Case Studies in Construction Materials 16 (2022) e01061

Contents lists available at ScienceDirect

CASE STUDIES IN
CONSTRUCTION
MATERIALS

Case Studies in Construction Materials

-

e =

ELSEVIER journal homepage: www.elsevier.com/locate/cscm

Case study ® :
Optimizing the concrete strength of lightweight concrete e

containing nano palm oil fuel ash and palm oil clinker using
response surface method

Hussein M. Hamada ® ", Alyaa A. Al-Attar °, Bassam Tayeh ¢, Fadzil Bin Mat Yahaya *

2 Faculty of Engineering Technology, University Malaysia Pahang, 26300 Pahang, Malaysia
Y Northern Technical University, Mosul, Iraq
¢ Faculty of Engineering, Islamic Gaza University, Gaza, Palestine

ARTICLE INFO ABSTRACT
Keywords: Lightweight aggregate concrete (LWAC) has gradually gained popularity as a significant material
Lightweight aggregate concrete in the concrete industry worldwide. One of the important lightweight aggregates is palm oil

Palm oil clinker

Palm oil fuel ash

Nano-POFA

Flexural and splitting tensile strengths
Response surface method

clinker (POC). Moreover, palm oil fuel ash (POFA) can be used as a partial cement replacement in
concrete. This paper presents a study in which POFA of Nano-particle size was used to enhance
the lower performance of LWAC made with POC aggregate. The Nano-POFA (NPOFA) was used as
cement replacement of 0%, 10%, 20%, and 30% and POC aggregate was used as coarse aggregate
at replacement levels of 0%, 50%, and 100%. Flexural and split tensile strengths and ultrasonic
pulse velocity (UPV) were investigated for different concrete mixtures. For optimizing the pa-
rameters of the mix design, the response surface method (RSM) was adopted, and within it, a
central composite design (CCD) approach was used. The results show that the interaction of POC
and NPOFA affects the responses (UPV, flexural and tensile strengths). However, the POC tends to
decrease all the responses. Whereas, the NPOFA tends to increase it especially at later ages. The
highest UPV, flexural and split tensile strengths were observed for mixture (M7) that were 4375
m/s, 8.53 MPa, and 5.38 MPa, respectively. It can be concluded that the optimization method by
RSM is an active way to enhance the mix design of LWAC.

1. Introduction

The economic advantages of palm oil industry have led to the expansion of the plantation area of oil palm trees worldwide from 6 to
16 Million hectares between 1990 and 2010 [1]. Malaysia and Indonesia are the two largest countries in the world that grow oil palm
trees [2-4]. It was reported that in 2019 the biggest oil palm plantation was in Indonesia covering 2,424,545 ha [5]. Zaini et al. [6]
reported that each hectare of land commonly housed about 135 oil palm trees. The increased plantation area of oil palm trees has
caused the solid waste generated by palm oil production in the palm oil mills increase as well. These waste materials including kernels,
empty fruit bunches, fibers, and oil palm shells are commonly dumped into landfills, which causes environmental issues [7,8]. At the
same time, owing to the lack of availability of lightweight aggregate in most countries, the use of solid waste produced by palm oil
mills, such as palm oil clinker (POC), is becoming increasingly beneficial as an alternate lightweight aggregate [9,10].
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Approximately a ton of harmful CO; gas is generated while producing a ton of cement [11,12]. Also, about 7% of the undesired
gases released into the atmosphere are due to the production of cement [13]. To address this problem, researchers have adopted
various supplementary cementitious materials (SCM) as alternatives to the ordinary Portland cement (OPC), such as, palm oil fuel ash
(POFA) [14-16], fly ash (FA) [17,18], silica fume (SF) [19,20], and ground-granulated blast-furnace slag (GGBFS) [21-23]. These
materials have excellent pozzolanic reactions [24,25]. Numerous previous studies have reported that the use of SCMs is an effective
step to achieve a sustainable construction industry [26,27]. One of these SCMs is POFA, which is a waste by-product from the palm oil
industry [28,29].

In 2007, Malaysia alone produced about three million tons of POFA [30]. Large amounts of POFA are usually disposed into landfills
without a suitable treatment, which causes health hazards and environmental issues [31,32]. Therefore, many researchers have
investigated POFA as high pozzolanic material to replace cement in different proportions [33,34]. However, the large-sized particles of
raw-POFA give it a weaker microstructure making it less efficient compared to ground POFA (GPOFA) [35]. Consequently, the GPOFA
has been used as cement replacement by some researchers due to its better microstructure and higher pozzolanic reactions [30].
Besides, POFA has a high content (up to 67%) of silicon dioxide (SiO2) [36], which enables it to easily react with calcium hydroxide
(CH) to produce extra calcium-silicate-hydrate (C-S-H) gels [37,38]. Therefore, the pozzolanic reaction of POFA can enhance the
concrete strength and microstructure properties, particularly at later age [15,39,40]. Most of the researchers investigating the use of
POFA at different replacement levels have concluded that the concrete performance remains acceptable with the replacement levels up
to 30% [4,41]. Exposing the POFA particles to extra grinding leads to improving the pozzolanic reactions, thus increasing the resulting
concrete strength [42]. Some researchers have utilized Nano-sized POFA to examine the microstructure properties and
hydration-temperature of the resulting mortar [40,43]. However, there are not many studies using Nano POFA (NPOFA) aimed at
finding out the resulting concrete strength [37,43,44]. The effects of NPOFA on the properties of concrete need to be studied lengthily.
Due to the pozzolanic reaction between high volume of ground PFOA and calcium hydroxide (CaOH) released from hydration of
cement, the strength of concrete with 20% POFA was somewhat higher than that of ordinary cement concrete [45]. The pozzolanic
reaction of the GPOFA in cement mortar increased, especially with later ages [39]. The compressive strength of blended cement paste
is higher than that of the ordinary cement paste due to increase in pozzolanic reaction at later ages [46].

