance with ASTM C618 [36].

POFA is available in ash form, while POC obtained from the factory in large chunks was flaky,
porous and irregularly-shaped. Both POFA and POC were ground to powder form using the Los
Angeles grinding machine in the laboratory. In order to have high reactivity, both POFA and POC
were processed at different stages to achieve a sufficient fineness to be able to react with Ca(OH)2 to
produce calcium silicate hydrate (C-S-H). Firstly, POFA and POC were dried in an oven at 105 ± 5 ◦C
for 24 h to remove the moisture content, as these raw materials are kept in an open area in the vicinity
of the factory. Secondly, the removal of coarse particles and impurities in the dried POFA was done
through sieving in a 300-µm sieve, while the large chunk of POC were crushed to a median particle
size of 300 µm. Finally, both POFA and POC were ground in a Los Angeles abrasion machine, and this
process of grinding was carried out for 30,000 cycles with a speed of about 33 cycles per minute to
produce POFA and POCP. The amount retained, when wet-sieved on a 45-µm (No. 325) sieve, was
about 12% and 29% for POFA and POCP, respectively. Based on the test results, both POFA and POCP
conformed to the fineness requirement of ASTM C618 [36] to be used as pozzolanic material.

Figure 2 illustrates the scanning electron microscopy (SEM) image of the particle shape and
surface texture of OPC, RHA, POFA and POCP. It can be seen that the particles of OPC are solid
and generally spherical in shape. On the other hand, RHA, POFA and POCP have crushed and
irregularly-shaped particles. In addition, the microscopic image shows that the outer surface of POFA
has a porous texture, which could lead to water absorption, while RHA and POCP particles have sharp
edges that could have some impact on the workability of fresh concrete.
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2.1.3. Fine and Coarse Aggregates

The physical properties of coarse and fine aggregates are shown in Table 2. Local mining sand
with a grain size below 4.75 mm was used as fine aggregate in all eleven mixes. Crushed granite
aggregates were used as coarse aggregate in the control mix, while the RA was used in the remaining
ten mixes.

Table 2. Physical properties of coarse and fine aggregates.

Physical Properties
Coarse Aggregate

Fine Aggregate
Crushed Granite RA

Nominal maximum size (mm) 20 20 4.75
Specific gravity, oven dried (OD) 2.60 2.31 2.76

Specific gravity, saturated surface dried (SSD) 2.62 2.42 2.79
Compacted bulk density (kg/m3) 1481 1370 -

Water absorption (%) 0.77 4.76 1.10
Moisture content (%) 0.15 2.36 0.87

The RA was obtained from old beams, cubes, cylinders and prisms that have been cast, cured and
tested by the researchers in a controlled laboratory environment. These old specimens were crushed
and sieved to sizes smaller than 20 mm using a jaw crusher similar to a common industry practice,
albeit at a smaller scale, as shown in Figure 3.
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Figure 3. Recycled concrete aggregate from old specimens: (a) reinforced concrete beams before
crushing; (b) large chunks of RA; (c) crushing of large chunks of RA using a jaw crusher and (d) RA
after crushing.

The parent concrete of the RA had been produced using OPC, normal sand and crushed granite
aggregate. The hardened properties of parent concrete at the age of 28 days can be found in Table 3.
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Table 3. Hardened properties of parent concrete.

Hardened Properties Strength (MPa)

Compressive strength 51.7
Splitting tensile strength 4.16

Flexural strength 4.9
Modulus of elasticity 34,120

2.2. Mix Proportions and Testing Program

2.2.1. Mix Proportions

In this study, the Department of Environment (DOE) method [37] was used to design the eleven
concrete mixtures with a 28 days characteristic compressive strength of 30 MPa. The normal crushed
granite aggregate (NA) was used as the coarse aggregate in the control mix (the mix is defined as
NAC in Table 4); while in the remaining ten mixes, the NA was wholly replaced by recycled concrete
aggregate (RA) using the absolute volume method. The second mix defined as RAC which made of
100% RA and 100% OPC. As this research focused on the effect of replacement materials for OPC,
it was partially replaced by RHA, POFA and POCP at three different levels of 10%, 20% and 30% of
cement weight, which defined in Table 4 based on the type of SCM used and the replacement ratio.
The water/binder ratio and cement content were kept constant for all mixes at 0.55 and 380 kg/m3,
respectively. In addition, the effective water content was fixed at 209 kg/m3 to achieve the designed
compressive strength of 30 MPa. Further, before adding cement and fine aggregates in the rotary
drum mixer, water equivalent to the respective absorption capacity of all coarse aggregates including
crushed granite and RA was added and mixed for five minutes. Sika Viscocrete-2199 superplasticizer
(SP) was used in all concrete mixes in order to maintain the slump value between 100 and 150 mm for
the S3 concrete workability class in accordance with BS EN 206-1:2000 [38]. The mix proportions of all
mixes are presented in Table 4.

Table 4. Mix proportions of supplementary cementitious material (SCM) concretes.

Mix w/b
Ratio

Mix Proportions (kg/m3)
Slump
(mm)

Fresh
Density
(kg/m3)

Binders Fine
Aggregate

Coarse Aggregate Effective
Water

Mixing
Water SP

OPC RHA POFA POCP NA RA

NAC 0.55 380 - - - 750 1020 - 209 215 0.8 140 2408
RAC 0.55 380 - - - 750 - 943 209 232 0.8 125 2264

RHA10 0.55 342 38 - - 750 - 943 209 232 0.8 110 2216
RHA20 0.55 304 76 - - 750 - 943 209 232 0.8 90 2201
RHA30 0.55 266 114 - - 750 - 943 209 232 0.8 80 2161
POFA10 0.55 342 - 38 - 750 - 943 209 232 0.8 120 2229
POFA20 0.55 304 - 76 - 750 - 943 209 232 0.8 115 2212
POFA30 0.55 266 - 114 - 750 - 943 209 232 0.8 80 2196
POCP10 0.55 342 - - 38 750 - 943 209 232 0.8 140 2253
POCP20 0.55 304 - - 76 750 - 943 209 232 0.8 115 2251
POCP30 0.55 266 - - 114 750 - 943 209 232 0.8 95 2246

2.2.2. Specimen Preparation and Testing Methods

For each concrete mix, the fresh density and slump of the concrete were measured immediately
after mixing as per ASTM C143 [39]. The compressive strength was carried out at the ages of 1, 7,
14, 28, 56 and 90 days by using 100-mm cubes, in accordance with BS EN 12390-3 [40]. The flexural
strength was determined based on ASTM C78 [41] by using 100 × 100 × 500 mm prisms at the ages
of 28, 56 and 90 days. The splitting tensile strength was conducted based on ASTM C496 [42] at the
ages of 28, 56 and 90 days by using 100Ø × 200-mm cylinders, while cylinders of 150Ø × 300 mm
were used to measure the static modulus of elasticity at the ages of 28, 56 and 90 days, in accordance
with ASTM C469 [43]. The testing procedure for ultrasonic pulse velocity (UPV) is outlined in ASTM
C597 [44] and calculated by using the following equation:
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V = L/T (1)

where: V is the pulse velocity (km/s), L is the distance between centers of transducer faces (km) and T
is the transit time (s).

