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Abstract: The main purpose of this research is to examine
the performance of lightweight concrete (LWC) that con-
tains palm oil clinker (POC) as a replacement for aggregate
by either 50 or 100% of volume. Also, the use of palm oil ash
(POA) and silica fume (SF) as a 10 and 20%weight replacement
for cement, respectively, was examined. This research involved
designing 20 mixtures. The performance of the fresh mixed
LWCwas assessed using a slump test. A variety of experiments
were used to assess the performance of hardened concrete,
including a dry density test, a compressive strength (CS) test,
a split tensile strength test, a flexural strength test, and a mod-
ulus of elasticity test. In addition, the performance of concrete
exposed to high temperatures on CS is evaluated. The transport
properties were evaluated by applying tests including water
permeability, chloride permeability, and water absorption.
Finally, microstructure analysis was performed. The findings
revealed that employing cementitious materials, such as SF
and POA, as cement replacements or POC as an aggregate
substitute reduced workability. The usage of POC as an alter-
native to aggregate also reduced CS. The mixture containing
100% POC showed the highest reduction, with a rate of 52%
lower than the reference mixture. Furthermore, the applied
temperature increased to 600°C, resulting in a significant
decrease in CS, ranging from 34.6 to 42.6%.

Keywords: palm oil clinker, palm oil ash, lightweight con-
crete, silica fume, mechanical properties, durability

Notations

CS compressive strength
FS flexural strength
LWC lightweight concrete
MOE modulus of elasticity
POA palm oil ash
POC palm oil clinker
PC Portland cement
SF silica fume
STS splitting tensile strength
SP superplasticizer

1 Introduction

Numerous countries are using enormous quantities of non-
renewable natural resources due to the growing require-
ment for building materials to support rapid development.
Therefore, it is evident that the growing demand has led to
a rise in the expenses associated with acquiring raw mate-
rials and a persistent scarcity of natural resources [1]. The
base of the building sector is concrete, which consumes
huge quantities of non-renewable natural materials such
as limestone and fossil fuels during the manufacturing
process [2]. In addition to the pollution caused by carbon
dioxide emissions during Portland cement (PC) manufac-
turing processes [3,4], the releases of CO2 related to the
manufacturing of PC typically varies between 0.73 and
0.99 tons of CO2 per ton of PC, on average [5]. According
to the findings of the World PC and Concrete Association, it
is noted that PC manufacturing contributed to approxi-
mately 7% of world CO2 emissions in the year 2020 [6].
As a result, it is very important to look for a full or sectional
substitute for PC in the building field to reduce
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consumption. In previous years, concrete was made using
industrial or agricultural residue as a potential alternative
for PC, a topic that attracted a lot of scientific interest [7,8].
One of the most important factors in preserving natural
resources and making concrete manufacturing economic-
ally viable is the incorporation of industrial and agricultural
waste [9]. The suitable treatment processes for industrial
and agricultural wastes have demonstrated remarkable effi-
cacy as partial alternatives to PC or as supplementary com-
ponents for the creation of environmentally conscious and
sustainable concrete [10]. The process of managing agricul-
tural or industrial waste involves preparing it to potentially
serve as a sectional replacement for construction materials
while ensuring it meets standard specifications with ease
[11]. Concrete is extensively utilized as a construction mate-
rial due to its distinctive characteristics, ease of design, and
controllable properties. Furthermore, it considers the possi-
bility of managing fresh and hardened properties related to
density, strength, and durability [12]. Density control has a
positive impact on a variety of factors, including reduced
loads, improved thermal and acoustic insulation, and lower
transportation and handling costs [13]. It is imperative that
the dry density of structural lightweight concrete (LWC)
does not exceed 2,000 kg·m−3, based on British standard
(BS EN 206) [14]. The dry density of LWC, as specified by
the American Concrete Institute (ACI 213R), may not exceed
1,920 kg·m−3 [15]. LWC can be made by incorporating dif-
ferent elements, including (1) gaseous agents such as alu-
minum powder or foaming agents [16]; (2) light particles
like expanded clay, pumice, oil shale, and slate [17]; (3) using
farm trash, such as coconut or palm oil leaves, as a partial or
full substitute for aggregate [18]; and (4) incorporating gran-
ules of plastic, rubber, or other polymeric materials [19]. In
the past decades, researchers have also directed their focus
toward the exploration of various agricultural wastes as
potential building materials in the field of concrete [20,21].
One potential alternative that could be considered is palm
oil clinker (POC), which is a prevalent agricultural solid
waste in numerous tropical countries [22]. The POC is
made when oil palm stalks are completely burned, as husks
and fibers are. Its physical properties consist of being gray
in color, having a porous structure, irregular form, and
being lightweight. Themajority of palm oil processing plants
dispose POC in landfills, which is detrimental to the envir-
onment. Therefore, using it as a sectional substitution for aggre-
gates in the manufacture of LWC reduces the environmental
impact and consumption of natural resources. Furthermore,
palm oil ash (POA) is an ashy byproduct created when palm