The preciousness of natural aggregates has compelled many researchers to utilize oil palm shell (OPS) and palm oil clinker (POC) to
fulfill the increasing demand for suitable aggregates in the concrete mixtures [47]. Palm oil mills generate large quantities of POC as a
waste byproduct [48]. The use of POC as lightweight aggregate (LWA) can produce lightweight concrete (LWAC) with satisfactory
strength [48]. The use of POC as coarse aggregate reduces the construction cost and minimizes the environmental issues related to the
accumulation of these wastes. In addition, the LWAC has many advantages such as the reduction in dead load, diminishing of
micro-cracks, and uniform stress distribution [49,50]. Numerous studies have been conducted to show the effects of POC as coarse
aggregate on the concrete performance. Kabir et al. [51] investigated the influence of incorporating different replacement levels of
POC as coarse aggregate with GGBS and POFA to make geopolymer concrete (GPC). It is an aggregate with high pozzolanic reaction
properties and high bonding potential in the LWAC mixture owing to containing aluminosilicates in their composites. Hamada et al.
[37] utilized POC as a coarse aggregate in the production of LWAC. POC was used in different replacement levels of 0%, 50%, and
100%, while NPOFA was used to replace cement at different replacement levels of 0%, 10%, 20%, and 30%. They observed that the
highest compressive strength was 58.3 MPa resulting from the concrete mix containing 30% NPOFA and 0% POC, whereas, the lowest
value for the same was 40.7 MPa. These results point to the high effects of NPOFA on the concrete strength. Therefore, this paper
presents a study in which POFA of Nano-particle size was used to enhance the lower performance of LWAC made with POC aggregate.
The Nano-POFA (NPOFA) was used as cement replacement of 0%, 10%, 20%, and 30% and POC aggregate was used as coarse
aggregate at replacement levels of 0%, 50%, and 100%. This paper also reports the results of a research on the UPV, flexural and
splitting tensile strengths of LWAC containing POC as partial/full coarse aggregate replacement and NPOFA as partial cement
replacement. A total of thirteen concrete mixtures have been designed using the response surface method (RSM), including one control

Table 1

Physical and chemical properties of the binder materials.
Properties Cement NPOFA
Calcium oxide (CaO) 53.8 3.97
Silicon dioxide (SiO2) 26.1 67.3
Aluminum oxide(AlO03) 8.54 4.12
Ferric oxide(Fe;03) 4.09 8.12
Sodium oxide (Na;0) 0.186 0.115
Titanium oxide (TiOz) 0.427 0.229
Magnesium oxide (MgO) 0.358 2.72
Potassium oxide (K20) 0.97 8.45
Manganese oxide (MnO) 0.137 0.07
Phosphorus pentoxide (P,0s) 0.177 2.47
Sulfur trioxide (SO3) 2.77 0.535
Loss of Ignition (LOI) 2.2 1.4
Specific gravity 3.15 2.52
Mean particle size (um) 6.8 0.982
Blaine Fineness (cmz/g) 3310 4830
Specific surface area (m?/g) 0.782 1.962
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mix.

2. Materials and methodology

2.1. Materials

2.1.1. Binder materials

The ordinary Portland cement (OPC) was used as the primary binder material. NPOFA has been used to partially replace OPC. The
chemical composition and physical properties of the binder materials were studied in the chemical laboratory at University Malaysia
Pahang, which are listed in Table 1. Palm oil fuel ash (POFA) was collected in the required quantity for experimental tests from a local
(Pahang, Malaysia) palm oil mill. The collected POFA was subjected to many treatment processes including drying the collected sample
in an electric oven at 110 + 10°C for a day. The treatment processes were explained in detail elsewhere by Hamada et al. [37]. The final
product was Nano-POFA. A sample of POFA exposed to the different treatment processes has been shown in Fig. 1.

2.1.2. Coarse aggregates

Palm oil clinker (POC), a by-product material generated from the palm oil mills as waste material in large chunks, was used as
partial replacement of the natural coarse aggregates. The required quantity of POC was sourced from a nearby palm oil mill. Many
steps of treatments were performed in the concrete laboratory on the raw POC collected, as shown in Fig. 2. Firstly, the raw POC was
washed to remove any dust and other organic materials, and then dried in an electrical oven at 110 + 10°C for a day. Secondly, large
chunks of POC were crushed to obtain smaller pieces. Lastly, the sieving analysis was conducted to separate the fine and coarse
aggregate sized pieces.

The same treatment steps were conducted previously by Ahmmad et al. [48]. The resulting aggregates have lower density than
natural aggregate and can be considered as LWA [52]. POC aggregate has low bulk density and high water absorption. Its weight is
49% lower than the conventional coarse aggregates [53] and 29% lower than the conventional fine aggregates [54]. Therefore, the use
of this LWA is expected to decrease the structural dead load and consequently reduce the total construction cost by a significant
amount. The comparison of the properties, such as the aggregate impact value (AIV) and the aggregate crushing value (ACV) of POC
aggregates, which are higher than those of the natural aggregate [54], and mining sand was used as fine aggregate with the properties
as listed in Table 2. Fig. 3 shows the gradation of the particle size of the crushed stone and the POC coarse aggregates used to prepare
the specimens.