Steel molds were used for casting of all specimens and compacted using a vibrating table. In order
to investigate the air-dried and water-cured compressive strength of the cube specimens, some of these
were kept in air curing condition at the specified ages, while the remaining specimens were cured in a
water tank at 27 ± 2 ◦C until the age of testing. An average value of three specimens was selected for
the required hardened properties tests.

3. Results and Discussion

3.1. Workability

The slump test measures the ease and homogeneity of fresh concrete starting from the mixing
stage until the stage of casting and finishing. The workability and amount of superplasticizer of the
mixes were designed for slump ranging from 100 mm–150 mm. It can be seen from Figure 4 that the
slump value of the RAC mix with 100% RA was slightly lower than the corresponding normal concrete
mix-NAC. This could be attributed to the surface roughness and greater angularity of RA because
of the adhered old mortar on its surface, which decreases the workability of concrete and makes it
more difficult to finish properly. The trend of decreasing the slump of RAC observed in this study also
confirmed the reported findings in previous research by Safiuddin et al. (2011) [45], which was due
to the porous adhered cement paste on the RA, and thus, increased the overall water absorption and
decreased its workability.
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Figure 4. Slump test results of concretes compared with target slump.

The slump values of concrete containing RHA decreased compared to the control RAC as
the replacement ratio was increased. It can be observed that RHA needs more water to ensure
good workability due to its higher fineness compared with OPC. The slump values of POFA- and
POCP-based concretes with replacement ratio up to 20% were within the targeted range of 125 ± 25 mm.
However, the slump values were lower than the target slump range with greater replacement ratios.
The lower slump values could be attributed to the high LOI values in POFA and POCP, which in turn
absorb more water to be workable. In addition, as noticed from the SEM morphology in Figure 2,
the porous texture of POFA particles led to higher water absorption and lower slump values, while
the sharp edges of POCP made the particles difficult to roll on each other, which in turn reduces the
workability of fresh concrete. The replacement of OPC by SCMs was in terms of weight instead of
volume for comparison purposes as the total binder content was kept constant for all mixes. Hence,
there was an increase in the binder volume when the replacement levels were varied from 0–30%
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as a result of the lower specific gravity of RHA, POFA and POCP compared to that of OPC. This
extra volume of binder can absorb more water, which in turn affected the workability of concrete.
Comparable results were also reported by Alsubari et al. (2015) [46] specifically that an increase in
the replacement level of POFA with low specific gravity affects the workability of concrete. Further,
Sata et al. (2007) [24] attributed the reduction in slump to the high absorbency of POFA that resulted in
lower slump values.

3.2. Fresh and Hardened Density

The fresh and hardened densities of RAC were expected to be lower than the control mix made
from normal aggregate, as RA is about 7.5% lighter than normal aggregate. The fresh densities of
all mixtures are shown in Table 4, and it can be seen that the fresh density of RAC was found to be
6.0% lower compared with NAC. Similarly, the 28 days hardened density of RAC was 9.4% lower
compared with NAC, as old mortar that adhered to the RA reduces the density of aggregate, as shown
in Table 5. López-Gayarre et al. (2009) [47] stated that the density of concrete is clearly affected
by the type of aggregate. It has been found that incorporation of RHA, POFA and POCP in RAC
did not affect the density. The fresh and hardened concrete densities were found in the range of
2161 kg/m3–2253 kg/m3 and 2140 kg/m3–2191 kg/m3, respectively.

3.3. Compressive Strength Development

The compressive strength development for all concrete mixes under water curing (WC) and air
curing (AC) conditions at the ages of 1, 7, 14, 28, 56 and 90 days is shown in Table 5.

Table 5. Compressive strength under air curing (AC) and water curing (WC) conditions.

Mix

Compressive Strength (MPa) Hardened
Density
(kg/m3)

1 Day 7 Days 14 Days 28 Days 56 Days 90 Days

AC AC WC AC WC AC WC AC WC AC WC

NAC 16.1
(0.64)

27.4
(0.85)

32.3
(1.45)

29.2
(0.06)

38.0
(1.50)

37.0
(0.75)

45.4
(0.76)

38.0
(2.90)

47.6
(2.00)

39.8
(1.85)

48.3
(1.13) 2340

RAC 13.0
(0.71)

22.0
(0.85)

26.2
(0.42)

24.5
(1.31)

31.0
(1.06)

28.8
(0.06)

35.8
(1.15)

30.3
(0.26)

37.1
(0.15)

31.4
(1.33)

38.4
(0.81) 2194

RHA10 14.0
(0.31)

26.0
(0.25)

29.0
(0.51)

30.8
(0.75)

34.2
(0.12)

34.3
(1.70)

38.9
(1.47)

34.5
(0.32)

45.2
(0.85)

34.7
(1.90)

46.2
(1.81) 2186

RHA20 12.7
(0.85)

24.4
(0.93)

27.0
(0.26)

30.8
(0.23)

32.2
(0.31)

33.3
(0.55)

37.0
(1.25)

34.5
(0.40)

41.4
(0.90)

33.6
(0.40)

43.3
(1.57) 2164

RHA30 11.3
(0.36)

19.5
(1.40)

22.9
(0.80)

21.0
(0.79)

27.2
(0.76)

29.8
(0.82)

33.3
(0.61)

28.9
(0.75)

35.6
(0.25)

31.4
(1.40)

38.0
(1.31) 2158

POFA10 12.7
(0.15)

20.2
(1.22)

22.8
(1.87)

24.7
(1.80)

26.0
(0.46)

27.4
(0.74)

31.0
(1.21)

28.7
(1.97)

37.3
(1.66)

29.5
(1.61)

39.3
(1.05) 2180

POFA20 11.0
(0.67)

19.3
(1.05)

21.4
(2.81)

22.7
(0.81)

24.2
(1.01)

25.3
(1.27)

28.5
(1.23)

24.8
(1.43)