oil is treated. Several studies suggest that the POA might be
utilized as a sectional substitute for PC or as supplemental PC
material. Several studies demonstrate that sectional substitute
of POA for PC has a beneficial influence on concrete character-
istics. The researchers proposed heat treatment at temperatures
ranging between 500 and 600°C, as well as an increase in fine-
ness by grinding, to improve the efficiency of the POA [10,23].
The thermal and physical treatment techniques resulted in
POA with improved microstructure and increased reactivity,
allowing it to act as amore effective pozzolanic [24,25]. Hamada
et al. [26] utilized POC as a primary component for the creation
of LWC. Reports indicate that using it as a whole substitute for
coarse aggregate resulted in a decrease in density from 2,380 to
2,020 kg·m−3. Furthermore, the compressive strength (CS) of
LWC samples using POC100% and nano-POA as a sectional
replacement for PC at 30% by weight was 58.3MPa. Ahmmad
et al. [27] substituted POC for coarse aggregate at a rate ranging
from 25 to 100% for LWC production, and the study obtained
dried concrete densities between 1,833 and 1,971 kg·mm−3 and
CSs between 27 and 31.3MPa at 289 days. The research prepared
by Abutaha et al. [28] emphasized the utilization of POC as a
fine as well as coarse aggregate in LWC. The density exhib-
ited was 2,074–2,358 kg·m−3, while the CS demonstrated was
33–49MPa after 28 days.

1.1 Research significance

There is a shortage of previous research on the impact of
using POC as a substitute for coarse and fine aggregates, as
well as using POA as a partial replacement for PC in con-
junction with silica fume (SF). In addition, based on pre-
vious literature reviews, few studies have been done on the
utilization of binary mixes of PC and POA or PC and SF as a
substitute for coarse and fine aggregates in POC-based
LWC. The importance of this research lies in its focus on
investigating the impact of substituting natural aggregate
with POC at levels of 50 and 100% of the aggregate volume,
in addition to using POA or SF as a sectional substitute for
PC at levels of 10 and 20% by weight. The slump test was
used to study the properties of fresh LWC. The hardening
properties were investigated using the dry density test, CS,
splitting tensile strength (STS), flexural strength (FS), and
modulus of elasticity (MOE). In addition to evaluating the
durability of LWC by examining the effect of elevated tem-
peratures on CS, chloride permeability, water absorption,
water permeability, and microstructures.
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2 Experimental program

2.1 Materials

2.1.1 PC

In this study, PC type (CEM I 52.5N) was used, which com-
plies with BS EN 197/1 2011. The physical and chemical
characteristics of the PC used are delineated in Table 1.

2.1.2 SF

In this work, SF is a secondary material from a ferrosilicon
alloy factory. The SF utilized was locally obtained and is in
accordance with ASTM C1240-20 standards. The physical
characteristics and chemical attributes of SF from the man-
ufacturer are tabulated in Table 1.

2.1.3 POA

The waste of palm oil comes from companies that make
palm oil. The POA for this work came from a palm oil mill
in Marsa Matrouh, Egypt. The POA was air-dried in an
electrical oven set to 110 ± 5°C for 1 day. It was then put
through a 150 mm sieve to get rid of any big or odd parti-
cles. The POA that had been sieved was then ground on a
grinding machine from Los Angeles to make the particles
very small [29]. An electric furnace was used to heat the
POA to temperatures of up to 600°C for around 2 h to boost
the effectiveness of the POA by eliminating any unburned

carbon [24,30]. The equipment that was used in Los Angeles
to make POA was also employed in the second step of
grinding for the POA that was produced there, and the
same method was used in the production of previous studies
[29,31]. And finally, the very fine POA was gathered. It meets
the standards of BS 3892: Part 1. The POA generated may be
classified as classes C and F, in accordance with the ASTM
C618-19 standard specifications. Table 1 provides a concise
summary of the physical attributes and chemical makeup
of POA.