2.2. Microstructure properties of POFA

The Scanning electron microscope (SEM) test was carried out to identify the variations in POFA morphologies. POFA was treated
through numerous procedures starting with oven-drying raw POFA in an electrical oven at 110 =+ 10°C for 24 h followed by grinding to
obtain GPOFA. Los Angeles machine was used for the grinding. The GPOFA was heated in an electrical furnace at a temperature of up
to 600°C for 2 h to get the treated POFA (TPOFA). The TPOFA was ground again to get ultrafine POFA (UPOFA). The results of SEM/
EDX of GPOFA show that the particle shape was irregular and angular with a porous texture. After the heating of GPOFA, no
agglomeration of POFA was noted. The shape and size of TPOFA was somehow similar to the GPOFA except some variations, however,
its carbon content was lower owing to the exposure of TPOFA to heat-treatment which burned excess carbon. The particle size of
UPOFA was less than that of GPOFA and TPOFA particles and the shape was generally semi-circular and usually angular. The SEM/EDX
of various POFA morphologies are shown in Figs. 4-6.

On the other hand, the EDX test was used to get the information on the chemical composition of various POFA morphologies.
Changes in the mechanical properties and chemical composition can be attributed to the various treatment procedures. The specific
surface area and particle size of UPOFA particles were determined as being only 1.962 m?/g and 0.982 um, respectively. This shows

Fig. 2. Processing of POC aggregate.
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Table 2

Physical properties of natural fine and coarse aggregates and POC.
Properties Natural fine aggregates Natural coarse aggregate POC coarse aggregate
Aggregate size (mm) 0.3-4.75 4.75-10 4.75-10
Bulk density (kg/m3) 2.79 1452 732
Fineness 6.23
Specific gravity (SSD) 2.64 2.65 1.78
Water absorption (24 h) % 0.82 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

Distribution curve of aggregate
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Fig. 3. Sieve analysis of aggregates used.

that UPOFA has a smaller particle size resulting in a higher surface area than that of both the raw POFA and cement. On the other hand,
the carbon content reduced as identified by the SEM/EDX test. Therefore, due to the reduced carbon content and loss of ignition (LOI),
the SiO, content in UPOFA increased in comparison to the raw POFA and GPOFA. The heat treatment process also caused an increase in
the content of Fe;O3 and Al;O3. Consequently, according to the requirements of ASTM C618, the UPOFA can be classified as a mineral
admixture class F. The SEM/EDX tests have also illustrated the color changes of TPOFA and UPOFA due to the exposure to the heating
process and further grinding. The decrease of carbon content in UPOFA particles led to a substantial variation in the color from black to
reddish-gray.

2.3. Microstructure analysis of POC aggregate

Assessment of the microstructure of POC is significant in order to assess the material’s performance in the concrete mix. The
scanning electron microscopy (SEM) exams were performed to outline the microstructural properties of POC, while the energy
dispersive X-ray (EDX) was utilized to chart its chemical composition. Fig. 7 shows the presence of a large amount of voids spread
across the POC surface. These micro voids may cause a crack on the concrete surface especially when connected with each other, thus
reducing the concrete strength.

2.4. Mixing procedure and test methods

For sample preparation, the mining sand and POC aggregate were initially mixed in a drum mixer for a duration of 5 min. The
binder materials (NPOFA and cement) were then added according to the proportion designed beforehand and the mixing was done for
an additional 3 min. Water was added gradually along with superplasticizer and the mixing continued for 5 min when a uniform
concrete mix consistency ensued. After the mixing process, a vibration table was used to compact the concrete in molds for 30 s. The
samples were demolded after 24 h from casting time. All concrete samples were cured under water until the test day. The humidity and
ambient temperature of the laboratory were about 76% and 27 + 3°C, respectively. Consistent humidity and temperature were due to
the prevailing climatic conditions in Malaysia. The experimental tests included the compressive strength, ultrasonic pulse velocity,
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Fig. 4. SEM/EDX of GPOFA.

flexural and splitting tensile strength. The flexural and splitting tensile strengths and compressive tests were conducted respectively on
prism, cylindrical and cubic samples in accordance with BS-1881-Part-117. The non-destructive test (UPV) were conducted based on
ASTM C597.

2.5. Mix design using response surface method

Response surface methodology (RSM) connects the outputs with autonomous variables to find out the effect of an association
between autonomous factors and dependent variables (responses) [55]. RSM is being utilized in many research areas to produce
models required including the concrete mixtures design [56]. A central composite design (CCD) is used in RSM [55]. It was credited as
a possibly suitable method which is capable of offering appropriate functional association between the independent variables (factors)
and responses [57]. Design Expert v12 software was used in this study for the design and statistical analysis. It was also used to
optimize the responses. Analysis of variance (ANOVA) was performed to detect any correlation between the different factors and the
effect of each factor. A suitable regression model was used, as illustrated in the Eq. (1) [55,58]:

k k
Y=p4,+ Zﬂ[xi + (Zﬂ;pﬁ) + Z:ll Z;ﬂ'fxixf +e @
-1 -1

where, Y is the response, x; and x; are the variables, k is the number of parameters included in the experiment, f is the regression
coefficient, and e is the random error.

