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Abstract
Global concrete demand is causing depletion of natural resources at an alarming rate. Self-compacting concrete (SCC) 
is an innovative solution as it uses less aggregates; however, the drawback of SCC is that high cement content is required 
compared to conventional concrete. Considering that cement production emits 7% of carbon dioxide (CO2) gas emissions, 
the use of high content of cement in SCC production is concerning. Though the high powder content of SCC may be of a 
concern, however, it allows the opportunity to substitute the cement content with supplementary cementitious materials. 
This experimental work was therefore conducted to reduce the cement content by substituting it with waste materials, such 
as eggshell powder (ESP) and palm oil fuel ash (POFA), and develop an eco-efficient SCC. The cement content was partially 
substituted by 0 to 5% ESP and 0 to 15% POFA by weight of total binder. A total of 90 cubes of 100 mm and 60 cylinders 
of 100 × 200 mm dimension were prepared to evaluate the compressive and splitting tensile strengths, modulus of elastic-
ity, and Poisson’s ratio. Furthermore, the environmental impact assessment was conducted to assess the embodied CO2 and 
eco-strength efficiency of the developed eco-efficient SCC. It was found that the combination of POFA and ESP increased 
pozzolanic reactivity, developing additional calcium silicate hydrate gels, thus increasing strength. The combination of 2.5% 
ESP and 5% POFA (a total of 7.5% cement substitution) was deemed to be the optimal combination as it provided better 
strength in SCC after 28 days of curing, which leads to 9.66% higher compressive strength than the control SCC. Further-
more, the developed SCC was observed to be eco-friendly as it reduced embodied carbon ranging from 3.86 to 15.33% and 
eco-efficiency ranging from 2.38 to 15.48% on 28 days compared to the control SCC.

Keywords  Alternative binders · Eco-efficient concrete · Self-compacting concrete · Supplementary cementitious materials · 
Sustainable concrete · Sustainability analysis · Cost–benefit analysis
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1  Introduction

Self-compacting concrete (SCC) is an innovative concrete 
that was first developed in the mid-1980s. Its popularity 
has increased due to its workability as it can flow under its 
weight, correctly filling the formwork even in the presence 
of congested reinforcement without vibration [1]. The ben-
efits of SCC limited volume and nominal maximum size of 
coarse aggregate, superplasticizers presented in the design 
requirements to achieve self-compatibility [2]. However, 
the aggregate content reduction causes higher volume of 
binder to be used, which could lead to higher shrinkage 
[3], and also increases the cost of construction due to the 
higher price of ordinary Portland cement (OPC).

It has been reported that approximately 4.1 billion met-
ric tons of OPC, a vital ingredient of concrete, is produced 
annually worldwide [4]. The production of which con-
tributes to almost 5 to 7% of carbon dioxide (CO2), total 
global gas emissions [5, 6]. It is estimated that approxi-
mately 1 ton of CO2 gas is emitted upon production of 
same amount of OPC [7–10]. The processes involved 
in the clinker contribute to 90% of the CO2 emissions, 
while the rest is attributed to the CO2 emissions due to 
other manufacturing processes and transportation. The 
ever-growing demand of OPC for concrete production has 
raised environmental alarms and as such researchers have 
focused on developing alternative binders and eco-efficient 
sustainable concrete. Sustainable concrete can be achieved 
by either utilizing waste materials for environmental con-
servation or by energy efficiency reducing the amount of 
CO2 emissions [3, 11].

The increasing generation of solid wastes has caused 
severe challenges for both developing and developed coun-
tries to management these wastes [12]. The waste materi-
als are classified into three major groups as shown in Fig. 1 

[13]. The scarcity of land and increase in waste generation 
and disposal have caused environmental awareness. This is 
creating a need for alternative solutions. In order to resolve 
both waste management and environmental problems, one 
potential solution is the use of waste materials in concrete.

Tropical countries like Malaysia and Indonesia cultivate 
palm trees to produce and export palm oil. The palm oil 
produced by Malaysia, Indonesia and Thailand totals up to 
approximately 90% of the world’s palm oil production as 
shown in Fig. 2. According to Voora et al. [14] and Malay-
sian Palm Oil Council [15], approximately 18.47 million 
tons of crude palm oil was produced by Malaysia alone in 
2019, and the production is expected to increase due to an 
increase in palm tree plantations. The palm oil production 
generates several types of wastes, out of which Palm Oil 
Fuel Ash (POFA) has serious implications for the environ-
ment and on the health of residents [16]. Once the oil is 
extracted from the palm fruit, the empty palm fruits along 
with the husk and shells are burnt as boiler fuel to generate 
electricity for the mill. POFA is the waste by-product of this 
process. According to Tangchirapat [17], POFA is classified 
as agro-waste ash from palm oil residue. Once generated, 
POFA has no further beneficial use and thus is disposed-off 
in landfills. Solid wastes, especially those produced in ash 
form, are seldom utilized; thus, through associated envi-
ronmental pollution, these waste materials pose a serious 
ecological problem.

With the increase in production of palm oil, the genera-
tion of POFA has also increased. In a duration of six years, 
the number of landfills has increased from 148 in 1998 to 
161 in 2004 [19, 20]. With landfill space running out and the 
cost of landfills skyrocketing, alternative ways to get rid of 
agricultural waste are becoming more appealing. Recycling 
waste materials, as partially OPC substitutes, reduces the 
cost and the demand for OPC, while reducing solid waste 
disposal and the environmental impacts is associated with 

Fig. 1   Illustration of major classification of waste materials
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open air landfill disposals [13]. Potential alternatives instead 
of landfill disposal have been found by various researchers 
[21, 22]. One potentially beneficial alternative is the uti-
lization of POFA as supplementary cementitious material 
(SCM) in the manufacturing of concrete. POFA has been 
used as SCM and OPC replacement since the 1990s when 
Tay used POFA in unground form. The influence of grind-
ing was observed, in which reduced pozzolanic activity was 
achieved when ungrounded POFA was utilized and therefore 
10% ungrounded POFA was advised to be used in concrete. 
This was attributed to the fact that without proper grind-
ing of POFA, it contained significantly larger particles and 
a porous structure [23]. The pozzolanic property of POFA 
can be enhanced if POFA is ground into fine particles. 
Ground POFA was used to replace OPC in the production 
of concrete, and it was observed that 20% POFA achieved 
slightly higher compressive strength. Further increase in 
POFA content resulted in loss in strength [23]. The work-
ability decreased with the increase in POFA, which was also 
noticed.