2.1.4 Aggregates

This research used two basic types of fine particles. Concerning
the sand, it was used to cast the reference mixtures, while POC
wastes as fine aggregates were used to produce LWCmixtures.
The utilized fine aggregate (sand or POC) with dimensions
varying between 0.15 and 4.75mm is from the Belbes zone
and the Marsa Matrouh zone in Egypt, respectively. Also, two
main coarse aggregates (dolomite and POC as lightweight
aggregates) were utilized in this work with a maximum par-
ticle dimension of 19mm, and they were obtained from the
Attaka zone, Suez, and Marsa Matrouh zone, Egypt, respec-
tively. Some of the previous works investigated the influence
of POC on the properties of LWC [32,33]. The properties of
aggregates were determined as per ASTM C33/C33M-18.
Table 2 presents the outcomes of the physical and mechan-
ical characteristics of the aggregates. Figure 1 displays the
gradation shape of the aggregates used.

2.1.5 Superplasticizer (SP)

SP (Viscocrete-3425) was used with the aim of obtaining the
required workability [34,35]. About 2.9% of SP was utilized

Table 1: Characteristics of binder materials

Properties PC SF POA

Physical
Specific gravity 3.14 2.14 2.25
Initial setting time (min) 72 — —

Final setting time (min) 327 — —

Specific area (cm2·g−1) 3,525 19,950 10,640
Color Gray Light gray Light gray
Chemical composition (%)
SiO2 21.93 98.71 63.97
Al2O3 3.65 0.27 4.74
Fe2O3 3.07 0.34 5.95
CaO 63.32 0.17 6.10
MgO 2.88 0.11 4.92
SO3 2.94 0.16 1.10
K2O 0.89 0.14 9.83
Na2O 0.67 0.10 0.15
LOI 0.65 — 3.24

Table 2: Mechanical and physical properties of the utilized aggregate

Property Sand Fine POC Dolomite Coarse
POC

Specific gravity 2.65 1.55 2.62 1.42
Unit weight (kg·m−3) 1,697 1,043 1,663 887
Fineness modulus 2.763 3.043 6.411 6.241
Water absorption (%) 0.79 11.85 1.13 4.89
Clay and fine
materials (%)

0.84 0.93 0.74 0.38

Impact value (%) — — 12.23 20.65
Crushing value (%) — — 11.72 17.92
Los Angles abrasion
loss (%)

— — 13.88 25.96
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in the binder materials. It complies with the specifications
for SP as outlined in ASTM-C-494 Type G and BS EN 934 Part
2:2001, with 1.1 specific gravity.

2.2 Mixtures proportion

The used design method for all poured mixtures in this
research was the absolute volume method. The study was

conducted on four primary series, consisting of a total of 20
LWC mixtures, to accomplish the goals of this research. The
details of the mix portions for LWC are illustrated in Table 3.
The following ranges were chosen for the components of the
mixtures: The control mix contains PC (CEM I 52.5N) with a
PC concentration of 500 kg·m−3. The other mixes have PC
contents ranging from 450 to 400 kg·m−3. SF and POA are
used as a partial substitute for PC, with SF comprising 10%
and POA comprising 20% of the total weight of PC. POC is
utilized as a substitute for natural fine aggregate (sand) at
volumes of 50 and 100%. Similarly, coarse POC is used
as a replacement for natural coarse aggregate (dolo-
mite) at volumes of 50 and 100%. The dose of SP is
2.9%, as per the binder materials. The ratio of water to
binder is 0.25.

There are four groups of LWCmixtures, each including
four different kinds of aggregates (sand, fine POC, dolo-
mite, and coarse POC). The mixes consisted of four distinct
groups, each representing the variables in this research.
The first group with 50% sand and 50% dolomite was pre-
pared with 400–500 kg·m−3 CEM I (control group), while the
other three groups contained 50 and 100% fine POC and 50
and 100% coarse POC as a partial substitution of nature’s
aggregate (sand or dolomite). Each group consists of five
mixtures, as demonstrated in Table 3.

Figure 1: Gradation shape of aggregates used.