Table 3 illustrates the level and the ranges of all the variables (factors, namely POC and NPOFA) investigated. Thirteen experi-
mental tests were conducted (2k + 2k + 5), where k is the number of variables (k = 2). Eight various combinations were complemented
with the addition of five replicates of the medium-case.

The tests were required to find out the proficiency of NPOFA as a partial cement replacement and POC as partial/full replacement of
coarse aggregate on the concrete strength. Thirteen experimental tests were implemented according to the central composite design
(CCD) as given in Table 4. The relationship between the two factors NPOFA% and POC% and the three responses (UPV, flexural and
splitting tensile strengths) were investigated using RSM. The expected results (Y) were calculated to evaluate the factors as a function
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Fig. 5. SEM/EDX of TPOFA.
of x; (NPOFA)% and x5 (POC)%.
3. Experimental results and discussions
3.1. Ultrasonic pulse velocity (UPV)

The ultrasonic pulse velocity (UPV) is a significant test carried out to determine the concrete quality and consistency as well as to
find out the presence of cracks and voids. Using the testing standard ASTM C597-16, the UPV test was conducted on 100-mm cubic
samples at the ages of 7, 28, 90, 180, and 360 curing days for all concrete mixes as shown in Fig. 8. The samples were classified as very
poor, poor, good, very good, and excellent for the corresponding UPV values of less than 2.0, 2-3, 3-3.5, 3.5-4.5, and more than
4.5 km/s, respectively; according to Whitehurst [59]. Generally, the LWAC produces lower UPV values than normal concrete [60]. The
results show that the mix M4 with 100% POC aggregate and 30% UPOFA as cement replacement achieved the lowest UPV value of
3.212 km/s at 360 days, which still falls in the range between 3.0 and 3.5 km/s and can be classified as “good” quality. This low UPV
value can be attributed to the porosity of POC aggregate. The lack of interlocking between aggregates generates voids and that results
in a lower UPV travel rate. Nevertheless, the remaining concrete mixtures were located between “good” and “very good” quality as
those ranged 3.0-3.5 and 3.5-4.5 km/s.

On the other hand, Awal et al. [61] reported that the addition of POFA into the concrete mixtures as cement replacement has a
positive effect on the UPV value. Another study by Awal et al. [62] reported that higher temperature led to lower UPV values. The UPV
at an initial temperature of 27°C was 4539 m/s, but reduced at higher temperatures to be ranging between 3655 and 4117 m/s for
concrete containing POFA at all replacement levels. Islam et al. [38] reported that 5-15% POFA replacement level of cement is the
optimum to achieve high UPV values whereas an increase in the POFA quantity lead to a decrease in the UPV values, especially with
more than 20% replacement level.

Abutaha et al. [63] reported that the irregular nature and high porosity of POC aggregate affects the wave propagation across
concrete samples. The presence of empty voids between and within the aggregate decreases the pulse velocity particularly with a high
POC content in concrete mixtures. Jumaat et al. [64] concluded that the UPV values of the mixtures containing 75% and 100% POC
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Fig. 6. SEM/EDX of UPOFA.

indicated that it is “good” concrete after exposure to 500°C for an hour [65]. Kanadasan et al. [66] used the different replacement
levels of POC to produce self-compacting concrete (SCC). They reported that even though the UPV values decreased, yet the POC
concrete was still in the category of “good” concrete and contributed to a significant reduction in cost and energy utilized. Abutaha
etal. [67] stated that the UPV values of LWAC containing POC were in “very good” category for all replacement levels. This may be due
to using silica fumes and POC powder in the blending materials. Other study conducted by Hamada et al., [37] proved that the lower
UPV values are due to the increment of POC content, which results in raised air content in the UHPC samples.

3.2. Flexural strength

Four-point bending test was carried out to measure flexural strength according to ASTM: C1018-97 [68]. It can be noted that the
flexural strength of mix M7 (0% POC, 15% NPOFA) is the highest among all the concrete mixtures at 8.53 MPa at 360-days as shown in
Fig. 9. Whereas, the lowest flexural strength at 360 days was that of M4 (100% POC, 30% NPOFA) at 5.05 MPa. Cracks started
appearing at the weaker part in the interfacial zone (IZ) followed by the flexural failure. The flexural strength in the mix M7 was about
9% more than the control concrete M1 that achieved 7.82 MPa at 360 days. While Mix 4 including 30% NPOFA and 100% POC was
about 35% lower than the control mix. The decrease in the flexural strength can be attributed to the sharp and angular edges of POC,
which when mixed with binders caused stress concentration of concrete cracks and reduced the resistance to crack growth. Ahmad
et al. [69] reported similar results. Alengaram et al. [70] reported that utilization of high volume of foam can produce large quantity of
air content in the mix that decreases the strength and density of concrete.

The flexural strength of the control concrete specimen increased from 6.65 MPa at 28 days to be 7.82 MPa at 360 days, with an
increase of 17.6%. Whereas, the increase in the flexural strength of the mix M4 was about 25% from 28-days (4.05 MPa) to 360-days
(5.05 MPa). This indicates that the control sample achieved about 82% of its total flexural strength in the first 28 days, whereas the mix
M4 achieved only 75% of its total flexural strength during that time. Therefore, M4 mix exhibited a slower rate flexural-strength-gain
than the control sample.