32.7
(0.10)

27.0
(0.83)

36.5
(0.71) 2157

POFA30 10.5
(0.36)

17.5
(0.95)

19.3
(0.20)

19.7
(0.31)

22.1
(0.10)

23.2
(0.29)

26.1
(0.06)

25.3
(0.62)

30.0
(1.35)

26.1
(0.75)

32.5
(0.64) 2140

POCP10 12.6
(0.31)

21.1
(1.10)

23.3
(1.46)

21.8
(0.55)

25.7
(0.46)

26.2
(1.04)

29.7
(2.46)

27.1
(0.71)

35.3
(1.25)

27.4
(0.46)

37.4
(0.91) 2191

POCP20 12.2
(0.26)

20.5
(0.38)

23.1
(0.17)

24.2
(0.93)

27.0
(1.25)

26.9
(0.10)

30.4
(2.12)

27.0
(0.50)

34.2
(0.89)

28.3
(0.17)

36.7
(0.60) 2180

POCP30 9.7
(0.15)

16.0
(0.44)

18.9
(0.57)

21.0
(0.55)

23.0
(0.25)

24.5
(0.50)

26.5
(0.87)

25.1
(0.85)

29.7
(1.16)

26.0
(0.89)

32.1
(0.90) 2162

Notes: (1) The compressive strength value shown in the table is the average of three specimens. (2) The standard
deviation of the compressive strength is shown in the brackets ().
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3.3.1. Effect of Water Curing

Based on the test results in Table 5 and Figure 5, it was found that at all ages, the compressive
strength decreased as normal aggregates were wholly replaced by RA. After 28 days of water curing,
the reference concrete prepared with normal aggregate (NAC) had a compressive strength of about
45 MPa, compared to 36 MPa for RAC with a reduction of about 20%. This reduction could be
attributed to the presence of weak and loose adhered mortar on the surface of the RA, which makes it
porous. Accordingly, the compressive strength will be controlled by the strength of the aggregate itself,
where it is the weakest point. However, Etxeberria et al. (2007) [48] observed that the concrete with the
target compressive strength of 45–60 MPa can be determined by the strength of the aggregate itself
when they reported that the compressive strength of RA concrete was 20–25% lower than concrete
made from normal aggregate at the age of 28 days. Besides, Andreu and Miren (2014) [49] stated that
the 100% replacement of natural coarse aggregate by RA would be possible if RA concrete produced
from old (parent) concrete with a minimum compressive strength of 60 MPa. Moreover, a similar
behavior was observed by Kou and Poon (2015) [7] when they indicated that the reduction in the
strength was notable for RA concretes derived from parent concrete with lower strength, while the
strength was similar for RA concretes derived from parent concrete with higher strength.
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Figure 5. Compressive strength development of SCM concretes cured in water

Figure 6 shows the development of the compressive strength of RHA concretes at different
replacement ratios up to 90 days. It can be seen that the compressive strengths of concrete that contains
RHA up to 20% were higher than RAC at all ages under the water curing condition. The compressive
strengths of RHA10 and RHA20 concretes at the age of 28 days were about 39 MPa and 37 MPa,
respectively, which were higher than that of RAC concrete (36 MPa), while RHA30 gave lower
compressive strength of about 33 MPa. This can be explained partially to the high silica content of RHA
and partially to the extra calcium silicate hydrate (C-S-H) that was generated as a result of pozzolanic
reaction between RHA particles and Ca(OH)2. Consequently, as shown in Figure 7, the compressive
strength was enhanced at the later ages for RHA10, RHA20 and RHA30 with about 46, 43 and 38 MPa
or 120%, 113% and 99% of RAC at the age of 90 days, respectively.
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Figure 7. Relative compressive strength of RA concrete with SCMs.

The compressive strengths of concretes made with POFA at different replacement ratios are
shown in Figure 8. The RA concretes with POFA yielded lower compressive strength than RAC mix
without POFA at the early age (<28 days). For instance, the compressive strength at 28 days for RAC
concrete was 36 MPa, and it was higher than POFA10, POFA20 and POFA30 concretes with 31, 29
and 26 MPa or 86%, 81% and 72% of RAC mix, respectively. After 90 days, at a cement replacement
of 10% by POFA, the compressive strength tended to increase with 39 MPa or 103% of RAC mix,
while it was about 37 and 33 MPa or 97% and 87% for POFA20 and POFA30, respectively, compared
with RAC. It can be observed that the replacement of POFA in concrete mixes as binder will cause
a reduction in the compressive strength at an early age, as shown in Figure 7. On the other hand,
the compressive strength development showed an increasing trend at the later ages (>28 days) as a
result of the formation of extra C-S-H gel upon reaction between the high content of SiO2 from POFA
with the Ca(OH)2 produced during the cement hydration process [50]. Moreover, as mentioned by
Alsubari et al. (2016) [51] and Mujah (2016) [52], the increase in compressive strength was due to the
densification effect and the improvement of the micro-structure of concrete containing POFA.
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Figure 8. Relationship between the compressive strength of POFA concretes and replacement level.

The relationship between compressive strength and cement replacement level of POCP concretes
is shown in Figure 9. At the first day, the incorporation of POCP with RA concrete recorded a
compressive strength of about 13, 12 and 10 MPa; and the strength increased to 23, 23 and 19 MPa at
the age of 7 days for POCP10, POCP20 and POCP30, respectively. Subsequently, after 28 days of water
curing, the POCP concretes exhibited lower compressive strength than RAC concrete with strength
values of about 30, 31 and 27 MPa or 83%, 86% and 75% of RAC concrete for POCP10, POCP20 and
POCP30, respectively. Figure 7 indicates that the early strength attainment was relatively slow for
POCP concretes due to the lower reaction between OPC and POCP compared to high pozzolanic
materials, such as RHA. In addition, the higher compressive strength of POCP concretes at replacement
level of 10% and 20% than that of 30% is attributable to the high content of cement (90% and 80%) in
POCP10 and POCP20 concretes, which generates a higher hydration reaction than that of POCP30
concrete at the early age as reported by Kanadasan and Abdul Razak (2015) [33]. At the age of 90 days,
the compressive strengths for POCP10, POCP20 and POCP30 were 37.4 MPa, 36.7 MPa and 32 MPa or
97.4%, 95.6% and 83.6% of RAC, respectively. It is apparent that the compressive strength of POCP
concretes did not exceed the strength of that without POCP (RAC).
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Figure 9. Relationship between the compressive strength of POCP concretes and replacement level.