In a study to determine the pozzolanic reaction on the 
strength of mortars, OPC content was substituted with 
POFA from 10 to 40% by weight of the binder [24], which 
resulted in an increase ranging from 0.1 to 4.5 MPa and 
2.5 to 22.5  MPa in the compressive strength on 7 and 
90 days, respectively. The observations validated that the 
POFA causes small increases in strength at an early age 
and while at a later age, significant increases in strength. 
Idris et al. [25] studied the strength performance of foamed 
palm oil clinker concrete, which had OPC partially replaced 

with POFA. The strength of concrete was tested after 7- 
and 28-day curing. It was found that concrete strength was 
strongly influenced by POFA content, while 10% POFA suc-
cessfully enhanced the strength of lightweight concrete [25]. 
The incorporation of 10 to 20% POFA as SCM and its effect 
on the durability performance and mechanical properties of 
SCC were studied [26]. The results indicated that the work-
ability of SCC reduced significantly, while its resistance to 
acidic and sulphate attack increased with the addition of 
POFA. Furthermore, the early strength gain was lower than 
the control sample; however, the final strength was observed 
to be comparable to that of the normal concrete.

Due to its pozzolanic nature and abundance, POFA has 
been popular SCM, but the replacement percentage rate 
is restricted to 10 to 25% [27]. The strength gain with the 
utilization of POFA is due to the pozzolanic reaction that 
is triggered when added along with OPC and in the pres-
ence of water. The high silica content consumes calcium 
hydroxide, Ca(OH)2, provided by OPC, and this develops a 
calcium silicate hydride (C–S–H) layer, which is responsi-
ble for strength gain. But OPC has limited freely available 
Ca(OH)2 that can be consumed by POFA during pozzo-
lanic reaction. Higher content and enhanced fineness of 
the pozzolanic material cause reduction in Ca(OH)2 con-
tent while simultaneously improving concrete’s resistance 
to sulphate [28]. Past researchers have, however, provided 
a limit to the POFA content in concrete. It has been proved 
that up to 20% OPC replacement using POFA achieved 
satisfactory strength and properties. Further increase in 
replacement results in decreased strength and adversely 

Fig. 2   Palm oil producers in 
2016 [18]
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affects other properties significantly. This has been attrib-
uted to limited freely available Ca(OH)2 provided by OPC, 
which is required during pozzolanic reaction. In order to 
increase the incorporation of higher POFA in concrete, 
an additional secondary source of Ca(OH)2 is required. 
This can be provided with the addition of calcium-rich 
ESP. Though POFA is known to be silica rich, however, 
the exact amount of SiO2 varies from source to source as 
shown in Table 1.

Another waste that is generated in abundance not only in 
Malaysia but the whole world is eggshells. Eggs are inex-
pensive and full of nutrients and are consumed worldwide. 
According to MDV [35], Malaysia consumed approximately 
9.47 billion eggs in 2019, with 25.95 million being con-
sumed daily. As for year 2020, approximately 11.80 billion 
eggs are estimated to be  consumed. Thus, it is expected 
that the consumption of eggs will keep on increasing over 
the years. Eggs are typically huge in size, roughly weighing 
around 1.85 oz (52.23 g) [36]. If an egg is to be broken up, 
the eggshells would weigh approximately 5.75 g, which is 
11% of the total weight of the egg [36, 37]. If all 25.95 mil-
lion eggs, which were consumed daily in Malaysia in 2019, 
were medium-size brown chicken eggs, it would generate 
approximately 149.10 tonnes of eggshells. The eggshell is 
composed of calcium, magnesium carbonate (lime) and pro-
tein [38]. Due to its chemical composition and abundance, 
the disposal of eggshells causes significant environmental 
pollution as well as affects the well-being of humans [39]. 
Therefore, researchers have attempted to utilize eggshells in 
order to reduce their environmental impacts. The chemical 
analysis of ESP tabulated in Table 1 shows that the ESP has 
almost similar calcium oxide (CaO) content as OPC, making 
it a potential OPC replacement material. An experimental 
study was conducted on the effect of ESP on the properties 
of concrete [40]. The OPC was replaced with 2.5 to 12.5% 
with an increment of 2.5%. The optimum dosage of ESP 
was found to be 7.5% at which the maximum  strength was 

achieved. However, a further increase in the percentage of 
ESP reduced the strength.

The impact of curing methods on the strength of con-
crete incorporating ESP was studied [19], in which differ-
ent curing regimes and different percentages of ESP (5%, 
10%, 15% and 20%) were used to substitute OPC content, 
and water–cement ratio of 0.45 was used. The concrete with 
15% ESP achieved higher early strength as well as final 
compressive strength as compared to controlled concrete 
specimen. It was also noticed that there was a slight dif-
ference between the compressive strength obtained by the 
specimens with water-cured condition and air-cured condi-
tion. While the water-cured is still the best method to obtain 
excellent strength development, the air-curing method can 
be applied as it still achieves higher compressive strength 
than the controlled specimen. Another study [34] found 
that 5% ESP replacement showed higher strength than the 
strength of control concrete, thus indicating that 5% ESP is 
an optimum level for replacement. Similar findings have also 
been reported by Gowsika et al. [38].

Since both the waste materials, POFA and ESP, have high 
silica and calcium contents separately, it is reasonable to 
assume that they are both helpful in solving the issue of each 
other’s weaknesses in concrete. There is a hypothesis that 
reactive silica foamed concrete with a mix of POFA could 
be prepared where ESP can be used as the bio-concrete 
supplement [41]. As such, based upon this hypothesis, few 
researches have been conducted on the combined utilization 
of POFA and ESP as partial OPC replacement materials, as 
shown in Table 2.

The combined utilization of POFA and ESP has helped 
to reduce the OPC content to further levels than the waste 
materials could do individually. Besides enhancing mechani-
cal properties, the combined POFA and ESP has reduced the 
thermal conductivity, which could be effective when produc-
ing thermal insulating building materials to combat raising 
Urban Heat Island effect. It has been found that a combined 
utilization could successfully replace 50% OPC content [20] 

Table 1   Chemical composition 
of OPC, POFA and ESP

Binder Ref CaO SiO2 Al2O3 MgO Na2O SO3 P2O5 K2O Fe2O3

OPC [29] 64.34 19.90 4.30 2.04 0.31 2.88 0.13 1.05 4.24
[30] 63.80 21.40 5.10 0.36 0.14 3.38 – 1.88 2.60
[31] 63.95 20.61 3.95 1.93 – 3.62 – – 3.46