Mohammadhosseini et al. [71] investigated the feasibility of utilizing POFA with waste metalized plastic (WMP) fibers in concrete
to enhance the mechanical properties. The mixture of POFA and WMP fibers enhanced the flexural and tensile strengths when POFA
was used as cement replacement up to 20%. The enhancement in the POFA mixtures was attributed to the higher reactivity of POFA at
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Fig. 7. SEM/EDX of the POC aggregate.

Table 3
Variables investigated with units and coding values.
Variables (factors) Code Unit -1 0 1
NPOFA A % 0 15 30
POC B % 0 50 100
Table 4
CCD model by RSM technique.
Mix NPOFA POC NPOFA Kg/ Cement Kg/ POC Kg/ Coarse aggregate Fine aggregate Water/ superplasticizer
no. % % m® m® m? kg/m*® Kg/m® binder %
1 0 0 0 450 0 900 700 0.42 1
2 30 0 108 315 0 900 700 0.42 1
3 0 100 0 450 604 0 700 0.42 1
4 30 100 108 315 604 0 700 0.42 1
5 0 50 0 450 302 450 700 0.42 1
6 30 50 108 315 302 450 700 0.42 1
7 15 0 54 382.5 0 900 700 0.42 1
8 15 100 54 382.5 604 0 700 0.42 1
9 15 50 54 382.5 302 450 700 0.42 1
10 15 50 54 382.5 302 450 700 0.42 1
11 15 50 54 382.5 302 450 700 0.42 1
12 15 50 54 382.5 302 450 700 0.42 1
13 15 50 54 382.5 302 450 700 0.42 1

later curing times thus making further C-S-H gels which increase the concrete strength. Bashar et al. [72] reported that the use of steel
fibers with high-volume POFA can improve the flexural strength and this could be owing to the capability of fibers to delay crack
diffusion in concrete. Lim et al. [73] stated that the use of 10-20% POFA as a filler can increase higher flexural strength at all the curing
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ages. Aldahdooh et al. [74] used the RSM method to predict the flexural and tensile strength of ultra-high performance fiber reinforced
cementitious composites containing 75% of ultrafine palm oil fuel ash (UPOFA). They observed that utilizing UPOFA as cement can
enhance the concrete strength.

The flexural strength decreased by about 17% due to early cracks in the POC concrete samples in the study by Nayaka et al. [75].
They used 50% palm oil clinker powder (POCP) as a binder and up to 100% POC as coarse aggregate. They reported that the optimal
mix design of 30% POCP and 50% POC achieved 83% of flexural strength as compared to the control. Aslam et al. [76] stated that the
POC concrete exhibited 26% higher flexural strength at 28-days compared to its 7-day strength. However, the POC concrete samples
showed a similar flexural strength and flexural/compressive strength ratio to normal weight concrete (NWC) and high strength-LWAC.
Muthusamy et al. [77] studied the long-term mechanical properties of high strength POC concrete containing 10-40% GPOFA as
cement replacement. The application of 10% GPOFA enhanced the flexural strength significantly compared to other mixtures
including the control specimen. Abutaha et al. [67] stated that the POC aggregate has a negative influence on the flexural strength
values when they observed a significant reduction (up to 39% compared to the control) in the flexural strength.

10
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3.3. Splitting tensile strength

The Splitting tensile strength test was used to evaluate the susceptibility of concrete to cracking. The casting of concrete mixtures
was done in cylindrical molds. The test was carried out for 28, 180, and 360 days as illustrated in Fig. 10 which shows that Mix 7 with
0% POC and 15% NPOFA achieved the highest tensile strength of 5.38 MPa at 360 days, which was slightly higher than the control
concrete specimen, only by 4.65%. Whereas, the lowest tensile strength was that of M4 (100% POC and 30% NPOFA), which achieved
2.90 MPa at 28-days and 3.45 MPa at 360-days, less than the control concrete specimen by 32.75%. The decrease in splitting tensile
strength of 100% POC aggregates is due to have porous appearances which assist to develop the micro cracks at testing time and result
to decrease the strength value, the similar reason was stated by Polat et al. [78].

The splitting tensile strength of the control concrete specimen increased from 4.72 MPa at 28 days to be 5.13 MPa at 360 days, with
an increase of 8.7%. Whereas, the increase in the splitting tensile strength of the mix M4 was about 19% from 28-days (2.9 MPa) to
360-days (3.45 MPa). This indicates that the control sample achieved about 91% of its total splitting tensile strength in the first 28
days, whereas the mix M4 achieved only 81% of its total splitting tensile strength during that time. Therefore, M4 mix exhibited a
slower rate splitting-tensile-strength-gain than the control sample.

As can be seen in Fig. 10, the highest splitting tensile strength was recorded in mix 7 containing 15% NPOFA and 0% POC. It’s the
same mix that recorded the highest values for both the UPV and flexural strength. While, the lowest splitting tensile strength was
recorded for mix 4 containing 30% NPOFA and 100% POC at all curing ages. These results are similar to the study conducted by Hassan
etal. [79], who reported that the higher tensile strength was noted for their mixes 1, 2, and 3, which contained 1-3% nano POFA with
10% micro POFA at both the early and later ages. The highest value of the splitting tensile strength was due to the addition of
nano-POFA that increased the pozzolanic reactivity and improved the pore-refinement of the concrete mix. Islam et al. [38] reported
that the addition of POFA up to 25% did not significantly influence the concrete properties, whereas the use of 10-15% POFA as
cement replacement enhanced the concrete strength.