Table 3: LWC mixture proportions (kg·m−3)

Mix. ID CEM I Fine aggregates Coarse aggregates SF POA SP Water

Sand POC Dolomite POC

CEM-S-D 500 925.7 0 925.7 0 0 0 14.5 125
SF10-S-D 450 915.9 0 915.9 0 50 0 14.5 125
SF20-S-D 400 906.1 0 906.1 0 100 0 14.5 125
PA10-S-D 450 917.4 0 917.4 0 0 50 14.5 125
PA20-S-D 400 909.1 0 909.1 0 0 100 14.5 125
CEM-FP-D 500 0 684.1 684.1 0 0 0 14.5 125
SF10-FP-D 450 0 676.9 676.9 0 50 0 14.5 125
SF20-FP-D 400 0 669.6 669.6 0 100 0 14.5 125
PA10-FP-D 450 0 678.0 678.0 0 0 50 14.5 125
PA20-FP-D 400 0 671.9 671.9 0 0 100 14.5 125
CEM-S-FP-D-CP 500 333.3 333.3 333.3 333.3 0 0 14.5 125
SF10-S-FP-D-CP 450 329.8 329.8 329.8 329.8 50 0 14.5 125
SF20-S-FP-D-CP 400 326.2 326.2 326.2 326.2 100 0 14.5 125
PA10-S-FP-D-CP 450 330.3 330.3 330.3 330.3 0 50 14.5 125
PA20-S-FP-D-CP 400 327.3 327.3 327.3 327.3 0 100 14.5 125
CEM-FP-CP 500 0 520.8 0 520.8 0 0 14.5 125
SF10-FP-CP 450 0 515.3 0 515.3 50 0 14.5 125
SF20-FP-CP 400 0 509.8 0 509.8 100 0 14.5 125
PA10-FP-CP 450 0 516.2 0 516.2 0 50 14.5 125
PA20-FP-CP 400 0 511.5 0 511.5 0 100 14.5 125
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2.3 Sample preparation

All the dry ingredients (aggregates and binder materials)
were put into the mixer, and it was mixed for about 3 min,
or until the mix was uniform. Half of the water was added
slowly while the mixture was being mixed, and then the
remaining water with SP was added. All the mixes were
poured into molds and left in the casting room with the lid
on for 24 h. As per ASTM C192, the samples were taken out
of the mold 24 h after they were made and put in the drying
tank to cure in water.

2.4 Test procedure

Slump, density, CS, STS, FS, MOE, chloride penetration
resistance, water sorptivity, water permeability, and ele-
vated temperature are the fresh and hardened properties
of LWC mixtures that were investigated in this work, in
addition to microstructure characteristics. The slump test,
as per ASTM C 143, was utilized to evaluate the workability
of the LWC in its fresh form. The density of LWCmixes was
calculated in accordance with the specifications stated in
ASTM C642-13. Referring to BS EN 12390-3, nine 100mm ×

100mm × 100mm cube samples were utilized to measure
CS at 7, 28, and 91 days of LWC mixing. The STS was eval-
uated based on ASTM C 496. In this test, three cylindrical
samples measuring 150 mm × 300mm were utilized for the
STS test at 28 days for each mixture. The FS at 28 days of
LWC was calculated in accordance with ASTM C 78. The
prism samples of 100 mm × 100mm × 500mm for this test
were utilized. The MOE was calculated utilizing the meth-
odology outlined in ASTM C 469. Three 150 mm × 300mm
cylinder samples for each mix were tested for the MOE at
28 days. Disc specimens with a diameter of 100 mm and a
thickness of 50 mm were employed to assess the resistance
of chloride penetration after 28 days, applying the proce-
dure outlined in ASTM C1202-17. The sorptivity at 28 days,
which measures the rates at which water is absorbed, was
measured according to the guidelines of ASTM C1585-13 on
100mm × 50 mm cylinder. The water permeability at 28
days was assessed by executing the test outlined in BS
EN 12390-8 on cylindrical specimens with dimensions of
150 mm × 150 mm. In this study, the residual CS character-
istics of high-temperature LWC are evaluated by exposing
them to high elevated temperatures up to 800°C. The sam-
ples employed in this work are 100mm cubes based on EN
2390-3. LWC mixes were subjected to temperatures of 22,
200, 400, 600, and 800°C for about 2 h in the oven.