Figure 10 shows the evolution of compressive strength from 28–90 days for concretes containing
SCMs as compared with recycled and normal concrete. Although the compressive strength of RAC
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was lower than NAC, the increment in the strength was similar between 28 and 90 days at 6.0%. Similar
trends of strength evolution were observed by Kou and Poon (2013) [53] when they investigated the
properties of 10-year-old concrete made from 100% RA. On the other hand, the compressive strength
increased by about 16%, 15% and 12% for RHA10, RHA20 and RHA30, respectively, between 28
and 90 days. Moreover, POFA10, POFA20 and POFA30 showed an increment of 21%, 22% and 20%,
respectively. Furthermore, the increment for POCP10, POCP20 and POCP30 was 21%, 17% and 18%,
respectively. It is clear that the strength increment of concrete mixes with SCMs was higher than that
of corresponding concrete mix without SCMs (NAC and RAC) between 28 and 90 days.
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Generally, the results revealed that the optimum cement replacement using RHA, POFA and
POCP was 10% for concrete made from 100% RA. However, if the amount of pozzolanic materials
increased beyond 10% and with the subsequent reduction in cement content, these would lead to
a dilution effect, where the reaction between SiO2 and Ca(OH)2 will also be reduced. In addition,
the results show that the targeted strength of 30 MPa for RA concrete can be achieved at the age
of 90 days by replacing up to 30% of RHA, POFA and POCP for cement. This finding is similar to
the findings of the study by Sata et al. (2007) [24] on the utilization of RHA and POFA in making
high-strength concrete. Furthermore, the replacement of cement by using sustainable SCM through
RHA, POFA and POCP in the development of concrete would result in environmentally-friendly
construction compared to the conventional concrete.

3.3.2. Effect of the Air Curing Condition

As expected, it is clearly seen from Figure 11 that generally, the water-cured concretes exhibited
higher compressive strength than the air-cured concretes. Nevertheless, the main observation is that
at the early age (<28 days), the concretes containing SCMs gained higher compressive strengths of
about 7–12% as a result of water curing, while the respective increment for NAC and RAC was about
19%. However, the strength developed exponentially between the 28- and 90-day period for concretes
with SCMs, which increased at the range of 22–27% as a result of water curing; as the mixes NAC and
RAC had no SCM, the increment was about 18% in the water curing condition. This indicates that the
acceleration of the rate of the hydration in the water curing condition at later stage for concrete mixes
containing SCMs. Similarly, Islam et al. (2016b) [54] and Shafigh et al. (2016) [55] reported that the
water-cured concrete containing pozzolanic materials exhibited a higher rate of increment at the later
age compared to those without pozzolanic materials.
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Figure 11. Effect of curing conditions on the compressive strength of concrete.

3.4. Ultrasonic Pulse Velocity

The ultrasonic pulse velocity (UPV) is a non-destructive test to check the strength and quality
of concrete element by measuring the velocity of an ultrasonic pulse passing through the concrete
element. Figure 12 shows the UPV values for all mixes at the ages of 1, 7, 28 and 90 days under air and
water curing conditions. It can be seen that the UPV values for concrete mixtures prepared from 100%
RA were found to be lower than those made from normal aggregate. After 28 days of water curing, the
UPV value of NAC was 4.60 km/s, and this shows that the concrete is of “excellent” quality, while
the UPV value of 4.31 km/s obtained for RAC exhibits “good” quality concrete [56]. This could be
related to the porous structure of the RA, which led to a reduction in the pulse velocity because of the
impeding effect of air. A similar concept was reported by Trtnik et al. (2009) [57] when they mentioned
that the UPV is influenced by the type of aggregate. In the case of concrete mixes containing SCMs,
at 28 days, the UPV values ranged between 4.05 km/s and 4.49 km/s, and this could be categorized as
“good” quality concrete. After 90 days of water curing, the UPV values of RHA10, RHA20, POFA10
and POCP10 exceeded 4.5 km/s, and hence, it can be inferred that the pozzolanic reaction resulted in
concrete of “excellent” quality. This enhancement could be attributed to the densification effect of the
additional C-S-H gels, which were produced during the pozzolanic reaction after 90 days of curing.
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Figure 13 illustrates the correlation for prediction of the compressive strength based on the UPV
values for concretes containing SCMs. Generally, for all concrete mixes, the UPV improved when the
curing age was increased as a result of the hydration process in concrete. These values are comparable
with the results obtained by Kou et al. (2011) [12] for concrete containing fly ash and silica fume as
SCMs in RA concrete.
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3.5. Splitting Tensile Strength

The results of splitting tensile strength for all mixtures at the ages of 28, 56 and 90 days can be
found in Table 6. The 28 days and 90 days splitting tensile strengths of RAC were found as 3.28 and
3.56 MPa; however, for NAC, as expected, the respective results were slightly higher than RAC, and
the values of 3.5 and 3.87 were obtained at the ages of 28 days and 90 days, respectively. One of the
salient points is that the utilization of 100% RA in concrete did not substantially affect the splitting
tensile strength due to the high quality of parent concrete with compressive strength of about 52 MPa.
Tabsh and Abdelfatah (2009) [58] summarized that RA concrete made from parent concrete with
compressive strength of 50 MPa is as strong as the normal concrete in tensile strength. Another study
by Sagoe-Crentsil et al. (2001) [59] shows that the tensile strength depends mainly on the binder rather
than the aggregate type. In addition, the angular shape of RA minimized the adverse effect on splitting
tensile strength by improving the bond between the aggregate and cement matrix at the interfacial
transition zone (ITZ), which has a substantial role in the tensile strength of concrete. Furthermore, the
failure in NAC mix occurred in the ITZ between the aggregate and cement matrix (the weakest point),
while the weakest point in the RA concrete is the old cement paste; Hence, the failure occurred along
the RA itself rather than the ITZ, as shown in Figure 14. On the other hand, the splitting tensile results
of concretes with SCMs showed a comparable trend with the results of compressive strength at 28 days.
As explained in the compressive strength, the effect of SCMs were felt at a later age, as the 90 days
splitting tensile strengths of the mixes RHA10, RHA20 and POFA10 exhibited enhancement in the
tensile strength by about 108%, 102% and 101%, respectively compared to the RAC. Further, the mix
POCP30 produced the lowest 90 days splitting tensile strength of 3.05 MPa, and it was about 86% of
RAC mix, as shown in Figure 15. The enhancement in the splitting tensile strength of RHA and POFA
concretes could be due to the enhanced microstructure of the bond between the new cement paste and
the RA. Since the RA is more porous than normal aggregates, part of the SCM particles penetrate into
the pores of RA, which subsequently improve the ITZ bonding between the paste and aggregate as
reported by Kou et al. (2011) [12], while the trend of reduced tensile strength of POCP concretes gave
an indication that it was not effective in improving the ITZ between aggregate and cement matrix.
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Table 6. Splitting tensile strength, flexural strength and modulus of elasticity RA concrete
containing SCMs.