Regarding the effect of POC on the splitting tensile strength, Abutaha et al. [67] reported that the replacement of normal coarse
aggregate with POC resulted in a loss of splitting tensile strength. Ahmmad et al. [80] used POC powder as cement replacement and
POC as coarse aggregate to achieve a 28-day splitting tensile strength of more than 2.0 MPa, which is an acceptable value for structural
purposes. On the other hand, the splitting tensile strength of concrete containing POC was reported to range between 3.05 and
3.31 MPa by Aslam et al. [9].

4. Mathematical modeling and statistical analysis

The experimental results were modeled using the software ‘Design Expert’ in order to determine the best fit polynomial function.
Regression analysis was carried out to establish correlations between the independent variables and the experimental values obtained.
To omit the statistically insignificant terms, t-statistics were used until the estimated model for each response became entirely sig-
nificant. 95% confidence interval was used while performing the single factor ANOVA. Assuming normal distribution of the response,
multiple regression analysis was used to calculate the coefficients of regression models as given in Table 5.
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Fig. 10. Splitting tensile strength test results.
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Table 5
ANOVA results for concrete responses.

Dependent variable Source of variation Sum of square Mean square F p-value Status R? Predicted R? Adequate Precision
Ultrasonic pulse velocity Model 1.133E+ 06 2 5.666E+ 05 44.38 < 0.0001 significant 0.8988 0.8284
A-UPOFA 89,060.17 1 89,060.17 6.98 0.0247
B-POC 1.044E+ 06 1 1.044E+ 06 81.79 < 0.0001
Residual 1.277E+ 05 10 12,766.44
Lack of Fit 1.277E+ 05 6 21,277.41
Pure Error 0.0000 4 0.0000
Cor Total 1.261E+ 06 12
Flexural strength Model 9.67 5 1.93 19.61 0.0005 significant 0.9334 0.4749
A-UPOFA 0.1768 1 0.1768 1.79 0.2225
B-POC 8.17 1 8.17 82.77 < 0.0001
AB 0.2450 1 0.2450 2.48 0.1591
A? 1.03 1 1.03 10.40 0.0146
B? 0.0252 1 0.0252 0.2554 0.6288
Residual 0.6907 7 0.0987
Lack of Fit 0.6907 3 0.2302
Pure Error 0.0000 4 0.0000
Cor Total 10.37 12
Splitting tensile strength Model 4.73 5 0.9459 24.78 0.0003 significant 0.9465 0.5316
A-UPOFA 0.3750 1 0.3750 9.82 0.0165
B-POC 3.32 1 3.32 86.83 < 0.0001
AB 0.0009 1 0.0009 0.0236 0.8823
A? 0.5214 1 0.5214 13.66 0.0077
B? 0.1519 1 0.1519 3.98 0.0863
Residual 0.2673 7 0.0382
Lack of Fit 0.2673 3 0.0891
Pure Error 0.0000 4 0.0000
Cor Total 5.00 12

‘I 32 DpPWDH “W'H
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4.1. Analysis of UPV test results

The UPV prediction model for a curing age of 360 days yielded a coefficient of determination of 0.898, indicating a very high
precision. Between the two variables recorded in Table 5, the curve of the POC was much harsher than NPOFA, however, the NPOFA
improved the concrete strength, especially at later ages, in comparison to the POC.

The combined effect of the NPOFA replacement level (%) (A) and POC replacement level (%) (B) on the UPV is illustrated by the
perturbation plots in Fig. 11(a). It can be observed that the POC aggregate effect is harsher than NPOFA on the UPV value, which
decreased from 4302 for the control mix to 3212 m/s for mix 4. The decrease in the UPV values can be attributed to the existence of
voids and the pore structure of the POC surface. Whereas, the use of NPOFA up to 15% enhanced the UPV value of concrete to be higher
than all the other concrete mixtures including the control, especially at later age. These trends have been observed with other responses
also (flexural and splitting tensile strengths). The empirical relationship between the factors (NPOFA and POC) and the UPV in terms of
coded factors as obtained from the UPV test results is presented in Eq. (2).

UPV = 373531 —121.83A —417.17B 2)

The ANOVA values of response surface quadratic model for the UPV were shown in Table 5. The UPV model was significant because
of the p-value (P < 0.05) with t-test at a 5% level of significance. The F-value of 44.38 with a low probability value shows that the
model was significant. The ANOVA results illustrated a reliable confidence in the estimate of the UPV efficiency (R? = 0.8988). The
predicted R? of 0.8284 agrees, within a reasonable limit, with the adjusted R? of 0.8785 for the UPV of LWAC. It is an acceptable
adjustment as the value is high and close to 1. The adequate precision value of 19.8607 for the UPV, which is more than 4, is satis-
factory and confirms the predicted model.

Fig. 11(b) shows the normal plots of the residual values of the UPV to assess the UPV and determine the model suitability. For the
model adequacy, the residuals from the ANOVA results are significant. The plot between the studentized residuals and normal % of
probability agreed with the straight line, hence, validating the model.

On the other hand, the effects of the NPOFA and POC replacement levels on the UPV of LWAC are validated in the 2D and 3D
surface response plots as illustrated in Fig. 12. It can be observed in Fig. 12 that the low UPV values are related with a POC replacement
level, when increase the POC as coarse aggregate, the UPV decreased to be 3212 m/s with 100% replacement level of POC and 30%
UPOFA. While, the UPV with 15% NPOFA recorded of 4375 m/s.