The specimens were exposed to elevated temperatures
using a temperature furnace that was regulated. The

furnace was heated at a rate of 10°C·min−1. After main-
taining a constant temperature for 2 h, the desired tem-
perature was reached. After that, the furnace was cooled at
a rate of 1.67°C·min−1 to prevent any thermal shock to the
specimens. The samples were cooled before testing by
leaving them in the laboratory hall for 24 h until their tem-
perature dropped to 22°C (laboratory temperature). The
heating protocol used was concurrent with the method
used in previous studies [34,36–41]. The concrete samples
were exposed to high temperatures according to the Eur-
opean specification EN 1992-1 (2010). The samples were
cooled before testing by leaving them in the laboratory
hall for 24 h until their temperature dropped to 22°C (labora-
tory temperature).

The samples casted with the variables were subjected
to the CS test. Finally, microstructure tests using scanning
electron microscope (SEM) analysis were performed to
validate the obtained results.

3 Obtained outcomes

3.1 Fresh characteristics

3.1.1 Slump

Figure 2 presents the obtained slump values of full poured
LWC mixes. It can be seen that, for CEM-S-D and SF20-FP-
CP, the greatest and lowest recorded slump values were,
respectively, 132 and 60mm. The slump values for each
group decreased gradually up to a certain point, after which
they increased. To give an example, for mixes CEM-S-D,
SF10-S-D, SF20-S-D, PA10-S-D, and PA20-S-D, the recorded
slump values were 132, 113, 100, 118, and 106mm. This
may be related to the use of a great replacement ratio of
SF “20%” by mass from PC, which has a high specific area of
19,995 cm2·g−1” in comparison to the specific area of the used
PC, which is 3,525 cm2·g−1. This indicates that a high amount
of mixing water was absorbed due to the fineness of the SF
particles, which decreased the quantity of free water and
reduced the slump values. The reference mix is also shown
to have the highest slump value across all groups. Addition-
ally, mixtures with POA have slump values higher than
mixtures with SF, where the slump values for mixes CEM-
FP-D, SF10-FP-D, SF20-FP-D, PA10-FP-D, and PA20-FP-D were
96, 85, 80, 90, and 86mm, respectively. This might be related
to the material characterization (Table 1) in which the SF-
specific area is larger than the POA specific area. Finally,
increasing the replacement of sand or dolomite with POC,
respectively, at a constant ratio of POA resulted in poor
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workability, as demonstrated by mixtures PA10-S-D, PA10-
FP-D, PA10-S-FP-D-CP, and PA10-FP-CP with associated slump
values of 118, 90, 83, and 70mm, which may occur as a result
of increased water absorption (%) of POC than used aggre-
gate, and also the % of clay and fine materials in POC is
greater than the utilized aggregate (Table 2). From the pre-
ceding discussion, it is obvious that utilizing POA as a replace-
ment for PC in addition to employing POC as a substitute for
sand or dolomite creates a negative effect on the workability
of LWC, which is consistent with previous studies [42,43].

3.2 Mechanical characteristics

3.2.1 Dry density

Figure 3 displays the dry density test outcomes for com-
bined clinker and palm oil samples as a replacement for
fine and coarse aggregates, as well as the use of POA as a
sectional replacement for PC at 28 days. It is noted that the
production of LWC using POA or SF at replacement rates of
0, 10, and 20% by mass of PC resulted in an average dry
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density of 2,245–2,210 kg·m−3 at 28 days. In contrast, the CS
ranged between 71.5 and 81.7 MPa at a test age of 28 days. It
is noticed that utilizing POA or SF as a sectional replace-
ment for PC did not change much in the density of LWC; on
the contrary, it led to a slight enhancement in the dry den-
sity of LWC compared to the reference mixture, whereas
replacing 50% of the sand with POC causes a decrease in
the dry density of the LWC. The dry density of LWC ranged
from 1,950, 1,975, 1,990, 1,965, and 1,960 kg·m−3 for CEM-FP-D,
SF10-FP-D, SF20-FP-D, PA10-FP-D, and PA20-FP-D kg·m−3,
respectively. It is noted that this decrease in dry density
meets the requirements of LWC based on the BS EN speci-
fications, which require that the dry density of LWC be
lower than 2,000 kg·m−3. In addition, replacing 25% sand
and 25% coarse aggregate with POC creates a more pro-
nounced decrease in dry LWC density than when replacing
50% sand with POC alone. In this case, the density of dry
LWC conforms to the basic requirements for LWC in BS EN
and ACI specifications. The results for the dry density of the
LWC were less than 1,920 kg·m−3 at 28 days. In the case of
substituting 50% sand and 50% coarse aggregate by POC, it
resulted in a decrease in the dry density of LWC by 23.7, 22.3,
21.9, 23.3, and 23.5% for CEM-FP-CP, SF10-FP-CP, SF20-FP-CP,
PA10-FP-CP, and PA20-FP-CP mixtures compared to CEM-S-D
(reference mixture). Therefore, the density of dry LWC,
which includes the replacement of 50% sand and 50% coarse
aggregate by POC, meets the LWC requirements of BS EN
and ACI specifications. The dry density results for LWC in
this case ranged between 1,685 and 1,725 kg·m−3 at 28 days.

