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a b s t r a c t

Cement production led to the consumption of high energy and generated harmful gases, such as CO2.
Therefore, the use of alternative materials becomes necessary. The research attempts to use palm oil clin-
ker (POC) and ultrafine palm oil fuel ash (UPOFA) as a full replacement of coarse aggregate and partial
cement replacement, respectively. This study aims to use the response surface method (RSM) to optimise
the properties of concrete, namely, density and water absorption. The study investigated the density and
water absorption of concrete using RSM. Results showed that the density reduced sharply owing to the
full replacement coarse aggregate by POC aggregate. Meanwhile, water absorption increased significantly
due to the rise in the POC aggregate replacement. However, water absorption decreased because of the
use of UPOFA as cement replacement. The study recommended the use of more UPOFA as cement
replacement because of its high pozzolanic property.

� 2023 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

Malaysia and Indonesia are the largest exporters of palm oil
products all over the world. In 2011 alone, around 5 million hec-
tares was planted with oil palm trees [1]. As reported by the United
States Department of Agriculture, the global production of palm oil
in 2016–2017 was approximately 64.5 million tons [2]. Therefore,
solid waste increased dramatically because of the expansion of
about 6.1 million tons of empty fruit bunches, fibres and kernels
in the plantation [3]. These waste materials are frequently dumped
into landfills and open areas after the extraction of palm oil. This
inappropriate and indiscriminate dumping results in air, water
and land pollution, which have adverse effects on human health
[4]. Conversely, the increasing need for lightweight aggregate
(LWA) concrete (LWAC) leads to the reuse of wastes generated
from palm oil products either as pozzolanic partial supplementary
material or LWA [5,6].

The manufacturing of one ton of ordinary Portland cement
(OPC) results in the emission of approximately-one ton ofiCO2

gas [7]. Nearly 7 % of the greenhouse gases released into the atmo-
sphere resulted from the production of cement [8]. To solve these
problems, palm oil fuel ash (POFA) and fly ash (FA) can be used as
supplementary cementitious material (SCM) with cement in vari-
ous proportions [9–11]. In addition, these SCMs are used to
enhance the durability and strength of concrete because of their
ability to undergo pozzolanic reactions [12–14]. The reduction of
environmental wastes and their utilisation give room for sustain-
ability [15–17]. POFA is a by-product that resulted from the burn-
ing of oil palm shell, fibres and empty fruit bunches that are used
as fuel for electricity generation in oil palm factories at high tem-
peratures between 800 ℃ and 1000 ℃ [3,18–22]. In 2007, approx-
imately 3 million tons of POFA was produced in Malaysia [23].
Huge amounts of POFA were disposed as waste into open areas
and landfills without any appropriate handling, thereby causing
problems in health and the environment [8,24]. Therefore, the
use of POFA as cementitious material by the researchers increased
gradually since the 1990 s [25,26]. Treatments of POFA, such as
increasing the fineness and removal of carbon content, have
improved its quantity and quality when used as SCMs [11,27–
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Table 1
Chemical composition and physical properties of OPC and UPOFA.

Properties OPC UPOFA

CaO 54.8 3.97
SiO2 26.1 67.3
Fe2O3 4.09 8.12
Al2O3 8.54 4.12
MgO 0.358 2.72
Na2O 0.186 0.115
TiO2 0.427 0.229
K2O 0.97 8.45
MnO 0.137 0.07
SO3 2.77 0.535
P2O5 0.177 2.47
LOI 2.2 1.4
Mean particle size (lm) 6.8 0.982
Specific gravity 3.15 2.52
Specific surface area (m2/g) 0.337 1.962
Blaine Fineness (cm2/g) 3310 4830
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30]. Hence, ground POFA resulted in low particle size and improved
the silica content, microstructural performance and its pozzolanic-
ity [19,20,28,31,32]. Previous studies stated that up to 20 % of
cement replacement by POFA is a suitable matter for producing
sustainable concrete [33–36]. Hamada et al. [3,22,37] showed the
positive influence of POFA in different particle sizes on the com-
pressive strength of concrete. Hussin et al. [38] reported that the
nano particle size of 80 % POFA improved the concrete properties
[39]. Other studies reported that the nano-POFA can be obtained
from extra grinding, and 60 % of it could be used as a cement
replacement to enhance the compressive strength and durability
of concrete [23,30,40].