4.2. Analysis of flexural strength test results

The combined effects of the NPOFA replacement level (%) (A) and POC replacement level (%) (B) on the flexural strength are
described by the perturbation plots as illustrated in Fig. 13(a). The curvature (B) which represents the POC is certainly harsher than the
curve (A), which shows that the flexural strength is more affected by the POC replacement level in the LWAC mix. The empirical

Normal Plot of Residuals Perturbation
o
99 7]
] s B
2 9573 .
o 907 =] &
)
2 807 s/ =
- - K =
a 70 LJ0) 5]
P a c |
T 507 = 27
£ o 2
o 30 » [
Z 207 s =z A
3 o (]
150 E = 6 A
] ¢ B
1 -
5
| | | | | | | T T | T T
-200 -1.00 0.00 1.00 2.00 3.00 4.00 -1.000 -0.500 0.000 0.500 1.000

Externally Studentized Residuals

Deviation from Reference Point (Coded Units)

Fig. 11. Perturbation curve and Normal plots of the residual values of UPV test.
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Fig. 13. Perturbation curves and normal plots of residual values of the flexural strength.

relationship between the factors (NPOFA and POC) and the flexural strength (o) in terms of coded factors is given in Eq. (3).
6 =6.84 —0.1717A — 1.17B 4 0.2475AB — 0.6095A” + 0.0955B* 3)

The interaction between the factors significantly affected the flexural strength. The ANOVA values of response surface quadratic
model for the flexural strength was shown in Table 5. The flexural strength model was significant because of the p-value (P < 0.05)
with the t-test at a 5% level of significance. The F-value of 19.61 with a low probability value shows that the model was significant. The
p-value of 0.2225, 0.1591, and 0.6288 for the flexural strength property indicates that A,AB, and B? are not significant while the other
values are. The ANOVA results illustrated a reasonable confidence in the estimate of the flexural strength efficiency (R? = 0.9334).
Also, the predicted R? was 0.4749, which is in agreement, within a reasonable limit, with the adjusted R? of 0.8858 for the flexural
strength of LWAC as illustrated in Table 5. It is an acceptable adjustment as it is high and close to 1. The adequate precision value of
14.1457 for the flexural strength, which is more than 4, is satisfactory and validates the adopted model.

Fig. 13(b) shows the normal plots of the residual values of the flexural strength. For the model adequacy, the residuals from the
ANOVA results are significant. The plot between the studentized flexural strength residuals and normal % of probability agreed with
the straight line, hence, validating the model. On the other hand, the effects of the NPOFA and POC replacement levels on the flexural
strength of LWAC are shown in the 2D and 3D surface response plots as illustrated in Fig. 14. It can be observed that the low flexural
strength values are related with a high POC replacement level. The LWAC flexural strength reduced to 5.05 MPa with 100%
replacement level of POC. Whereas, the NPOFA has a minor effect on the flexural strength.

4.3. Analysis of splitting tensile strength results

The combined effects of the NPOFA replacement level (%) (A) and POC replacement level (%) (B) on the improving of splitting
tensile strength are described by the perturbation plots as illustrated in Fig. 15(a). The curvature (B) which represents the POC is
certainly harsher than the curve (A), indicating that the splitting tensile strength is affected more by the POC replacement level in the
LWAC mix. The splitting tensile strength of LWAC decreased when the POC replacement level increased. The empirical relationship
between the factors (NPOFA and POC) and the splitting tensile strength (zy,) in terms of coded factors is given as in Eq. (4).

7, = 4.9—0.25A4 —0.7433B — 0.015AB — 0.4345A% — 0.2345B° ()]

The interactions between the factors significantly affected the splitting tensile strength. The ANOVA values of response surface
quadratic model for the splitting tensile strength were shown in Table 5. The splitting tensile strength model was significant because of
the p-value (P < 0.05) with the t-test at a 5% level of significance. The F-value of 24.78 with low probability value shows that the
model was significant. The interactions between all factors are also significant. The ANOVA results illustrated a reliable confidence in
the estimate of the splitting tensile strength efficiency (R = 0.9465). The predicted R? of 0.5316 agrees, within a reasonable limit, with
the adjusted R? of 0.9083. The adequate precision value of 16.4688 for the splitting tensile strength, which is more than 4, is satis-
factory and confirms the validation of the predicted model.

Fig. 15(b) shows the normal plots of the residual values of the splitting tensile strength to evaluate the splitting tensile strength and
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Fig. 14. The 2D and 3D surface response plots of flexural strength.

determine the model suitability. For the model adequacy, the residuals from the ANOVA results are significant. The plot between the
studentized residuals of splitting tensile strength and normal % of probability agreed with the straight line, hence, validating the
model. Subsequently, this model can be used to navigate the design space.