Figure 4 illustrates the relationship between the dry
density and CS of LWC at 28 days. The relationship shows a
strong correlation (R = 0.95) between the dry density and
CS of the LWC at 28 days. The lower the drying density, the
lower the CS. The CEM-FP-CP mixture showed the lowest
dry density of 1,685 kg·m−3 and the lowest CS of 34.1 MPa

among all the mixtures applied in this work. Generally, the
outcomes are consistent with the results of prior investiga-
tions that studied the impact of low dry density on CS. The
utilization of lightweight materials as a sectional replace-
ment for aggregates has a positive influence on reducing
density and, on the other hand, a harmful impact on
strength, transport, and durability properties. On the other
hand, the utilization of POA and SF as a sectional substitute
for PC contributed to the preservation of better engi-
neering properties compared to the control mix [44,45].

3.2.2 CS

Figure 5 shows the results of the CS test of LWC including
the substitution of PC with SF and POA, in addition to the
replacement of sand and coarse aggregate with POC at 7,
28, and 91 days. SF and POA were used as partial replace-
ments at a ratio of 10 and 20% by weight of PC, and POC
was employed as a substitute for both sand and coarse
aggregates at rates of 50 and 100% by volume. The findings
indicate that incorporating SF and POA as partial substi-
tutes for PC yielded positive results, as evidenced by an
improvement in CS compared to the reference mix. The
substitution of 10 and 20% PC with SF resulted in a 14.3
and 11.3% increase in CS, respectively. Similarly, substi-
tuting 10 and 20% PC with POA led to a 7.4 and 3.8%
increase in CS, respectively, when compared to the refer-
ence mixture. Referring to Table 1, POA has pozzolanic
properties with a chemical structure of SiO2, Al2O3, and
Fe2O3 of 74.6% and a loss of ignition (LOI) of 3.2% by
weight. Therefore, the incorporation of POA as a sectional
substitute for PC enhanced the CS of LWC because of the
interaction of pozzolanic with Ca(OH)2, which generated an
extra additional calcium silicate hydrate (C–S–H) gel. This
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is consistent with the investigation by Tangchirapat et al.
[46], which states that replacing 10–30% of the PC weight
with fine POA increases CS compared to the reference mix.
POA’s high SiO2 content and high fineness increased the
response between SiO2 and calcium hydroxide to generate
more C–S–H, which increased CS. On the other hand, POC
utilization as an alternative for sand and coarse aggregates
caused a decrease in CS. There is an inverse relationship
between the replacement rate and the CS, whereby an
enhancement in the substitution rate leads to a reduction
in the CS. The substitution of 100% sand and 100% coarse
aggregates with POC resulted in the greatest reduction in
the CS of the CEM-FP-CP mixture by 52.3% compared to the
reference mixture. While the rates of reduction in CS
varied according to the rate of substitution of sand and
coarse aggregate with POC and the level of substitution
of PC by SF or POA, they ranged from 8.9 to 52.3%, with
an age of 28 days. It is also observed that the utilization of
SF or POA as a sectional replacement for PC contributed to
reducing the damage to the CS as a result of the utilization
of POC as a substitute for coarse aggregate and sand. The
findings align with the research investigated by Ibrahim
et al. [47], which indicates that substituting aggregates with
POC for the manufacture of LWC creates a decrease in CS.
Furthermore, the reduction in CS is observed to increase as
the rate of aggregate replacement increases.

Figure 6 presents the amount of change in the CS of LWC
because of utilizing SF and POA as a sectional substitution for

PC and using POC as a replacement for coarse aggregate and
sand with a test age of 28 days.