Since 2010, the construction industry has consumed up to 12
billion tonnes of normal aggregates annually [41]. Owing to the
decrease in normal aggregates and the need to preserve the natural
resources, many researchers have used oil palm shell (OPS) and
palm oil clinker (POC) as substitutes for LWA to produce sustain-
able LWAC [30,42–46]. Malaysia produces large amounts of OPS
and POC as waste materials [47]. POC has been used as LWA to pro-
duce structural LWAC with suitable mechanical properties [45,47].
The use of POC to replace coarse aggregate would reduce the cost
of construction and environmental problems that accompany the
accumulation of palm oil waste. LWAC has many advantages, such
as the decrease in dead load, minimised micro cracks in concrete
and uniform stress distribution at the micro level [48,49]. Many
studies have been conducted to show the effects of POC as coarse
aggregate. For instance, Kabir et al. [50] studied the properties of
geopolymer concrete that contained POC as coarse aggregate
together with the utilisation of ground granulated blast furnace
slag (GGBS) in ternary with POFA and OPC. POC aggregate has a
good pozzolanic reaction and bonding with cement matrix because
of the presence of alumina-siliceous compounds [51] in the LWAC.

Response surface methodology (RSM) is an accumulation of
numerical and statistical methods used for experimental design
and data analyses for adequate optimisation and prediction. In
1951, Box and Wilson proposed the RSM technique to optimise
the experimental works, and it has been widely used for many
applications since then. RSM is a group of useful mathematical
and statistical techniques to optimise the selected responses from
the variables’ interaction [52]. The set of effected variables is called
the design of expert (DOE) [53]. The main objective of using RSM is
to obtain appropriate approximation for the practical relationships
between the independent variables and the selected responses.
These responses can be represented by any shape surface available
in the RSM software [53]. Overall, the RSM has many advantages,
such as the use of least square method to build the RSM functions.
Therefore, the probabilistic prediction, as well as analyse the
stochastic probability of occurrence, can be analysed to select cer-
tain input variables to build the functions [54]. In this paper, the
central composite design (CCD) has been adopted; it is one of the
most frequently used approach in finding the functional relation-
ship between the available and responses using RSM [55]. It is
the most used design approach within the RSM software [56],
and it is used to determine the functional relationships amongst
the responses (density and water absorption) and factors ([POC]
content and ultrafine POFA (UPOFA) content) using RSM.

Design of experiments (DoE) is a famous method that contains a
set of mathematical equations and statistical analyses of results
from minimum resources, time and effort. Aldahdooh et al. [57]
replaced the cement partially by UPOFA from 0 % to 50 % and
replaced the DSF by UPOFA from 0 % to 100 % using the RSM. They
concluded that the tensile and flexural strengths intensified when
the replacement levels of cement by UPOFA increased. This current
study will adopt the CCD as one of the RSM that contains a set of
mathematical equations and statistical analyses to investigate
the combined effect of the total content of UPOFA and POC on
2

the density and water absorption of concrete. Evidently, such study
and the optimization of the responses, including density and water
absorption, are not yet available in the literature. This study is
aimed at developing a model that will minimise the cost of exper-
iments required to optimise the benefits that can be obtained from
UPOFA and POC as sustainable construction materials.

2. Experimental programme

2.1. Materials used in the concrete

Ordinary Portland cement (OPC) was tested for Blaine specific
surface area of (3310 cm2/g), specific gravity (3.15), initial
(62 min) and final setting time (138 min). The chemical composi-
tion and physical properties of the cementitious materials are
listed in Table 1. The raw POFA was collected from a palm oil mill
located near Gambang, Pahang, Malaysia, as illustrated in Fig. 1.
The final UPOFA was made to pass through many steps to obtain
the UPOFA required, as explained by Hamada et al. [30].

The Palm oil clinker (POC) was used as a coarse aggregate in
various proportions to produce LWAC. It is one of the wastes that
is collected from a palm oil mill located in Gambang, Pahang,
Malaysia (Fig. 2). Table 2 illustrates the physical properties of
POC and natural coarse aggregates. The POC used as coarse aggre-
gate was also prepared through many treatments, as reported by
Hamada et al. [30]. Fig. 3 shows the sieve analysis of aggregates
(coarse aggregates (POC and natural) and fine aggregate used in
this study.

Tap water was used for concrete production. Also, Sika Visco-
Crete superplasticizer was used (1 wt% of cement) to improve
the mixture consistency in accordance with BS 5075 [58]. The min-
ing sand was used as fine aggregate with specific gravity, water
absorption and fineness modulus of 2.75, 0.78 % and 2.79,
respectively.