Mix
Splitting Tensile Strength (MPa) Flexural Strength (MPa) Modulus of Elasticity (GPa)

28 Days 56 Days 90 Days 28 Days 56 Days 90 Days 28 Days 56 Days 90 Days

NAC 3.5 3.6 3.87 4.50 4.71 4.93 29.5 30.8 31.3
RAC 3.28 3.36 3.56 3.81 4.18 4.36 23 24.6 25.6

RHA10 3.47 3.56 3.85 4.06 4.54 4.90 23.6 25.3 26.7
RHA20 3.39 3.52 3.62 3.66 4.46 4.74 22.8 24.4 25.4
RHA30 2.99 3.22 3.37 3.53 4.05 4.39 20.5 22.2 22.8
POFA10 3.06 3.27 3.61 3.79 4.42 4.72 21.2 23.9 24.3
POFA20 3.08 3.15 3.28 3.53 4.08 4.44 21.1 21.6 22.6
POFA30 2.82 2.94 3.16 3.36 3.72 4.17 19.8 20.7 21.3
POCP10 2.89 2.98 3.20 3.75 4.12 4.46 22.1 22.5 25
POCP20 2.95 3.13 3.17 3.64 3.89 4.40 21.7 22.4 24.4
POCP30 2.80 2.97 3.05 3.3 3.86 3.99 19 20.4 21
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Generally, the results at the age of 28 days showed that the ratio between splitting tensile strength
and compressive strength for NAC is about 8%, while for concretes containing RA and SCMs, it was in
the range between 9% and 11%. After 90 days, the splitting tensile values ranged between 8% and
10% for concretes containing SCMs, which is almost similar to NAC mix with 8%. These results are
comparable with the results published by Çakır (2014) [60] with values ranged from 7.7–11.4% for RA
concrete with mineral additives, such as silica fume and GGBS. In addition, the results indicated that
the ratio between splitting tensile strength and compressive strength decreases when the compressive
strength increases.

Figure 16 shows the splitting tensile strength of RA concretes as a function of the compressive
strength and compared to the reference equation suggested by ACI 318-14 [61] for normal concrete and
the equation suggested by Çakır (2014) [60] on the utilization of RA concrete with mineral additives,
i.e., silica fume and GGBS as SCMs. It can be seen that the splitting tensile strength obtained from
this study for RA concrete blended with RHA, POFA and POCP is lower than that of the values
proposed by ACI 318-14 [61]; however, closer values were obtained from the equations proposed by
Çakır (2014) [60].
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Figure 16. Splitting tensile strength of RA concrete containing SCMs as a function of the
compressive strength.

3.6. Flexural Strength

The effect of SCMs with various replacement levels on flexural strength at the ages of 28, 56 and
90 days is shown in Table 6. After 28 days of water curing, the NAC mix using normal aggregate
showed flexural strength of 4.50 MPa, while the RAC mix with 100% RA showed flexural strength of
3.81 MPa. According to these results, it can be observed that RAC has a flexural strength reduction
of about 15% and follows a trend similar to those results of compressive strength compared to NAC.
A similar trend can be seen, as Sheen et al. (2013) [8] reported about a 10–23% reduction in the flexural
strength for the specimens prepared with RA when compared with control specimens with normal
coarse aggregate. The lower flexural values could be attributed to the weak nature of the RA, which
allows the aggregate to fail faster compared to the cement paste. At the age of 28 days, the results
of RA concrete containing SCMs did not show any improvement in the flexural strength except for
the mix RHA10, which was 4.06 MPa or about 7% higher than the corresponding result for RAC.
However, as in the case of compressive and splitting tensile strengths, after 90 days, the flexural
strengths of RHA10, RHA20 and POFA10 were found to improve, as the flexural strengths of 4.90 MPa,
4.74 MPa and 4.72 MPa or 110%, 106% and 105%, respectively, of the control RAC were obtained.
These results showed that the utilization of RHA up to 20% and POFA at a replacement level of 10%
will improve the flexural strength of RA concrete. Nevertheless, the incorporation of POCP at any
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replacement levels lowered the flexural strength compared to the control specimens, and this could
be attributed to the lower pozzolanic activity of POCP compared to other pozzolanic materials [62].
The substantial increase in the later-age flexural strength of mixes with incorporation of RHA and
POFA as shown in Figure 17 could be attributed chemically to the pozzolanic reaction, which improves
the interfacial bonding between the aggregates and pastes and physically due to the filler effect and
enhanced microstructure of the matrix [63,64].
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Figure 17. Evolution of flexural strength between 28 and 90 days.

Figure 18 demonstrates the relationship between the flexural strength of RA concrete and its
compressive strength compared to the relation suggested by ACI 318-14 [61] in addition to the relation
established by Xiao et al. (2006) [65], who reviewed the flexural strength of the RA concrete obtained
by various researchers. It was found that the flexural strength of RA concrete blended with RHA,
POFA and POCP is lower than that provided by Xiao et al. (2006) [65] and slightly higher than that of
ACI 318-14 [61].Sustainability 2017, 9, 767 18 of 23 
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Figure 18. Flexural strength of RA concrete containing SCMs as a function of the compressive strength.

3.7. Modulus of Elasticity

Table 6 shows the development of static modulus of elasticity at the ages of 28, 56 and 90 days for
all mixes. It was found that the 28, 56 and 90 days moduli of elasticity of RAC and NAC mixes were
about 23, 25 and 26 GPa and 30, 31 and 32 GPa, respectively. These values show that concrete made
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from RA produced about a 19–23% lower modulus of elasticity compared with the normal concrete.
The main reason for the reduction in the modulus of elasticity could be the presence of old mortar
with a relatively low modulus of elasticity; the RA, due to its porosity, affects the modulus of elasticity
of concrete, as its inability to resist the deformation directly influences the modulus of elasticity of
concrete. A similar result was obtained by Etxeberria et al. (2007) [48], who attributed the reduction in
the modulus of elasticity of RA concrete from 32 GPa down to 28.6 GPa (11%) to the lower modulus
of RA than the corresponding modulus of normal aggregate. Nevertheless, Adams et al. (2016) [66]
revealed that RA-based concrete with a low modulus of elasticity is less susceptible to cracking due to
its ability to sustain more deformation. They opined that the residual mortar content in RA particles
has a beneficial effect in reducing the differential strains caused by the differences in the moduli of
elasticity between the cement paste and natural aggregates, which in turn decreases crack propagation
in the ITZ. Thus, there may be a beneficial effect in minimizing the cracks when RA is incorporated
in concrete.