On the other hand, the effects of the NPOFA and POC replacement levels on the splitting tensile strength of LWAC performance are
presented in the 2D and 3D surface response plots as illustrated in Fig. 16. It can be observed that the low splitting tensile strength
values are related with a higher POC replacement level. When POC was increased as coarse aggregate, the LWAC splitting tensile

16



H.M. Hamada et al. Case Studies in Construction Materials 16 (2022) e01061

Perturbation

Splitting tensile strength (MPa)
>

| ! | | |
-1.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

Normal Plot of Residuals

Normal % Probability
3
Ep0ooo g

T T T T T T T T
-6.00 -4.00 -2.00 0.00 200 4.00 6.00 8.00

Externally Studentized Residuals

Fig. 15. Perturbation curve and normal plots of residual values of the tensile strength.
strength decreased to be 3.45 MPa with a 100% replacement level of POC.
5. Optimization of results
Optimization requires the simultaneous assessment of different responses. Therefore, to enhance the functional relationships be-
tween variables (factors) and the responses, the optimization analysis was conducted by the established mathematical model to get the

optimal composition of NPOFA and POC. The optimization standards for UPV, flexural strength, and splitting tensile strength are
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Fig. 16. The 2D and 3D surface response plots of splitting tensile strength.

shown in Table 6. The standards to complete the goal of the desired replacement of NPOFA and POC were targeted maximum UPV,
maximum flexural strength, and maximum splitting tensile strength, at 360-day.

Numerical multi-objective optimization was utilized to find out the best quantity of NPOFA and POC, with maximizing the UPV,
flexural, and tensile strengths of the LWAC. The focus of the optimization study was mainly on recognizing the desired values of
independent variables to obtain optimization aims. The RSM technique was used to enhance the three responses as these were
influenced by several variables. Table 7 summarizes the optimum solutions identified by the CCD within the RSM technique. The best

18



H.M. Hamada et al.

Case Studies in Construction Materials 16 (2022) e01061

Table 6

Optimization standards of individual responses for LWAC.
Name Goal Lower Limit Upper Limit Importance
A:UPOFA In range 0 30 3
B:POC In range 0 100 3
UPV maximize 3212 4375 5
Flexural strength maximize 5.05 8.53 5
Tensile strength maximize 3.45 5.38 5

Table 7

Optimum ratios and related predicted response.
Number UPOFA POC UPV m/s Flexural strength MPa Splitting tensile strength Mpa Desirability
1 5.331 0 4231.01 8.123 5.384 0.918
2 5.209 0 4232 8.12 5.381 0.918
3 5.438 0 4230.14 8.126 5.386 0.918
4 5.611 0 4228.73 8.13 5.39 0.918
5 5.793 0 4227.26 8.134 5.394 0.918
6 5.986 0 4225.69 8.138 5.397 0.918
7 6.852 0 4218.65 8.154 5.412 0.917
8 7.389 0 4214.29 8.162 5.42 0.917
9 9.763 0 4195.01 8.178 5.442 0.913
10 12.75 0 4170.75 8.155 5.438 0.903
11 0.598 0 4269.45 7.947 5.238 0.888
12 17.25 0 4134.2 8.03 5.368 0.877
13 20.25 0 4109.83 7.885 5.278 0.841

Desirability
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Combined

52

8064
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0.000 0250 0500
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Fig. 17. Optimization solution 1 out of 17.

1.000

solution of desirability was for the tests 1-6 at 0.918. The aim of each optimization method was designed according to the weight or

importance factor. The solution 1 out of 17 is given in Fig. 17.

In this research, all the responses were fixed with the same importance related to the aim because the concrete properties
investigated refer to the concrete strength. Table 7 shows that the desirability ranged from 0.918 to 0.841 for the optimal solutions. 0%
POC with a 5.209-20.25% NPOFA achieved these desirability values. The first six tests achieved the highest desirability of 0.918 with
0% POC and 5.331-5.986% NPOFA. These optimum values were predicted to achieve 4231.007-4225.685 m/s UPV, with
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Fig. 18. Numerical optimization ramps with desirability 0.619 and solution 1 out of 2.

8.123-8.138 MPa as flexural strength, and 5.384-5.397 MPa as splitting tensile strength.

The graphical ramp for the optimized responses is shown in Fig. 18. It can be observed that the multi-objective optimization of

results are 5.331% as replacement level of NPOFA and 2.408% as replacement level of POC aggregates. While, the optimum values of
UPV, flexural strength, and splitting tensile strength are 4231 m/s, 8.123 MPa, and 5.383 MPa, respectively. In this research, all the
responses (UPV, flexural strength, and splitting tensile strength) were identified with the same significance related to the study goal.
The desirability of the optimal solutions was 0.918.

6.

Conclusions

This study emphasizes on characterization and optimization of responses using RSM in LWAC. NPOFA was used as cement

replacement from 0% to 30% and POC aggregate was used as partial/full replacement of coarse aggregate from 0% to 100% in
producing LWAC. Based on the results obtained from this study, some conclusions were drawn as presented here:

1.

The concrete strength recognized by the UPV, flexural and tensile strength demonstrated a growth with mix containing 15%
NPOFA and 0% POC aggregate.

. Higher replacement levels of POC aggregate led to a significant decrease in UPV, flexural and splitting tensile strengths. The

decreasing values can be attributed to the physical properties of POC, such as the pore structure and high void content in its
particles.

. Incorporating Nano-POFA led to enhancing the concrete strength, especially at later curing ages. This enhancement in the strength

was due to the high pozzolanic reaction that developed with time.

. All concrete properties investigated have a good relationship between the variables (NPOFA and POC) on one side and their re-

sponses (UPV, flexural and tensile strengths) on the other side.

. The results of the optimization used by RSM illustrates that the optimum strengths were gained by incorporating 5.331% NPOFA as

cement replacement and 2.408% POC as coarse aggregate replacement.

For future studies, it is suggested to include other variables such as adopted different curing conditions, water cement ratio, and

utilization of various volume fractions of steel fiber. Also, the concrete samples can be exposed to acid and sulfate environments in
order to study their behavior when subjected to adverse environmental conditions.
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