2.2. Experiment design using RSM

The total test numbers for the factors mentioned were 13,
resulting from (2 k + 2 k + 5 = 13), where (k = 2), and k is the num-
ber of factors. Eight tests plus five repetitions tests were improved
to evaluate the pure error, as shown in Tables 3 and 4.

POC and UPOFA are the factors, whilst density and water
absorption indicate the responses. Choosing the ranges of the
parameters (factors), POC content 0 %–100 % [58–60] and UPOFA
0 %–30 % [61–63], is based on the primary experimental runs and
the previous studies. It was anticipated that these ranges would
offer different outcomes, producing a design to explain the effects



Fig. 1. Raw UPOFA.

Fig. 2. Raw POC.

Table 2
Physical properties of natural coarse aggregates and POC.

Properties Natural coarse
aggregate

POC coarse
aggregate

Aggregate size (mm) 4.75 to 10 4.75 to 10
Bulk density (kg/m3) 1452 732
Fineness 6.23
Specific gravity (SSD) 2.65 1.78
Water absorption (24 h) % 0.74 5.7
Moisture content % 0.29 0.38
Los Angeles abrasion value (%) 23.9 49.7
Aggregate impact value (AIV) % 31.57
Aggregate crushing value (ACV)% 16.8 46.5
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of POC and UPOFA. The use of more than 40 % UPOFA is not recom-
mended owing to its negative impact on the concrete performance
[35,64]. Using POC aggregates has been reported by previous stud-
ies in various percentages from 0 % to 100 % [30,65]. Equation (1)
was used to identify the best state of the responses.

where y is the anticipated response, b is the regression coeffi-
cient, Xi and Xj are the parameters (variables), i is the linear coef-
ficient, j is the quadratic coefficient, k is the number of factors
calculated to optimise the responses, and e is the random error
[53]. In this study, a set of mathematical modelling and statistical
analysis in the RSM software has been used to optimise the vari-
ables. The influence of each parameter has been determined
through interaction among the variables studied using the analysis
of variance (ANOVA).
2.3. Mix proportions

The reference concrete mix is a normal concrete without UPOFA
or POC. The W/B ratio for all concrete mixtures was constant to
0.42. The tests were designed on the basis of the CCD technique.
The experimental tests contained two parts, namely, density test
and water absorption test. The water absorption has been tested
3

according to ASTM C 642–13 [66]. Table 3 shows the factors and
parameters, whilst Table 4 show the 13 concrete mixtures by
two factors and two responses.
2.4. Specimen preparation

The produced concrete was mixed by a dry mixer in the labora-
tory for a total time of 9 min, including 4 min for mixing the dry
materials. Two variables, which were the POC proportion to par-
tially/fully replace coarse aggregate and the UPOFA proportion to
partially replace cement, were investigated in this study. UPOFA
was used to replace cement at 0 %, 10 %, 20 % and 30 % of the total
weight of the binder. POC aggregate was used to replace the nor-
mal coarse aggregate partially and fully. Other parameters, such
as, fine aggregate and water/binder ratio, were kept fix at
700 kg/m3 and 0.42, respectively.
3. Results and discussion

3.1. Microstructure properties of UPOFA and POC

The scanning electron microscope (SEM) test was performed to
recognise the variations in the POFA morphologies. POFA was
salted using different ways: including oven-dried raw POFA by
the electrical oven at temperature 110 ± 10C for 24 h, then
grounded to obtain GPOFA by Laos Angeles machine. The GPOFA
was heated by the electrical furnace at high temperature of up to
600 �C to obtain the treated POFA (TPOFA). The TPOFA was ground
again by the Laos Angeles machine to obtain ultrafine POFA
(UPOFA). The results of SEM/EDX show that the particle shape
was irregular, angular and has a porous texture, whereas the par-
ticle size of UPOFA decreases when the increase in grinding time
(Fig. 4).