In the case of RA concretes containing RHA, POFA and POCP, the moduli of elasticity values
at the age of 28 days were in the range from 19 GPa–24 GPa for all mixes, regardless of the type
and level of material used to replace the cement. It can be observed that only RHA10 exhibited a
higher 28 days modulus of elasticity value of about 23.6 GPa (about 103%) than that of RAC. After
90 days, the results did not show any significant increase in modulus of elasticity values, as shown
in Figure 19. For example, the results show that RHA10, RHA20 and RHA30 increased 12%, 11%
and 10% between 28 and 90 days, respectively. Moreover, POFA10, POFA20 and POFA30 increased
13%, 6% and 7%, respectively. Furthermore, POCP10, POCP20 and POCP30 increased 12%, 11% and
10%, respectively. On the other hand, the increments in the compressive strength between 28 days
and 90 days, as mentioned in Section 3.3.1, were higher than these values. For instance, POFA10 had
the highest increment of 21% in the case of compressive strength, while it was 13% in the case of the
modulus of elasticity for the same mixture.
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Figure 19. Evolution of the modulus of elasticity between 28 and 90 days.

According to these results, it can be observed that the concrete prepared from 100% RA and
containing SCMs contributed more to the compressive strength than the modulus of elasticity.
The reason attributed to that is that the elastic property of the aggregate has a more significant
effect than the strength of the cement matrix. Therefore, the overall stiffness was largely influenced
when the normal aggregate was fully replaced by RA, and consequently, the modulus of elasticity was
significantly affected. The same concept was observed by Fonseca et al. (2011) [67] as they attributed
the lower modulus of elasticity values of RA concrete to the lower stiffness and higher porosity of
RA compared with normal aggregate. On the other hand, despite partial replacement of cement with
SCMs at different levels, the overall stiffness was not substantially influenced. However, the RA
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concrete with and without SCMs still related to the compressive strength, where the concretes with
higher compressive strength values have higher modulus of elasticity values.

Figure 20 shows the relationship between modulus of elasticity determined based on cylinder
samples of Ø150 mm and 300 mm in length, as well as the cylinder compressive strength. It can be
seen that, generally, the modulus of elasticity values of RA concretes with and without SCMs are less
than the values predicted by ACI 318-14 [61]. Besides, it can be seen that the equation proposed by
Tangchirapat et al. (2008) [34] for concrete made from 100% RA and RHA predicts modulus of elasticity
values closer to the values of this study. According to Silva et al. (2016) [68], RA concretes were
expected to present a parallel development of the modulus of elasticity regardless of SCM contents.
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4. Conclusions

Based on the results of using different by-products from different industries as sustainable SCMs
in RA concrete, the following conclusions can be observed,

(1) The hardened properties decreased by 21%, 7%, 14% and 21% for compressive strength, splitting
tensile strength, flexural strength and modulus of elasticity, respectively, when the normal
aggregates were fully replaced by recycled aggregates.

(2) The RHA, POFA and POCP with high fineness are reactive pozzolanic materials and can be
utilized to achieve the required 30 MPa compressive strength for recycled aggregate concrete
after 90 days of water curing by replacing the ordinary Portland cement at levels up to 30%.

(3) The RHA improved the compressive strength of the concrete at all ages, whereas the beneficial
effect of POFA and POCP has been noticed at the age of 90 days of water curing.

(4) The splitting tensile strength and flexural strength of recycled aggregate concrete improved by
utilization of RHA up to 20% and POFA at a replacement level of 10%.

(5) The use of RHA, POFA and POCP in recycled aggregate concrete has no significant effect on the
modulus of elasticity, where the elastic properties of the aggregate have a more significant effect
on the concrete’s modulus of elasticity than the strength of the cement matrix.

(6) Generally, the strength evolution between 28 days and 90 days was more prominent for concretes
containing SCMs. For instance, the increments of compressive, splitting tensile and flexural
strengths for concretes containing SCMs were found in the ranges of 12–22%, 6–15% and 16–23%,
respectively, regardless of the type and ratio of SCM used in contrast to the corresponding
increments of 6%, 8% and 14% for RAC mix without SCMs; this indicates that the pozzolanic
reaction between SiO2 and Ca(OH)2 to form additional C-S-H gel takes place after a relatively
long curing period of 90 days.
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Based on the findings of this study, it can be demonstrated that the utilization of industrial
by-products as supplements to conventional cement is feasible in 100% RA-based concrete. Further,
the benefits of sustainable SCMs are not only constrained to the technical effects on the concrete, but
also through their vital impact on the economic and environmental aspects. The incorporation of
such products serves as an avenue to reduce the volume of waste dumped in the vicinity of factories
and at the same time would reduce the exploitation of natural resources. Therefore, minimizing
the deleterious impact of the construction industry on the environment and keeping the movement
towards more environmentally-conscientious building materials would pave the way for achieving
sustainability in the concrete industry. The cost-benefits of incorporating sustainable materials into
concrete differ for each application and depend on the availability of these materials. The widespread
acceptance of waste materials and industrial by-products by the concrete industry can be facilitated
by filling the knowledge gaps that currently exist with respect to the myriad of potential alternatives.
However, further research is recommended to study the contribution of non-traditional SCMs to the
economic aspect and their effect on the greenhouse gas emission. In addition, research on the durability
and performance of concrete incorporating non-traditional materials is vital.
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10. Akça, K.R.; Çakır, Ö.; İpek, M. Properties of polypropylene fiber reinforced concrete using recycled aggregates.
Constr. Build. Mater. 2015, 98, 620–630. [CrossRef]

11. Safiuddin, M.; Alengaram, U.J.; Rahman, M.M.; Salam, M.A.; Jumaat, M.Z. Use of recycled concrete aggregate
in concrete: A review. J. Civ. Eng. Manag. 2013, 19, 796–810. [CrossRef]