POFA [30] 9.20 53.30 1.90 4.10 1.30 – 2.40 6.10 1.90
[25] 5.91 51.55 4.64 2.44 0.07 – – 5.50 8.64
[26] 5.80 64.17 3.73 4.87 0.18 – 5.18 8.25 6.33
[31] 8.10 51.83 2.32 3.13 – 2.23 4.30 13.72 7.60

ESP [32] 50.70 0.09 0.03 0.01 0.19 0.57 0.24 – 0.02
[33] 46.69 0.12 0.49 0.18 0.19 0.57 – 0.21 0.32
[34] 52.10 0.08 0.03 0.01 0.15 0.62 – – 0.02
[31] 88.76 1.63 – 0.91 – 0.81 – 0.24 0.05
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in foamed concrete. However, its influence on a high powder 
content concrete like SCC is yet to be studied. From Table 2, 
it can be observed that the combined utilization is feasible 
and results in enhanced properties if correct combination of 
content is utilized. Furthermore, the limited literature on the 
combined POFA and ESP utilization in concrete does not 
contain the environmental impact assessment. For the pro-
motion and adaptivity of any building material containing 
such materials, environmental impact assessment is neces-
sary. Therefore, this experimental work aims at substituting 
OPC content with blended POFA and ESP, studying their 
influence on the fresh and mechanical properties and provid-
ing the environmental impact assessment.

2 � Research Methodology

2.1 � Materials

To produce a typical SCC, OPC, fine aggregates (FA) and 
coarse aggregates (CA), water and superplasticizer (SP) are 
used. However, in this study, ESP and POFA are utilized as 
partial binders, substituting OPC content. Eggshells were 
collected from Federal Agricultural Marketing Authori-
ties (FAMA), Rengit and bakery shops around Parit Raja, 
Malaysia. The eggshells were washed to remove the protein 
membrane within the eggshell. Then, those eggshells were 
dried under the sun and in an oven afterwards at a tem-
perature of 105 ± 5 °C for 24 h to remove the moisture. In 
the laboratory, the eggshells were crushed into small pieces 
and were powdered after the drying process. The ESP was 
passed through a sieve of 300 μm to remove the big or coarse 
particles of the eggshell and then passed through a sieve size 
of 75 μm.

The POFA, which was used in this study, is an ash that is 
produced by burning palm oil husk and palm kernel shell in 
a palm oil mill’s steam boiler and was collected from Ban 
Dung Palm Oil Mill, Parit Sulong, Malaysia. Since POFA 
is a waste product, it is disposed of in open landfills, as such 
it is open to moisture and other impurities. Therefore, the 
POFA was filtered through a specially selected 300-μm sieve 
to remove any impurities that may be present. Additionally, 
it was dried to remove any moisture that may be present, in 
an oven at a temperature of 105 ± 5 °C for 24 h [46]. The 
POFA was then ground into fine particles using a Los Ange-
les Abrasion Machine such that the POFA passed through 
a 75 μm sieve. The fineness of OPC, a binder material, sig-
nificantly impacts the strength of the concrete [47]. Both 
POFA and ESP are to be used as binder materials, substitut-
ing OPC; therefore, the fineness should be similar to OPC. 
Thus, only fine POFA and ESP which passed 75 μm were 
used in the current study. After the sieving process, POFA 
was kept in a container to maintain the moisture content. The 
preparation process of ESP and POFA is shown in Fig. 3. 
For this experimental work, locally available FA and CA 
were utilized whose properties are shown in Table 3. After 
sieving the aggregates through appropriate sieves, they were 
kept in airtight plastic bags until casting.

2.2 � Mix Proportions and Mixing Procedure

In this experimental investigation, the concrete grade 35 was 
chosen according to the wide application of normal struc-
tural use in the construction industry for creating external 
walls and slabs, as well as for the structural piling as com-
mercial concrete [48]. The first mixture was set as SCC 
control with 0% replacement of ESP and 0% replacement 
of POFA. The mix proportions and the materials required 
to produce 1 m3 SCC concrete are tabulated in Table 4. The 

Table 2   Summary on the findings of research on blended use of POFA and ESP in concrete

Ref % of OPC substitution Findings

[42] 0–10% POFA
0–10% ESP

Higher strength than the initial OPC. The concrete exhibited the highest strength with 6% ESP and 4% POFA. 
While POFA–ESP replacement reduced hardness, the higher water demand of fine POFA caused more work-
ability issues

[43] 20–35% POFA
5–15% ESP

Combined use of POFA–ESP reduced the workability, which was attributed to finer binder materials (POFA 
and ESP), which have increased water absorption and ultimate product quality

[44, 45] 20% POFA
5–10% ESP

By replacing the OPC with a POFA–ESP structure, the concrete loosens, allowing the beam displacement, 
thus resulting in an increase of 14% in the tensile strength compared to control beam. The results from the 
ABAQUS simulation showed a difference of 10% when compared with the experimental results

[31] 30–35% POFA
5–15% ESP

Early-age strength was comparatively lower for the mixes incorporating POFA–ESP to the control mix. The 
secondary C–S–H layer was developed over time due to the pozzolanic reaction, which allowed the strength 
to improve up to 12.57%. It was observed that adding POFA and ESP caused the tensile strength to decrease. 
The reduced air voids helped with the development of the foam in the concrete

[20] 30–35% POFA
5–15% ESP

POFA–ESP mixes lowered the thermal conductivity value between 20.73 and 42.68% compared to the control 
mix. The maximum reduction was achieved with a 30% POFA and 5% ESP combination. However, higher 
POFA content mixes turned the samples darker and thus exhibited higher surface temperatures
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method used in this study follows the general practices for 
SCC from EFNARC [49]. The batched amount was cal-
culated based on the amount of concrete required to cast 
cubes, cylinders and prisms while considering the capacity 

of the free-fall mixer. The amount of concrete was increased 
by 10% to account for losses that might occur during mix-
ing and testing. Figure 4 illustrates the mixing procedure 
employed in the current study.

2.3 � Testing Procedure

2.3.1 � Fresh‑State Properties

The purpose of the fresh properties is to determine whether 
the addition of POFA and ESP can affect the workabil-
ity of the SCC. An alternative method is the addition of a 

Fig. 3   Preparation steps of a ESP and b POFA

Table 3   Physical properties of aggregates

Property FA CA

Water absorption (%) 1.07 1.26
Specific gravity 2.63 2.55
Maximum size (mm) 4.75 19.5
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viscosity-modifying admixture to increase the workability 
of SCC [50]. There are three governing factors for the work-
ability of SCC. These factors are the filling ability, the pass-
ing ability and the segregation resistance. The parameters 
are essentially influential in obtaining high workability for 
the design mix of SCC.