The results of SEM/EDX for the UPOFA, which was obtained by
the second grounding process are shown in Fig. 4. The particle size
of UPOFA was less than those of GPOFA and TPOFA particles, and
the shape was generally semi-circular and usually angular. The
EDX test was used to obtain better information on the chemical
components of materials contributed in the concrete mix. The
main components of UPOFA was silica (Si), which accounted more
than 67 %, as shown in Table 1 and Fig. 4.The changes in the
mechanical properties and chemical composition of the UPOFA
were due to the various treatment procedures. The specific surface
area and particle size of UPOFA particles were only 1.962 m2/g and
0.982 lm, respectively. This reference to that UPOFA higher surface
area and a smaller particle size than those of the raw POFA and the
cement. The carbon content was reduced and identified by the
SEM/EDX test obviously. The carbon content was explored in tem-
perately high concentration of POFA that was not exposed to high
temperature. Therefore, the carbon content and LOI were reduced,
and the SiO2 content increased when compared with the raw POFA
and GPOFA. The heat treatment process also increased the contents
of Fe2O3 and Al2O3. Consequently, according to the requirements of
ASTM C618, the UPOFA can be classified as a mineral admixture
class F (ASTM, 2005).

In terms of POC, the SEM test was conducted to determine the
microstructural properties of POC, whereas the energy dispersive
X-ray (EDX) was used after polishing and pre-coating the sample
tested by gold. Fig. 5 shows the presence of large amount of voids
spread on the POC surface. The large voids can be clearly visible. As
a result, these micro voids may cause cracks on the concrete sur-
face, especially when connected to each other, thereby reducing
the concrete strength. Fig. 5 shows the SEM test of POC aggregates.

The required tests were completed to examine the efficiency
and effect of UPOFA as a partial cement replacement and POC as



Fig. 3. Sieve analysis of aggregates used.

Table 3
Code, unit and ranges for the optimisation of independent variables.

Variables code Unit Coded variable levels

�1 0 +1

UPOFA A % 0 15 30
POC aggregate B % 0 50 100
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coarse aggregate on the microstructure, density and water absorp-
tion of concrete. Table 3 shows the factors, namely, UPOFA and
POC, adopted in this study as variables, whereas Table 4 shows that
13 runs have been performed on the basis of the central composite
design (CCD). The relationship between the two factors (e.g. POC%
and UPOFA %) and the two responses (e.g. density and water
absorption) were investigated using the RSM. The RSM is a com-
mon software that uses mathematical and statistical techniques
for developing and analysing models amongst many independent
responses and variables [67]. This model was created based on
the actual values. The CCD was developed to predict the mathe-
matical prediction equations. The expected results (Y) were calcu-
lated to evaluate the factors and as a function of X1 (UPOFA) % and
X2 (POC) %. These results can be found in Equation (1), the sum of
constant, two first-order effects (iX1 and X2), one interaction ieffect
(X1X2) and two second-order effects (X21 and X22).
4

3.2. Density

In this study, 13 concrete mixtures were used to determine the
hardened density. The density test was measured after 28 days of
casting for all samples (Fig. 6). The density of POC concrete (POCC)
was lower than that of normal-weight concrete for all concrete
mixtures. However, its density is still higher than other types of
LWAC, such as concrete made of oil palm shell (OPS) and coconut
shell [68]. The density of the concrete depends mainly on the den-
sity of the comprising materials, particularly the aggregate [30]. As
reported by Rashid et al. [69], the bulk density of POC is less than
that the normal coarse aggregate, which is the main reason for
reducing the density of POCC. As illustrated in Fig. 6, the density
of POCC mixtures was lower than the control mix for all the con-
crete mixtures. According to Euro code 2 Part 1–1, the density of
normal weight concrete (NWC) ranges between 2300 and



Table 4
Proportions of concrete mixtures by RSM.

Mix no. UPOFA % POC % UPOFA
Kg/m3

POC
Kg/m3

Cement
Kg/m3

Fine aggregate Kg/m3 Coarse aggregate kg/m3 Water/binder

1 0 0 0 0 450 700 900 0.42
2 30 0 108 0 315 700 900 0.42
3 0 100 0 604 450 700 0 0.42
4 30 100 108 604 315 700 0 0.42
5 0 50 0 302 450 700 450 0.42
6 30 50 108 302 315 700 450 0.42
7 15 0 54 0 382.5 700 900 0.42
8 15 100 54 604 382.5 700 0 0.42
9 15 50 54 302 382.5 700 450 0.42
10 15 50 54 302 382.5 700 450 0.42
11 15 50 54 302 382.5 700 450 0.42
12 15 50 54 302 382.5 700 450 0.42
13 15 50 54 302 382.5 700 450 0.42

Fig. 4. SEM/EDX of UPOFA.
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2500 kg/m3, whereas the structural LWACs (SLWAC) is < 2200 kg/
m3 [70].