12. Kou, S.C.; Poon, C.S.; Agrela, F. Comparisons of natural and recycled aggregate concretes prepared with the
addition of different mineral admixtures. Cem. Concr. Compos. 2011, 33, 788–795. [CrossRef]

http://dx.doi.org/10.1016/j.cemconcomp.2014.11.003
http://dx.doi.org/10.1016/j.cemconres.2011.03.019
http://dx.doi.org/10.1016/j.jclepro.2012.10.049
http://dx.doi.org/10.1016/j.cemconres.2011.03.016
http://dx.doi.org/10.1016/j.cemconres.2007.09.008
http://dx.doi.org/10.1016/j.conbuildmat.2014.09.069
http://dx.doi.org/10.1016/j.conbuildmat.2014.12.035
http://dx.doi.org/10.1016/j.conbuildmat.2013.03.072
http://dx.doi.org/10.3390/su2051204
http://dx.doi.org/10.1016/j.conbuildmat.2015.08.133
http://dx.doi.org/10.3846/13923730.2013.799093
http://dx.doi.org/10.1016/j.cemconcomp.2011.05.009


Sustainability 2017, 9, 767 21 of 23

13. Limbachiya, M.; Meddah, M.S.; Ouchagour, Y. Use of recycled concrete aggregate in fly-ash concrete.
Constr. Build. Mater. 2012, 27, 439–449. [CrossRef]

14. Islam, M.M.U.; Mo, K.H.; Alengaram, U.J.; Jumaat, M.Z. Durability properties of sustainable concrete
containing high volume palm oil waste materials. J. Clean. Prod. 2016, 137, 167–177. [CrossRef]

15. Ahmmad, R.; Alengaram, U.J.; Jumaat, M.Z.; Sulong, N.R.; Yusuf, M.O.; Rehman, M.A. Feasibility
study on the use of high volume palm oil clinker waste in environmental friendly lightweight concrete.
Constr. Build. Mater. 2017, 135, 94–103. [CrossRef]

16. Chao-Lung, H.; le Anh-Tuan, B.; Chun-Tsun, C. Effect of rice husk ash on the strength and durability
characteristics of concrete. Constr. Build. Mater. 2011, 25, 3768–3772. [CrossRef]

17. Mo, K.H.; Ling, T.C.; Alengaram, U.J.; Yap, S.P.; Yuen, C.W. Overview of supplementary cementitious
materials usage in lightweight aggregate concrete. Constr. Build. Mater. 2017, 139, 403–418. [CrossRef]

18. FAOSTAT. Food and Agriculture Organization of the United Nations Statistic Division (FAOSTAT)
Domains—Crops: Rice paddy, Production Quantity, World Total. 2012. Available online: http://www.fao.
org/faostat/en/#data/QC (accessed on 10 February 2017).

19. Rozainee, M.; Ngo, S.; Salema, A.A.; Tan, K. Fluidized bed combustion of rice husk to produce amorphous
siliceous ash. Energy Sustain. Dev. 2008, 12, 33–42. [CrossRef]

20. United States Department of Agriculture. Census of Agriculture: United States Summary and State Data;
Volume 1, Geographic Area Series, Part 51. Available online: https://www.agcensus.usda.gov/Publications/
2012/Full_Report/Volume_1,_Chapter_1_US/usv1.pdf (accessed on 10 February 2017).

21. Gursel, A.P.; Maryman, H.; Ostertag, C. A life-cycle approach to environmental, mechanical, and durability
properties of “green” concrete mixes with rice husk ash. J. Clean. Prod. 2016, 112, 823–836. [CrossRef]

22. Ziegler, D.; Formia, A.; Tulliani, J.M.; Palmero, P. Environmentally-Friendly Dense and Porous Geopolymers
Using Fly Ash and Rice Husk Ash as Raw Materials. Materials 2016, 9, 466. [CrossRef]

23. Karim, M.R.; Hossain, M.M.; Khan, M.N.N.; Zain, M.F.M.; Jamil, M.; Lai, F.C. On the utilization of pozzolanic
wastes as an alternative resource of cement. Materials 2014, 7, 7809–7827. [CrossRef]

24. Sata, V.; Jaturapitakkul, C.; Kiattikomol, K. Influence of pozzolan from various by-product materials on
mechanical properties of high-strength concrete. Constr. Build. Mater. 2007, 21, 1589–1598. [CrossRef]

25. Nagaratnam, B.H.; Rahman, M.E.; Mirasa, A.K.; Mannan, M.A.; Lame, S.O. Workability and heat of hydration
of self-compacting concrete incorporating agro-industrial waste. J. Clean. Prod. 2016, 112, 882–894. [CrossRef]

26. Yusoff, S. Renewable energy from palm oil-innovation on effective utilization of waste. J. Clean. Prod. 2006,
14, 87–93. [CrossRef]

27. Mohammed, M.; Salmiaton, A.; Azlina, W.W.; Amran, M.M.; Fakhru’l-Razi, A.; Taufiq-Yap, Y. Hydrogen rich
gas from oil palm biomass as a potential source of renewable energy in Malaysia. Renew. Sustain. Energy Rev.
2011, 15, 1258–1270. [CrossRef]

28. Alengaram, U.J.; Mohottige, N.H.; Wu, C.; Jumaat, M.Z.; Poh, Y.S.; Wang, Z. Response of oil palm shell
concrete slabs subjected to quasi-static and blast loads. Constr. Build. Mater. 2016, 116, 391–402. [CrossRef]

29. Bashar, I.I.; Alengaram, U.J.; Jumaat, M.Z.; Islam, A.; Santhi, H.; Sharmin, A. Engineering properties
and fracture behaviour of high volume palm oil fuel ash based fibre reinforced geopolymer concrete.
Constr. Build. Mater. 2016, 111, 286–297. [CrossRef]

30. Ranjbar, N.; Behnia, A.; Alsubari, B.; Birgani, P.M.; Jumaat, M.Z. Durability and mechanical properties of
self-compacting concrete incorporating palm oil fuel ash. J. Clean. Prod. 2016, 112, 723–730. [CrossRef]

31. Safiuddin, M.; Raman, S.N.; Abdus Salam, M.; Jumaat, M.Z. Modeling of compressive strength for
self-consolidating high-strength concrete incorporating palm oil fuel ash. Materials 2016, 9, 396. [CrossRef]

32. Johari, M.M.; Zeyad, A.; Bunnori, N.M.; Ariffin, K. Engineering and transport properties of high-strength
green concrete containing high volume of ultrafine palm oil fuel ash. Constr. Build. Mater. 2012, 30, 281–288.
[CrossRef]

33. Kanadasan, J.; Abdul Razak, H. Utilization of palm oil clinker as cement replacement material. Materials
2015, 8, 8817–8838. [CrossRef]