The slump flow test determines the horizontal flow of 
SCC in concrete without obstructions, and it indicates con-
crete’s ability to fill. The passing ability of fresh concrete 
was also tested. The results met the EFNARC 2005 stand-
ards [49]. The J-ring test determines the ability of concrete 
to pass under its own weight without vibrating and filling the 
spaces within an intricate framework. J-ring flow of all spec-
imens met the requirement. Sieve separation strength is used 
to assess SCC’s capability to self-segregate. The test aims at 
testing the fraction of fresh SCC that passes through a 5 mm 
sieve. All the mix proportions achieved the requirements.

2.3.2 � Physicochemical Properties

The chemical composition of binder materials (OPC, POFA 
and ESP) used in SCC was determined by X-ray fluorescence 

(XRF) in accordance with the ASTM C114 [51]. The sam-
ples of OPC, POFA and ESP were prepared to be pallet 
shape. Each ground sample weighed 8 g and 2 g wax placed 
into the sample die set. Then, the plunger was inserted to 
press the pallet samples until pressure gauge reached 15 ton. 
The sample is left for a couple of seconds and valve slowly 
turns to venting the position slowly. After that, the top bol-
ster unscrewed to take the die set out the sample press. Then, 
the pallet samples were placed in the desiccator to analyse 
the result. The physical properties of binder materials were 
determined in terms of particle size analysis, surface mor-
phology, and specific gravity.

2.3.3 � Mechanical Properties

The mechanical properties of hardened-state SCC were 
determined in terms of compressive strength, tensile 
strength, and modulus of elasticity. The compressive 
strength of SCC was determined using 0.1 m sized cubes. 
After respective curing period, the samples were tested in 
the universal testing machine in accordance with BS EN 
12390–3:2019 [52]. Three (03) cubes per mix per curing age 

Table 4   Mix proportions and 
material required to produce 
1 m3 SCC

Mix % of Binder content Amount of quantity (kg)

OPC POFA ESP OPC POFA ESP FA CA Water SP

SCC0 100 – – 451 0 0 902 767 180 9.02
SCC1 95 5 0 428.45 22.55 0 902 767 180 9.02
SCC2 92.5 5 2.5 417.17 22.55 11.28 902 767 180 9.02
SCC3 90 5 5 405.90 22.55 22.55 902 767 180 9.02
SCC4 90 10 0 405.9 45.10 0 902 767 180 9.02
SCC5 87.5 10 2.5 394.62 45.10 11.28 902 767 180 9.02
SCC6 85 10 5 383.35 45.10 22.55 902 767 180 9.02
SCC7 85 15 0 383.35 67.65 0 902 767 180 9.02
SCC8 82.5 15 2.5 372.07 67.65 11.28 902 767 180 9.02
SCC9 80 15 5 360.80 67.65 22.55 902 767 180 9.02

Fig. 4   Mixing procedure for SCC
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were prepared, thus totalling to 90 cubes. During the test, 
an axial load was applied to the cubes and is increased con-
tinuously without shock at a nominal rate within the range 
of 0.2 N/(mm2s) to 0.4 N/(mm2s) until cubes can no longer 
sustain the load. The average compressive strength of each 
set of samples has been recorded. Three cylindrical samples 
of 0.1 × 0.2 m dimensions were prepared to determine the 
tensile strength and the modulus of elasticity in accordance 

with BS EN 12390–6:2009 [53] and BS EN 12390-13:2013 
[54], respectively. A total of 60 cylinders were prepared.

2.3.4 � Microstructure Study

The microstructural study is to determine the morphology 
characterization using scanning electron microstructure 
(SEM). It is the most widely used microradiography appa-
ratus for studying the microstructure. The resolution that can 
be obtained from bulk objects is high; it is on the order of 
2–5 nanometers. A 2 to 5 mm sample, taken from the broken 
cylinders, was used for the microstructural analysis.

3 � Results and Discussion

3.1 � Physicochemical Analysis of Binders

Based on the physical and chemical properties, POFA and 
ESP are favourable for concrete production. The results for 
some physical properties and chemical compositions of 
OPC, ESP and POFA are shown in Tables 5 and 6, respec-
tively. Both POFA and ESP have a lower specific gravity 
compared to OPC, which causes higher water absorption. 
The chemical analysis of POFA proved that it is a Class C 
pozzolan high content with SiO2. At the same time, ESP 
possesses a rich content of CaO that can be consumed dur-
ing the pozzolanic activity. Furthermore, the particle size 
curves suggested that ESP and POFA had finer particles than 
OPC, as shown in Fig. 5. The water absorption and specific 

Table 5   Chemical composition 
of OPC, POFA and ESP

OPC POFA ESP

CaO 70.3 8.96 93.4
SiO2 17 62.1 1.19
SO3 2.96 0.97 0.51
Al2O3 3.57 0.94 0.09
Fe2O3 2.87 2.97 0.03
MgO 1.97 2.6 0.76
K2O 0.1 16.1 0.02
TiO2 0.14 0.13 –
P2O5 – 1.65 0.16

Table 6   Physical Properties of OPC, POFA and ESP

OPC POFA ESP

% Passing through 45 μm 96.47 100 94.39
Median particle size, d50 (μm) 18.2 7.13 11.14
Specific surface area (cm2/g) 4859.81 7542.10 6151.32
Specific gravity 3.10 2.30 2.38

Fig. 5   Particle size analysis of OPC, ESP and POFA
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gravity of aggregates demonstrated that the aggregates are 
of suitable quality, which may contribute to a rise in strength 
of SCC containing POFA and ESP.

Figure  6 shows the morphologies of OPC, ESP and 
POFA. It was found that OPC has non-spherical particles in 
an irregular shape, while ESP particles were in cubical and 
angular shapes. POFA particles are spherical having porous 
and honeycomb structures. The shape of OPC particles indi-
cates that there will be a stronger cohesion and interlocking 
between them, which would ultimately increase the surface 
friction and viscosity of SCC. As for ESP particles shown 
in Fig. 6b, the particles are cubical and angular shapes like 
the particles observed by [55] 56. POFA particles as shown 
in Fig. 6c have a spherical-shaped, porous structure and a 
honeycomb structure [10]. The POFA particles size ranged 
between 17.95 and 57.69 μm, when comparing with ESP 
particles whose size ranged between 23.56 and 60.51 μm. 
Thus, it can be said that the particles of POFA are smaller 
than ESP. This is because hundred per cent of POFA parti-
cles passed through the 45-μm sieve according to the parti-
cle size distribution as shown in Table 6, compared to ESP 
which had 5.61% particles retaining on 45 μm, respectively.