Islam et al. [61] reported that the replacement of cement by
using 40 % UPOFA reduced the density of SLWAC by 20 %. Abutaha
et al. [60] noted that the density of concrete decreased by 15 %
when normal coarse aggregate was totally replaced by POC, and
declined by 3 % when normal fine aggregate was totally replaced
by POC. As shown in Table 5 and Fig. 6, the POC has an effective
role in decreasing the density of concrete, especially with 100 %
replacement level. Furthermore, the UPOFA contributed in the
decrease in the density of concrete because its specific gravity is
less than that of the normal cement.
5

Fig. 6 shows that the mix 1 recorded the highest density in both
cases (demoulded and oven-dried density). The high density of the
control mix is because the specific gravity of normal coarse aggre-
gate and cement are larger than those of POC and UPOFA, respec-
tively. Meanwhile, the second high density was recorded by mix
7 when 15 % of UPOFA, which has specific gravity less than cement,
was used to replace cement (Fig. 6). Recently, Muthusamy et al.
[71] investigated the long-term mechanical properties of LWAC
that contained 100 % POC as coarse aggregate and ground UPOFA
as partial cement replacement of 10 %, 20 %, 30 % and 40 %. They
observed that the density value ranges between 1819 and
1850 kg/m3 according to the UPOFA replacement level. Hamada



Fig. 5. Micro voids on the POC surface by SEM test.

Fig. 6. Density of LWAC.

Table 5
Air-dried density and oven-dried density of LWAC.

Mix design Factor 1, POC % Factor 2, POFA% Density kg/m3

Air-dried Oven-dried

M1 0 0 2397 2360
M2 30 0 2361 2327
M3 0 100 2017 1985
M4 30 100 1972 1945
M5 0 50 2213 2175
M6 30 50 2163 2130
M7 15 0 2378 2348
M8 15 100 1991 1960
M9 15 50 2176 2145
M10 15 50 2176 2145
M11 15 50 2176 2145
M12 15 50 2176 2145
M13 15 50 2176 2145
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et al. [30] concluded that the concrete containing 10 %–30 % UPOFA
as cement replacement and 0 %–100 % POC as coarse aggregate has
a density that range from 2020 to 2382 kg/m3 because of the lower
specific gravity of POC compared with the normal aggregate.
6

In contrast, the lower density was measured in mix 4, which
recorded 1972 and 1945 kg/m3 for demoulded and oven-dried den-
sity, respectively. Ahmmad et al. [58] produced the oven-dried
density of 1971 kg/m3 due to the use of 100 % POC as coarse aggre-
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gate in the concrete mixture, and this value is very close to the
density value obtained by mix 4. The low density of this mix is
due to the lower specific gravity of POC as compared with normal
coarse aggregates. This results along with study conducted before
[72]. Abutaha et al. [60] concluded that the density of 100 % POC
as coarse aggregate was 2074 kg/m3. The density of POCC contain-
ing UPOFA was about 21 % less than that of NWC in mix 1, how-
ever, it is still higher than other kinds of LWAC, such as OPS and
coconut shell aggregates, whereas the density of 100 % POCC was
2025 kg/m3 [73]. Ahmad et al., [74] used the POC as coarse aggre-
gate in LWAC. They produced a dry density of around 2020 kg/m3

and a compressive strength of around 42 MPa at the 28th day.

3.3. Water absorption

Water absorption is significant in determining the ability of
concrete to resist environmental conditions [75]. The water
absorption test of all concrete specimens was conducted on the
100 mm3 cube specimens at the ages of 7, 28, 90, 180 and 360 days.
The specimens were oven-dried in an electric oven at 110 ℃ for
24 h before the test. Subsequently, the water absorption test of
the concrete specimen was conducted after being immersed in
water for 30 min. Equation (2) can be applied to determine the
water absorption value.

Water absorption ð%Þ ¼ Ma�Mo
Mo

� 100 ð2Þ

Where Ma = weight of the concrete sample after immersion (g)
Mo = weight of the oven-dried concrete sample (g).
Fig. 7 and Table 6 show the effect of replacement cement by