34. Tangchirapat, W.; Buranasing, R.; Jaturapitakkul, C.; Chindaprasirt, P. Influence of rice husk–bark ash on
mechanical properties of concrete containing high amount of recycled aggregates. Constr. Build. Mater. 2008,
22, 1812–1819. [CrossRef]

http://dx.doi.org/10.1016/j.conbuildmat.2011.07.023
http://dx.doi.org/10.1016/j.jclepro.2016.07.061
http://dx.doi.org/10.1016/j.conbuildmat.2016.12.098
http://dx.doi.org/10.1016/j.conbuildmat.2011.04.009
http://dx.doi.org/10.1016/j.conbuildmat.2017.02.081
http://www.fao.org/faostat/en/#data/QC
http://www.fao.org/faostat/en/#data/QC
http://dx.doi.org/10.1016/S0973-0826(08)60417-2
https://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,_Chapter_1_US/usv1.pdf
https://www.agcensus.usda.gov/Publications/2012/Full_Report/Volume_1,_Chapter_1_US/usv1.pdf
http://dx.doi.org/10.1016/j.jclepro.2015.06.029
http://dx.doi.org/10.3390/ma9060466
http://dx.doi.org/10.3390/ma7127809
http://dx.doi.org/10.1016/j.conbuildmat.2005.09.011
http://dx.doi.org/10.1016/j.jclepro.2015.05.112
http://dx.doi.org/10.1016/j.jclepro.2004.07.005
http://dx.doi.org/10.1016/j.rser.2010.10.003
http://dx.doi.org/10.1016/j.conbuildmat.2016.04.103
http://dx.doi.org/10.1016/j.conbuildmat.2016.02.022
http://dx.doi.org/10.1016/j.jclepro.2015.07.033
http://dx.doi.org/10.3390/ma9050396
http://dx.doi.org/10.1016/j.conbuildmat.2011.12.007
http://dx.doi.org/10.3390/ma8125494
http://dx.doi.org/10.1016/j.conbuildmat.2007.05.004


Sustainability 2017, 9, 767 22 of 23

35. Tangchirapat, W.; Khamklai, S.; Jaturapitakkul, C. Use of ground palm oil fuel ash to improve strength,
sulfate resistance, and water permeability of concrete containing high amount of recycled concrete aggregates.
Mater. Des. 2012, 41, 150–157. [CrossRef]

36. ASTM International. Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in
Concrete; ASTM C618-12a; ASTM International: West Conshohocken, PA, USA, 2012.

37. Department of the Environment. Design of Normal Concrete Mixes; Building Research Establishment: Watford,
UK, 1988.

38. BSI Standard. Concrete—Specification, Performance, Production and Conformity; BS EN 206-1:2000; BSI Standard
Publications: London, UK, 2000.

39. ASTM International. Standard Test Method for Slump of Hydraulic-Cement Concrete; ASTM C143/C143M-15;
ASTM International: West Conshohocken, PA, USA, 2015.

40. BSI Standard. Testing harden concrete. Compressive Strength of Test Specimens; BS EN 12390-3; BSI Standard
Publications: London, UK, 2009.

41. ASTM International. Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point
Loading); ASTM C78/C78M-15a; ASTM International: West Conshohocken, PA, USA, 2015.

42. ASTM International. Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens;
ASTM C496/C496M-11; ASTM International: West Conshohocken, PA, USA, 2011.

43. ASTM International. Standard Test Method for Static Modulus of Elasticity and Poisson’s Ratio of Concrete in
Compression; ASTM C469/C469M-14; ASTM International: West Conshohocken, PA, USA, 2014.

44. ASTM International. Standard Test Method for Pulse Velocity through Concrete; ASTM C597-09; ASTM
International: West Conshohocken, PA, USA, 2009.

45. Safiuddin, M.; Alengaram, U.J.; Salam, A.; Jumaat, M.Z.; Jaafar, F.F.; Saad, H.B. Properties of high-workability
concrete with recycled concrete aggregate. Mater. Res. 2011, 14, 248–255. [CrossRef]

46. Alsubari, B.; Shafigh, P.; Jumaat, M.Z. Development of Self-Consolidating High Strength Concrete
Incorporating Treated Palm Oil Fuel Ash. Materials 2015, 8, 2154–2173. [CrossRef]

47. López-Gayarre, F.; Serna, P.; Domingo-Cabo, A.; Serrano-López, M.; López-Colina, C. Influence of recycled
aggregate quality and proportioning criteria on recycled concrete properties. Waste Manag. 2009, 29,
3022–3028. [CrossRef] [PubMed]

48. Etxeberria, M.; Vázquez, E.; Marí, A.; Barra, M. Influence of amount of recycled coarse aggregates and
production process on properties of recycled aggregate concrete. Cem. Concr. Res. 2007, 37, 735–742.
[CrossRef]

49. Andreu, G.; Miren, E. Experimental analysis of properties of high performance recycled aggregate concrete.
Constr. Build. Mater. 2014, 52, 227–235. [CrossRef]

50. Sata, V.; Jaturapitakkul, C.; Kiattikomol, K. Utilization of palm oil fuel ash in high-strength concrete. J. Mater.
Civ. Eng. 2004, 16, 623–628. [CrossRef]

51. Alsubari, B.; Shafigh, P.; Jumaat, M.Z. Utilization of high-volume treated palm oil fuel ash to produce
sustainable self-compacting concrete. J. Clean. Prod. 2016, 137, 982–996. [CrossRef]

52. Mujah, D. Compressive strength and chloride resistance of grout containing ground palm oil fuel ash.
J. Clean. Prod. 2016, 112, 712–722. [CrossRef]

53. Kou, S.C.; Poon, C.S. Long-term mechanical and durability properties of recycled aggregate concrete prepared
with the incorporation of fly ash. Cem. Concr. Compos. 2013, 37, 12–19. [CrossRef]

54. Islam, M.M.U.; Mo, K.H.; Alengaram, U.J.; Jumaat, M.Z. Mechanical and fresh properties of sustainable oil
palm shell lightweight concrete incorporating palm oil fuel ash. J. Clean. Prod. 2016, 115, 307–314. [CrossRef]

55. Shafigh, P.; Nomeli, M.A.; Alengaram, U.J.; Mahmud, H.B.; Jumaat, M.Z. Engineering properties of
lightweight aggregate concrete containing limestone powder and high volume fly ash. J. Clean. Prod.
2016, 135, 148–157. [CrossRef]

56. Saint-Pierre, F.; Philibert, A.; Giroux, B.; Rivard, P. Concrete Quality Designation based on Ultrasonic Pulse
Velocity. Constr. Build. Mater. 2016, 125, 1022–1027. [CrossRef]
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