3.2 � Fresh Properties

The fresh-state properties of SCC specimens included fill-
ing ability (slump flow and T500 spreading time), passing 
ability (J-ring flow) and segregation resistance (segregation 
index). The slump flow test, J-ring test and the sieve segrega-
tion test were conducted to determine the workability of the 
mixture of SCC specimens. The fresh property test results 
are presented in Table 7.

Table 7 shows the filling ability of SCC with different 
percentages of POFA and ESP. Overall, the increase in 
the percentage of POFA and ESP resulted in the reduction 
of slump-flow diameter due to the high specific surface 
area and porous structure of POFA and ESP which led to 
increased demand of water, hence needing a higher dosage 
of SP. The highest workability is given by controlled SCC, 
which is 690 mm, whereas the lowest value is 558 mm that 
is offered by SCC9 specimen. However, all the outcomes of 
slump flow satisfied the EFNARC 2005 specifications.

The variation in passing ability can be seen in Table 7, 
and this is due to the incorporation of POFA and ESP that 
influence the hydration process of SCC, which makes the 
concrete mix more water demanding, thereby decreasing the 
passing ability of SCC. The SCC9 (15% POFA and 5% ESP) 
specimen has the lowest difference in heights between mid-
dle and the average heights outside the J-ring. Both materials 
of POFA and ESP have a porous structure of the surface area 
that leads to absorbing more water, thereby retaining the 
height of the concrete. A requirement from EFNARC [49] 

states that the passing ability of J-ring flow must be less than 
10 mm. Results for J-ring flow of all specimens fulfilled the 
requirement.

The segregation resistance in the SCC improved when 
the amount of POFA and ESP was increased. The SCC con-
taining POFA and ESP has a slightly higher resistance to 
segregation compared to the SCC control specimen. This is 
because POFA and ESP increased the hydration process of 
SCC and generated the cohesiveness between the particles. 
The POFA and ESP had a high specific area, which dem-
onstrated that the higher the specific area, the more reactive 
would the material be. Since POFA is an organic material 
having high water absorption and high specific surface area, 
the concrete becomes more reactive compared to the con-
trol sample. Due to this, the internal bonding between the 
particles is enhanced, thereby increasing the resistance of 
SCC against segregation. The lowest value of the segregated 
portion is 0.47%, which was recorded by the SCC9 speci-
men containing 15% POFA and 5% ESP. This is because 
the incorporation of POFA and ESP enhanced the adhesion 
properties in the SCC. The highest value of the segregated 
portion, 9.51%, was recorded by the control SCC specimen.

3.3 � Compressive Strength

Figure 7 and Table 8 summarize the average compressive 
strength of the different SCC mix proportions. It can be 
observed that the control (SCC0) sample exhibited the com-
pressive strength of 31.5 MPa, 35.2 MPa and 36.9 MPa at 
7, 28 and 90 days, respectively. The replacement of POFA 
and ESP increases the compressive strength of SCC1, SCC2 
and SCC4. The SCC1 and SCC4 samples showed 3.52% 
and 1.08% higher strength, respectively, compared to SCC0. 
The highest compressive strength was recorded by the SCC2 
sample, with 8.67% higher strength compared to the SCC0 
at 90 days. The primary reason behind the increase in the 
compressive strength is the high levels of silica. The POFA 
reacts chemically with the Ca(OH)2 to form a secondary 
C–S–H gel, which provides more cohesive bonds between 
the aggregate and the cement paste. It also fills in the capil-
lary pores to improve the microstructure of the SCC. Both 
POFA and ESP were able to provide a similar compressive 
strength to that of the non-hybrid concrete.

According to Oyejobi et al. [57], 10% OPC content can 
successfully be substituted, beyond that level; however, 
concrete losses its strength. The low Ca/Si ratio and lim-
ited supply of Ca(OH)2 for consumption during pozzolanic 
reaction have been the reasons attributed for the loss in 
strength. Therefore, the additional supply of Ca(OH)2 when 
provided could allow utilization of higher POFA content 
and increasing the strength of concrete. Based upon the 
results obtained in the current study, the additional supply 
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Fig. 6   Particle morphologies of 
a OPC, b ESP and c POFA
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Table 7   Fresh properties of 
SCCs incorporating ESP and 
POFA

Mix proportion Filling ability Passing ability Segregation resistance

Slump flow 
(mm)

T500 spread 
time (s)

J-ring spread (mm) Segregation index (%)

SCC0 690 3.1 7.75 9.51
SCC1 678 3.3 5.75 7.20
SCC2 655 4.0 5.00 7.61
SCC3 630 4.3 4.25 4.30
SCC4 620 4.4 5.75 5.15
SCC5 605 4.8 5.00 4.55
SCC6 590 5.0 4.25 2.03
SCC7 575 5.1 5.25 2.34
SCC8 565 5.4 3.50 1.94
SCC9 558 5.7 2.25 0.47

Fig. 7   Average compressive 
strength of SCC
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Table 8   Mechanical strength of eco-efficient SCC incorporating ESP and POFA

Mix Compressive strength (MPa) Splitting tensile strength 
(MPa)

7 Days average Diff. w.r.t. 
SCC0 (%)

28-day average Diff. w.r.t. 
SCC0 (%)

90-day average Diff. w.r.t. 
SCC0 (%)

28-day average Diff. w.r.t. 
SCC0 (%)

SCC0 31.5 0 35.2 0 36.9 0 2.99 0
SCC1 31.3 − 0.63 36.4 3.41 38.2 3.52 3.03 1.34
SCC2 34.6 9.84 38.6 9.66 40.1 8.67 3.24 8.36
SCC3 29.8 − 5.40 34.2 − 2.84 36 − 2.44 2.95 − 1.34
SCC4 32.4 2.86 35 − 0.57 37.3 1.08 3.01 0.67
SCC5 26.6 − 15.56 32.8 − 6.82 33.9 − 8.13 2.77 − 7.36
SCC6 25.7 − 18.41 32 − 9.09 33.1 − 10.30 2.62 − 12.37
SCC7 26.9 − 14.60 32.3 − 8.24 34.8 − 5.69 2.7 − 9.70
SCC8 25.5 − 19.05 31.6 − 10.23 32.9 − 10.84 2.59 − 13.38
SCC9 24.8 − 21.27 31.2 − 11.36 32.1 − 13.01 2.5 − 6.39
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of Ca(OH)2 through the addition of ESP in SCC containing 
POFA resulted in enhancing the compressive strength.