UPOFA and replacement coarse aggregate by POC on the water
absorption. The POC aggregate has a significant role in increasing
water absorption because of its pore structure [76,77]. In this
regard, the interfacial zone (ITZ) and microstructure of LWAC are
influenced by the high water absorption in the POCC [78]. Neville
[79] stated that water absorption alone could not be used to deter-
mine the quality of concrete. Mostly, low water absorption indicate
the quality of concrete to a certain extent [80]. Razak et al. [81]
observed that the water absorption of LWA affects the interfacial
Fig. 7. Water absorption of concre
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region of LWAC and the microstructure of the hardened binder
paste owing to the proportion of the pore area in the ITZ, which
increases with the absorption of aggregate. Aslam et al. [68]
reported that the rise in the replacement level of OPS in POCC
increased the water absorption of the POCC. Aslam et al. [82] stated
that the nature of the physical properties of POC aggregate sug-
gests its higher level of porosity compared with normal coarse
aggregates. The existing chemical reaction of the porous LWA
decreased the pores around the aggregate and caused the com-
paction of LWAC to be lower than water absorption. Muthusamy
et al. [71] reported that the addition of 10 % UPOFA as cement
replacement had an effective role in the refinement of voids in con-
crete because of the pozzolanic reaction, which resulted in lower
water absorption values.

Fig. 7 shows the control concrete mix that recorded the lowest
water absorption from the 7 days until 360 days. Meanwhile, Mix
4, which contains 30 % UPOFA and 100 % POC, recorded the highest
water absorption at all curing days. The high-water absorption of
POCC resulted from the high water absorption of POC aggregates
[58,83]. Hamada et al. [30] used UPOFA and POC as partial cement
replacement and POC as partial/fully coarse aggregate replace-
ment. They obtained 54 % higher water absorption than that of
the control specimen because of using 100 % POC aggregate. Abu-
taha et al. [84] investigated the LWAC that contained different
replacement levels of POC as coarse aggregate. They also used a
POC powder as filler to produce high-strength concrete. They
observed that the water absorption at the 28th day was < 2.5 %.
The water absorption at the 90th and 180th days were more
favourable because of the influence of silica content in POCC.
4. Results of mathematical modelling and statistical analysis

The empirical relationships between the responses and the fac-
tors are expressed by second-order polynomial, as shown in Equa-
tions (3 and 4). According to the experimental program, each of the
responses (e.g. density and water absorption) could be forecasted
by the regression analysis that provided the interaction between
the responses and variables. The CCD experimental design data
te containing UPOFA and POC.



Table 6
Water absorption of LWAC samples.

Mix no Factor 1, UPOFA % Factor 2, POC % Water absorption %

7 day 28 day 90 day 180 day 360 day

M1 0 0 2.15 2.02 1.86 1.55 1.4
M2 30 0 3.11 3.03 2.66 2.25 1.96
M3 0 100 4.16 3.86 3.45 3.17 2.92
M4 30 100 4.34 4.12 3.76 3.37 3.12
M5 0 50 3.28 3.04 2.86 2.65 2.44
M6 30 50 3.55 3.31 3.14 2.86 2.55
M7 15 0 2.23 2.11 1.95 1.51 1.31
M8 15 100 4.22 3.84 3.31 3.16 2.95
M9 15 50 3.47 3.22 3.03 2.66 2.51
M10 15 50 3.47 3.22 3.03 2.66 2.51
M11 15 50 3.47 3.22 3.03 2.66 2.51
M12 15 50 3.47 3.22 3.03 2.66 2.51
M13 15 50 3.47 3.22 3.03 2.66 2.51
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could assist the mathematical forecasting equations, as illustrated
below.

Density = +2146.00–19.67 A � 190.83B � 1.75 AB + 4 A2 + 5.5 B2

(3)
Water absorption = + 2.48 + 0.145 A + 0.72B � 0.09 AB + 0.098

A2 – 0.2666 B2 (4).

4.1. Model development

In this research, RSMwas used to assess the combined influence
of UPOFA and POC aggregate on the properties of concrete and
build a relationship between the variables and measured
responses. Multi-objective optimisation was performed to identify
the optimised concrete mixtures by improving the density and
reducing water absorption. Various models were used to derive
the mathematical relationships between independent variables
and responses in the RSM analysis. The CCD model is a more reli-
able model and is most generally used. This type is selected
because (a) is the distance from the design centre to the axial
run, which depends on the points in the factorial design portion
[85].

4.2. Perturbation plots and predictive efficiency of the responses

Perturbation plots in RSM technique show an important param-
eter by exhibiting variations in response to each variable. The per-
turbation plot for density was illustrated in Fig. 8, which suggests
that the POC aggregate has a more significant effect on the density
than the UPOFA. However, density decreases with the increase in
POC and UPOFA in concrete mixtures. Meanwhile, the water
absorption increased due to increment of POC and UPOFA replace-
ment levels in concrete mix (Fig. 8).