However, as pointed out by [58], higher OPC replacement 
gradually observes a decline in the compressive strength. 
One of the reasons for the decline in compressive strength 
can be the fineness of both POFA and ESP. The finer POFA 
and ESP in concrete will absorb more water, thus causing 
workability to reduce. Higher content of POFA and ESP, the 
lower workability will be achieved. The SCC specimen with 
the highest replacement of POFA and ESP content is 15%, 
and 5% obtained a compressive strength of 32.10 MPa at 
90 days of curing, which was approximately 13% less than 
the control sample. This reduction in compressive strength 
can be due to the increase in Ca(OH)2 with the addition of a 
higher percentage of ESP (5%) such that the Ca(OH)2 is not 
entirely consumed during the pozzolanic reaction and with 
a higher percentage of POFA content means reduced OPC 
content. The reduced pozzolanic reaction does not develop 
additional C–S–H gels and thus reduces the strength of 
samples. Figure 7 also illustrates the average compressive 
strength of all samples was higher at 90 days than it was at 7 
or 28 days. The reason for this is because of the continuing 
cementitious reaction, producing more C–S–H gel, making 
the SCC stronger. The pozzolanic activity is causing the 
hydration process to diminish the amount of Ca(OH)2 and 
thus increase the C–S–H gel content [59]. The compressive 
strength also increases with the increase in time.

3.4 � Splitting Tensile Test

The average splitting tensile strength of various SCC mixes 
is shown in Fig. 8 and Table 8. From Fig. 8, it can be seen 
that SCC0 achieved splitting tensile strength of 2.99 MPa. 
SCC1 that contains 5% POFA achieved 3.03 MPa, which 

is just 1.34% higher than SCC0. With the addition of 2.5% 
ESP with 5% POFA in SCC2, the 3.24 MPa splitting tensile 
strength was achieved, which was 8.36% and 6.93% higher 
than SCC0 and SCC1, respectively. However, when 5% ESP 
along with 5% POFA was combined in SCC3, the splitting 
tensile strength dropped to 2.95 MPa. This was 8.95% lower 
than SCC2; however, it was merely 1.34% lower than SCC0. 
With the addition of 10% POFA and 2.5%, ESP in the SCC5 
an average tensile strength of 2.77 MPa was recorded, which 
was a significant decrease of approximately 7.36% compared 
to SCC0.

The Ca(OH)2 consumption during the pozzolanic reac-
tion causes the development of secondary C–S–H layer, 
which is the reason for the gain in strength. However, it 
can be observed that higher replacement of OPC content 
tends to decrease the strength of concrete after achieving 
the maximum strength. This is due to the reduction in cohe-
sion between the particles with reduction in OPC content. In 
other words, after achieving the maximum strength with the 
optimum combination, the strength loss is proportional to 
the content of pozzolan (POFA), and filler (ESP) is utilized 
in concrete.

Concrete has been known to be strong in compression 
but relatively weak in tension. Furthermore, the SCC with 
the coarser aggregates causes the coarse aggregate to settle 
down at the bottom of the mould because the weakening of 
cohesive bonding between the particles becomes loose. The 
aggregate does not fill the part in the mould properly, caus-
ing a decrease in the strength of SCC. Based on Fig. 8, the 
behaviour of the tensile strength of SCC is like its compres-
sive strength. With lower OPC replacement, the pozzolanic 
activity creates additional C–S–H gels, which enhances both 
the compressive and tensile strengths. But higher OPC con-
tent replacement with POFA and ESP resulted in decreased 

Fig. 8   Average tensile strength 
of SCC
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splitting tensile strength. It can be attributed to the dilu-
tion effect, which is the consequence of higher OPC content 
substitution.

3.5 � Modulus of Elasticity

From the results shown in Table 9, it can be observed that 
the modulus of elasticity (Ec) of SCC reduces significantly 
when POFA and ESP replace an increased percentage of 
OPC. As seen in Table 9, the Ec of SCC0 was observed to 
be 26,490 N/mm2, it increased to 28,982 N/mm2, with the 
5% POFA in SCC1. The Ec value increased significantly to 
31,689 N/mm2 upon the combined utilization of 2.5% ESP 
with 5% POFA in SCC2. However, apart from this combina-
tion, increase in ESP and POFA resulted in decrease in the 
Ec value. The Poisson’s ratio was also observed to decrease 
with the increase in SCM content apart from the combina-
tion used in SCC2.

It can be said that combination of ESP and POFA result 
in enhancing the Ec value of SCC; however, this is only 
true for just one combination, that is 5% POFA and 2.5% 
ESP. As seen in the compressive and tensile strengths, the 
Ec also drops beyond 12.5% to 20% of OPC replacement 
content. This drop-in Ec beyond 20% OPC replacement can 
be attributed to a lower OPC content also causing reduced 
hydration process in the concrete.

3.6 � Microstructure Study

Microstructural properties were examined to investigate 
the effect of POFA and ESP on the SCC as OPC replace-
ment. The microstructure images influence the rheologi-
cal and percentage of OPC replacement. The SEM images 
were obtained to know the effect of particles on the hydrated 
cementitious samples. The object of this portion of the 

sample analysis was to recognize a tangible change in the 
number of crystals formed. Figure 9 shows the change of 
crystal forms from mix to mix. The crystals in question are 
calcium hydroxide (CH) and C–S–H from the hydration pro-
cess and pozzolanic reaction.

In the case of the SCC2 sample containing 5% of POFA 
and 2.5% of ESP as a OPC replacement, the image is shown 
in Fig. 9c. From Fig. 9c, the distribution of particles is more 
efficient compared to other samples. CH gel can be observed 
in greater amounts than C–S–H gel. The C–S–H gel cov-
ered the micrograph nicely, making a very dense structure. 
The C–S–H serves as a tough coating for the concrete. The 
decreasing CH content in the concrete due to the consump-
tion of Ca(OH)2 caused a pozzolanic reaction with POFA to 
form C–S–H. OPC hardened more and more with the aging 
process and formed a continuous binding matrix within 
a large surface area. The microstructure of the mixtures 
changed depending on the content of POFA and ESP. In 
both products, the C–S–H work best at a higher percent-
age. C–S–H is the main provider for strength in concrete. 
It strengthens the material by improving the microstruc-
ture of the material, which results in improved compres-
sive strength. Pozzolanic reaction and ESP formation were 
fully reacting, improving the microstructure of the concrete 
matrix by the pozzolanic reaction and formation of the extra 
C–S–H gel at ultimate ages.