Fig. 8 illustrates the effect of UPOFA and POC on reducing den-
sity through the perturbation plots. A curvature in POC % replace-
ment exhibited higher sharpness than the UPOFA % replacement
level in the density and water absorption tests. This result indi-
cates that the density and water absorption in this mixing execu-
tion were more critical to POC than UPOFA.

4.3. Statistical models and analysis of variance

Table 7 displays the ANOVA results for the response (e.g. den-
sity and water absorption) parameters. Considering that the P val-
ues are < 0.05, all models in this study are significant at the 5 %
confidence level. However, if the P values for the responses
are greater than 0.05, the result will be not significant. Table 7
showed the validity of the model and the responses. The density
has more contributions to the responses than to water absorption
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(Table 7). The interaction amongst factors was insignificant. The
predicted and actual results have evident correlation. The diagnos-
tics plots of responses indicated that density and water absorption
are the most effective and reliable parameters (Figs. 9 and 10,
respectively).

Table 7 illustrates the model validation parameters made of two
responses. The analysis by ANOVA displays reliable confidence
because of the assessment of the response’s efficiencies. Last study
by Ghafari et al. [86] stated that if the R2 value less and close to 1 is
better and eligible, then an agreement with the adjusted R2 is nec-
essary, thereby pointing a satisfying amendment of the quadratic
model of the empirical data.

4.4. Normal probability plot

Data were analysed to evaluate the actual versus predicted
plots and normality of residuals for density and water absorption
of concrete. Figs. 9 and 10 show the normal probability plot of
the actual versus predicted and residuals for the density and water
absorption, respectively.

According Figs. 9 and 10, in the density probability plot, the
plotted points far from the distribution fitted line while in the
water absorption seemed to be closer to the distribution fitted line.
Notably, the predicted versus actual distribution plots was a better
choice for analysing density and water absorption compared with
normal plots.

The result obtained showed that the cubic model is aliased.
Moreover, the predicted R2 agreed reasonably well with the
adjusted R2 because of the difference of < 0.2. The Adeq precision
was used to measure the signal-to-noise ratio. The predicted R2

showed how well the developed model can be used to predict
the response.

According to Table 8, the two models were successfully related
to reproducibility. The diagnostic plots and actual versus predicted
value plots are illustrated in Fig. 10. The diagnostic plots assist in
judging the model’s satisfaction and adequacy [87,88]. Fig. 10
shows the actual versus predicted value plots of density and water
absorption. These figures illustrate that all responses (density and
water absorption) from the models are well accorded with the
observed values.

4.5. Process analysis

Fig. 10 show the response surface plots for density and water
absorption. The comparative influence of UPOFA and POC aggre-
gate on density and water absorption are cleared by the perturba-
tion plots (Fig. 8). However, the combined effects of UPOFA and
POC aggregates on density and water absorption are illustrated



Fig. 8. Perturbation plot for density and water absorption.

Table 7
ANOVA results for response surface quadratic model parameters.

Responses Source Sum of Squares df Mean Square F-value p-value

Density Model 2.210E + 05 5 44208.13 3422.57 < 0.0001 significant
A-UPOFA 2320.67 1 2320.67 179.66 < 0.0001
B-POC 2.185E + 05 1 2.185E + 05 16916.45 < 0.0001
AB 12.25 1 12.25 0.9484 0.3626
A2 44.19 1 44.19 3.42 0.1068
B2 83.55 1 83.55 6.47 0.0385
Residual 90.42 7 12.92
Lack of Fit 90.42 3 30.14
Pure Error 0.0000 4 0.0000
Cor Total 2.211E + 05 12

Water absorption Source Sum of Squares df Mean Square F-value p-value
Model 3.47 5 0.6930 52.51 < 0.0001 significant
A-UPOFA 0.1261 1 0.1261 9.56 0.0175
B-POC 3.11 1 3.11 235.67 < 0.0001
AB 0.0324 1 0.0324 2.45 0.1611
A2 0.0268 1 0.0268 2.03 0.1974
B2 0.1962 1 0.1962 14.87 0.0062
Residual 0.0924 7 0.0132
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in the contour 2D and 3D surface response plots, as presented in
Figs. 11 and 12, respectively. Fig. 11 illustrates that the density
decreased dramatically because of the increasing replacement
level of coarse aggregates by POC, whereas the increase in the
replacement level of cement by UPOFA has a lower effect on
density.

Fig. 12 shows that the water absorption of concrete mix
decreased clearly with the increase in the replacement level of
POC, as well as decreased slightly with the increase in the replace-
ment level of UPOFA.