In terms of strength, a suitable combination of POFA 
and ESP content produces concrete with enhanced strength 
as illustrated in the graph of compressive strength in Fig. 7. 
Replacement of POFA and ESP in SCC from 5% of POFA 
and 2.5% of ESP resulted in a strength higher than other 
samples. However, SCC reached its maximum strength at a 
total replacement level of 7.5%. There is a bond between the 
hydrated OPC matrix and the aggregates that increase the 
strength with increasing OPC hydration. A pozzolanic reac-
tion in POFA, Ca(OH)2 can react with the silica in POFA 
to form secondary C–S–H gel, resulting in a stronger bond 
between the paste and the aggregate.

3.7 � Environmental Impact Assessment

Compared with conventional concrete, SCC produces a 
much better quality of concrete and results in better qual-
ity of the built environment [60]. However, higher binder 
volume (primarily OPC) is utilized in SCC than the con-
ventional concrete, which not only increases the cost, but 
will cause significant environmental burden. Therefore, the 
development of an eco-efficient version of SCC is urgently 
needed. This current study developed SCC by substituting 
OPC content with POFA and ESP, which makes it inexpen-
sive and environmentally friendly. However, to the best of 
the authors’ knowledge, limited literature is available which 
document the environmental impact assessment of SCC 

Table 9   Average Ec and Poisson’s ratio of eco-efficient SCC

Mix Modulus of elas-
ticity (N/mm2)

Poisson’s Ratio

Average Diff. w.r.t. 
SCC0 (%)

Average Diff. w.r.t. 
SCC0 (%)

SCC0 26,490 0.00 0.17 0.00
SCC1 28,982 9.41 0.16 − 5.88
SCC2 31,689 19.63 0.19 11.76
SCC3 25,296 − 4.51 0.16 − 5.88
SCC4 26,365 − 0.47 0.17 0.00
SCC5 24,697 − 6.77 0.15 − 11.76
SCC6 23,182 − 12.49 0.14 − 17.65
SCC7 24,002 − 9.39 0.15 − 11.76
SCC8 23,112 − 12.75 0.14 − 17.65
SCC9 21,615 − 18.40 0.12 − 29.41
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incorporating waste materials. Environmental impact assess-
ment was done in the current study to evaluate the embodied 
CO2 and eco-strength efficiency of the developed SCC.

The equivalent CO2 values for all the materials except 
POFA and ESP were taken from the literature. The equiva-
lent CO2 of POFA was calculated on the calculations pro-
vided by Alnahhal et al. [61]. The embodied CO2 value for 
POFA is the sum of the individual emissions done by vari-
ous activities associated with the preparation of POFA such 
as drying, grinding and transporting. A diesel powered lorry 
was considered to deliver 1000 kg POFA from the nearest 
palm oil mill to the laboratory for testing, and the distance 
was taken to be 100 km with an emission factor because 
consumption of diesel fuel was 0.192 kgCO2/km [61]. How-
ever, for the current study, the POFA was collected from the 
palm oil mill, which was 50 km from the testing laboratory, 
and as such this distance was considered during the calcula-
tion. The drying of POFA was done for 24 h in the oven and 
estimated that the electricity consumption was 1041.67 W/h, 
and 149.7 kWh for sieving and grinding.

As for the embodied CO2 of ESP, it was estimated based 
upon few assumptions since there is a lack of data in the 
literature, assuming that similar activities associated with 
POFA are also involved in the preparation of ESP. How-
ever, the electricity consumption for oven drying, grinding 
and sieving was taken to be 9 kWh, 4 kWh and 0.37 kWh, 
respectively, based upon the technical specifications avail-
able [62]. The eggshells were collected from FAMA at a 
31 km distance. According to DECC [63], the CO2 emis-
sion factor for each kWh of electricity consumed is 0.521 
kgCO2/kWh. Based upon these emission factors, the total 
CO2 emission for both POFA and ESP is calculated as 
shown in Table 10.

Based upon the calculated total CO2 emissions for pro-
ducing 1 m3 SCC of each mix proportion investigated in 
this study as shown in Table 11, while Fig. 10 illustrates the 
difference in total CO2 emissions between the mixes. As it 
can be observed for the control SCC0 mix, the OPC with 
369.82 kgCO2/m3 contributes to 88% of the total CO2 emis-
sions, whereas for conventional concrete, the contribution 
of OPC towards the total CO2 emissions ranges from 74 to 
81% [64], and 96% for lightweight foamed concrete [58]. 
The staggering contribution of OPC towards the total CO2 
emissions per m3 of SCC is attributed to the high volume of 
binder that gives SCC slow-flowing ability.

By substituting 5% OPC content with POFA, the OPC’s 
contribution to the total CO2 emissions was reduced by 
approximately 5% to 351.33 kgCO2/m3. Furthermore, an 
increase in the SCM substitution removed equal amount of 
OPC’s CO2 emissions. Though reducing the OPC content 

Fig. 9   SEM image of samples a SCC0, b SCC1, c SCC2, d SCC3, e 
SCC4, f SCC5, g SCC6, h SCC7, i SCC8 and j SCC9

▸
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would reduce the CO2 emissions was expected, however, 
the substituted SCM materials added limited CO2 emissions. 
Since the POFA and ESP were used as binders, therefore, 
the combined share of CO2 emissions by binders was 4.39%, 
6.51%, 8.64%, 8.77%, 10.90%, 13.03%, 13.16%, 15.29% and 
17.41% lower for SCC1, SCC2, SCC3, SCC4, SCC5, SCC6, 
SCC7, SCC8 and SCC9, respectively, compared to SCC0. 
This proves that the CO2 emissions associated with trans-
porting and preparing the SCMs are significantly lower and 
could possibly help in reducing the OPC content, while not 
comprising on the strength. This could be observed from 
Fig. 11, which shows the eco-strength efficiency for all SCC 
mixes.

The control SCC exhibited an eco-strength efficiency of 
without SCMs, which has an efficiency of 0.075, 0.084 and 
0.088 MPa/kgCO2 m−3 for 7, 28 and 90 days, respectively. 
With 5% POFA, SCC1, the efficiency slightly increased 
to 0.077 MPa/kgCO2 m−3 for 7 days compared to control 
SCC0. However, for 28 days, the efficiency increased 7.14% 
and for 90 days 7.45% was observed compared to the SCC0. 
Increasing the POFA content to 10%, without the addition 
of ESP (SCC4), the mix exhibited 12%, 7.14% and 9.09% 
higher eco-strength efficiency compared to control SCC0. 
With 15% POFA (SCC7), the eco-strength efficiency was Fig. 9   (continued)

Fig. 9   (continued)
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observed to decrease slightly by 4% for 7 days but exhib-
ited 3.57% and 6.82% increase for 28 and 90 days compared 
to control SCC0 concrete. This increase in eco-strength 
efficiency with the increase in POFA content can be attrib-
uted to the strength gain due to the pozzolanic activity, as 
observed previously [67, 68]; the strength gain increases 
with the increase in age of concrete. The increase in strength 
again, however, was observed to decrease with the increase 
in POFA content.