The influences of the experiments on UPOFA and POC replace-
ment level on the density and water absorption are demonstrated
in the 3D surface response plots, as shown in Figs. 11 and 12,
respectively. The figures illustrate that the replacement levels of
coarse aggregate by POC and OPC by UPOFA increased, density
decreased, and water absorption increased.

UPOFA and POC have a significant effect on the density and
water absorption of concrete. The POC is in the range of 0.0 %–
100 %, whereas the UPOFA is in the range of 0 %–30 %. The obtained
9

results indicated the pozzolanic reaction of the ultrafine particle
size of UPOFA and a high content of SiO2.

The optimisation standards for density and water absorption
are shown in Table 9. The standards for completing the goal of
the desired replacement of UPOFA and POC aim to minimise den-
sity and water absorption at the 360th day.

Table 10 summarises the optimum solutions identified by the
CCD within the RSM technique. The best solution of desirability
for the test 1 of 0.435 is shown in Table 10. The aim of each opti-
misation method was designed according to the weight or impor-
tance factor.
5. Optimisation of multiple responses

To determine the best values of responses in the LWAC contain-
ing UPOFA and POC aggregate, the important parameters were
optimised by using the RSM using the numerical optimisation.
Fig. 13 shows that the UPOFA replacement level was less sensitive



Fig. 9. Diagnostics plots, normal probability and the actual versus the predicted
plot of density.

Fig. 10. Diagnostics plots, normal probability and the actual versus the predicted
plot of water absorption.

Table 8
Model validation for the responses.

Density Water absorption

Standard deviation (SD) 3.59 0.1149
Mean 2150.38 2.4
R2 0.9996 0.9740
Predicted R2 0.9964 0.7716
Adjusted R2 0.9993 0.9555
Adeq Precision 172.4261 22.1660
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than that of POC coarse aggregate in the concrete mixture related
to the density of concrete but in the contrary to water absorption
(Fig. 13). The RSM statistical software extracted from Design-
Expert software was utilised to optimise the concrete properties,
as well as to minimise the cement content and normal coarse
aggregates in the concrete mixtures.

The equations of the model have been combined to obtain the
process variables. The optimum replacement level was 10.208 %
for the UPOFA and 43.59 % for the POC aggregate with an accompa-
nied density and water absorption of 2177.14 % and 2.341 %,
respectively for desirability = 0.435 and solution 1 out of 2 as in
Table 9.

Based on the above results, the effect of POC replacement brings
more negative impact to the concrete in comparison with UPOFA
10
replacement level. This result could be attributed to the lower den-
sity and stiffness of POC compared with normal coarse aggregates.
Meanwhile, the UPOFA has properties that are somewhat similar to
cement. Therefore, the effect might be lower than that in the POC.



Fig. 11. Contour 2D and 3D plots of density.

Fig. 12. Contour 2D and 3D plots of water absorption.

Table 10
Optimum ratios and related predicted responses.

Name Goal Lower Limit Upper Limit Importance

A:UPOFA is in range 0 30 3
B:POC is in range 0 100 3
Density minimize 1945 2360 5
Water absorption minimize 1.31 3.12 5

Table 9
Optimisation standards of individual responses for LWAC.

Number UPOFA POC Density Water absorption Desirability

1 10.208 43.597 2177.148 2.341 0.435 Selected
2 10.176 43.962 2175.795 2.347 0.435
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Fig. 13. Graphical views for optimised density and water absorption LWAC.
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6. Conclusions

A RSM is a dependable statistical, mathematical and designing
modelling. It is also an optimisation tool for determining the max-
imum replacement levels of OPC with UPOFA and POC to minimise
the use of cement and natural aggregates in the production of
cement and improve their properties. The inclusion of UPOFA and
POC tends to reduce the density and increase the water absorption
clearly, and the detailed conclusion can be listed in some points.
12
RSM by Design-Expert version 12 was adopted to determine
two variables of LWAC to predict and optimise the density
and water absorption of LWAC.\.
The quadratic regression could suitably predict the experimen-
tal results with the R2 of 0.9996 and 0.974 for density and water
absorption, respectively.
The desirability function of optimisation of the multi-response
system was 0.435, that is, the density of 2177 kg/m3 can be
achieved by UPOFA of 10.208 and POC of 43.597 %.
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For future studies, the performance of concrete exposed to differ-
ent curing conditions and aggressive environments must be
explored.
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