With the addition of ESP, the SCC containing 5% POFA 
(SCC2), the mix exhibited significantly higher efficiency 
for all ages, compared to not only the control SCC0 but 
also SCC1. Increasing the ESP content to 5% along with 
5% POFA resulted in slightly lower efficiency than SCC1, 
but nonetheless, the efficiency was still higher, 2.67%, 
4.76% and 5.68% for 7, 28 and 90 days, respectively, com-
pared to SCC0. A similar trend was observed for other 
mixes with higher POFA content and addition of 2.5% 

Table 10   Calculation of CO2 
emissions of POFA and ESP 
[58]

Material Energy requirements for 1000 kg 
SCM

Transportation of 1000 kg 
SCM

Emission factor
(kg CO2/kgSCM)

Ref

Electricity con-
sumption (kWh)

Emission factor
(kgCO2/kWh)

Distance (km) Emission fac-
tor (kg CO2/
km)

Drying Sieving 
and grind-
ing

ESP 150 72.84 0.521 31 0.192 0.122052 [62]
POFA 25 149.7 0.521 50 0.192 0.100619 [61]

Table 11   Equivalent CO2 emission for 1 m3 concrete

Materials KgCO2/kg Ref CO2 emissions for one cubic meter of concrete (kgCO2/m3)

SCC0 SCC1 SCC2 SCC3 SCC4 SCC5 SCC6 SCC7 SCC8 SCC9

OPC 0.82 [64] 369.82 351.33 342.08 332.84 332.84 323.59 314.35 314.35 305.1 295.86
POFA 0.100619 [58] 0 2.27 2.27 2.27 4.54 4.54 4.54 6.81 6.81 6.81
ESP 0.122052 [58] 0 0 1.38 2.75 0 1.38 2.75 0 1.38 2.75
FA 0.0139 [65] 12.54 12.54 12.54 12.54 12.54 12.54 12.54 12.54 12.54 12.54
CA 0.0408 [64] 31.29 31.29 31.29 31.29 31.29 31.29 31.29 31.29 31.29 31.29
Water 0.000196 [66] 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
SP 0.72 [60] 6.49 6.49 6.49 6.49 6.49 6.49 6.49 6.49 6.49 6.49
Total 420.18 403.96 396.09 388.22 387.74 379.86 372 371.51 363.64 355.78

Fig. 10   Total CO2 emissions for 
all SCC mixes
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and 5% ESP. This could be attributed to the increase in 
Ca(OH)2 supply with the addition of ESP, to be consumed 
during the pozzolanic reaction and produce additional 
C–S–H [69].

3.8 � Cost Analysis of SCC Mixes

The use of SCC has been limited to special applications due to 
the high material costs of additional ingredients, in particular 
superplasticizers and higher volume of OPC [70]. The general 
acceptance of SCC can only occur if it is cost-effective, which 
could only be if it incorporates more inexpensive ingredients. 
Using POFA and ESP as OPC substitutes may not only reduce 
the embodied carbon but also improve the material cost-effec-
tiveness of SCC. Since both POFA and ESP are waste materi-
als, which can be obtained free of cost, and as observed from 
the mechanical testing, combined utilization is feasible, and 
they could reduce the cost of SCC. In order to compare the 
costs of the 10 SCC mixes, the local unit costs of materials, 
other than POFA and ESP, were collected and are presented in 
Table 12. As for POFA and ESP, though they are freely avail-
able to obtain, however, the electricity and fuel consumption 
shown in Table 10 will add to the cost. Therefore, the cost 
was calculated, taking into consideration that the consumption 
of 1 kWh costs approximately $0.11 and the average diesel-
powered lorry will consume 10.1 L per 100 km, and the price 
of 1 L diesel is taken as $0.53.

The cost of producing 1 m3 SCC of each mix is presented in 
Fig. 12. Similar to the embodied carbon, there is a significant 
difference between the mixes incorporating POFA and ESP 
compared to SCC. While the price of 1 m3 of SCC varies 
amongst the 10 mixes, however, a comprehensive cost analysis 
cannot be done without assessing the cost per unit strength 
(1 MPa). Therefore, the costs per unit of compressive strength 
were calculated and are shown in Fig. 13. For all mixtures, the 
amount of mineral admixtures replacement level decreased the 
unit strength cost of SCCs. The minimum cost per 1 MPa was 
exhibited by SCC2 with a reduction of 0.31 $/MPa/m3 and 
thus considered as the most economical SCC mix.

4 � Conclusions

This experimental research work aimed to develop an eco-
efficient SCC by replacing the OPC content with combination 
of binary locally available SCMs, POFA and ESP. Based on 
the test results, the following conclusions can be drawn:

1.	 The physico-chemical properties suggest that POFA and 
ESP are favourable for concrete production with finer 
particles and lower specific gravity than OPC, which 
causes higher water absorption.

2.	 The incorporation of POFA and ESP in SCC resulted in 
a decrease in the filling ability and the passing ability 
passed the requirement for height of the spread and the 
segregation resistance was improved.

Fig. 11   Eco-strength efficiency 
of different SCC mixes

Table 12   Cost of materials Materials OPC POFA ESP FA CA Water SP

Cost ($/kg) 0.099 0.0217 0.02417 0.025 0.03 0.001 0.78
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3.	 By achieving a compressive strength of 38.60 MPa at 
the curing age of 28 days, SCC2 denoting a 7.5% OPC 
replacement qualifies to be considered for concrete 
production and is deemed to be suitable for structural 
purposes. Thus, 5% POFA + 2.5% ESP is the optimum 
combination to be used in SCC.

4.	 Excessive content of POFA and ESP in the SCC reduces 
the compressive and splitting tensile strengths. A high 
quantity of POFA and ESP leads to slow down the 
hydration process and pozzolanic reaction in the con-
crete.

5.	 Combined utilization (5% POFA and 2.5% ESP) in SCC 
reduced the CO2 emissions and exhibited the maximum 
eco-strength efficiency.

6.	 The utilization of POFA and ESP reduced the cost per 
unit compressive strength of the SCC. The reduction of 
SCC2 mix was approximately 0.31 $/MPa/m3 and is the 
most economical mix amongst all the SCC mixes.
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