3.2.3 STS

The STS results at 28 days are delineated in Figure 7 for all
LWC mixtures. The effect of replacing PC with SF or POA at
levels of 10, 20% by weight, and sand and coarse aggregate
with POC at rates of 50 and 100% by volume on the STS is
investigated. By referring to Figure 7, the STS for the refer-
ence mix was 6.53 MPa; in addition, the maximum and
minimum splitting tensile values were 7.19 and 3.24 MPa
for mixtures SF10-S-D and CEM-FP-CP, respectively. The
best results for STS were achieved in each group at a repla-
cement ratio of 10% using SF, which means using SF as a
replacement for PC is preferable to using POA, where the
STS for SF10-S-D and PA10-S-D increased by about 10.1 and
5.51%, respectively. That may refer to the SF particles being
finer than POA particles based on the material character-
istics shown in Table 1. Furthermore, adding 20% SF or 10%
POA to LWCmixes gives very similar results for STS values,
e.g., the STS values for mixes SF20-FP-D and PA10-FP-D
were 7.85 and 7.87 MPa, respectively. On the other side,
replacing sand and dolomite with POC at different levels
at the same level of replacement of PC by SF or POA has an
adverse impact on splitting tensile values; increasing the
replacement ratios increase the reduction in STS values.
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For example, the splitting tensile values for mixes SF20-S-D,
SF20-FP-D, SF20-S-FP-D-CP, and SF20-FP-CP were 6.85, 5.55,
5.09, and 3.38 MPa, respectively. These outcomes may be
related to the crushing value (%) and Los Angles abrasion
loss (%) of coarse particles of POC, which are higher than
their counterparts in the used dolomite (Table 2). The
obtained outcomes agree with the research conducted by
Ibrahim et al. [47], which indicates that when POC was used
in place of aggregates in the manufacturing of LWC, there
was a decrease in the STS of the material. Furthermore, the

rate of aggregate replacement significantly contributes to
the material’s STS decline.

3.2.4 FS

Figure 8 illustrates the outcomes obtained from the FS test
conducted on LWC specimens. The test included the sub-
stitution of PC with supplementary cementitious materials,
namely, SF and POA, as well as the replacement of sand
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and coarse aggregate with POC. The samples were tested at
28 days. In the study, the researchers used SF and POA as
partial substitutes for PC, with a weight ratio of 10 and 20%,
respectively. Additionally, POC was utilized as a substitute
for both sand and coarse aggregates, with volume ratios of
50 and 100%, respectively. The findings indicate that the
presence of supplementary materials such as SF and POA
as sectional replacements for PC yields a favorable out-
come. This is supported by an observed improvement in
FS when compared to the reference mixture. The incor-
poration of SF as a substitution for 10 and 20% of PC led
to a respective increase of 10.7 and 6.12% in FS. Further-
more, the substitution of 10 and 20% of PC with POA
resulted in a corresponding rise of 5.7 and 0.5% in FS, as
compared to the control mixture. Referring to the data
illustrated in Table 1, POA has pozzolanic characteristics,
as indicated by its chemical composition, which includes
SiO2, Al2O3, and Fe2O3, which together account for 74.6% of
its total weight. Additionally, POA shows a LOI of 3.2% by
weight. As a result, the inclusion of POA as a sectional
replacement for PC led to an increase in the CS of LWC
due to the pozzolanic reaction with Ca(OH)2, resulting in
the formation of an extra C–S–H gel. This agrees with the
study by Tangchirapat et al. [46]. The elevated SiO2 concen-
tration and small particle size of POA facilitated the inter-
action between SiO2 and calcium hydroxide, resulting in
the augmented formation of calcium silicate hydrate. This,
in turn, led to an increment in FS. Conversely, the presence
of POC as a substitute for sand and coarse aggregates cre-
ates a decrease in FS. A negative correlation exists between
the replacement rate and the FS, whereby an increase in

the replacement rate results in a drop in the FS. The repla-
cement of 100% sand and 100% coarse aggregates with POC
resulted in the most significant decrease in the FS of the
CEM-FP-CP, exhibiting a loss of 25.24% when compared to
the CEM-S-D mixture. The rates of decline in STS exhibited
variability depending on the extent of sand and coarse
aggregate substitution with POC, as well as the extent of
PC substitution with SF or POA. These rates ranged from
10.38 to 25.24% at an age of 28 days. Additionally, it should
be acknowledged that including supplementary materials
such as SF or POA as a sectional replacement for PC has
been shown to have a role in mitigating the adverse impact
on FS. This is particularly evident when utilizing POC as an
alternative for coarse aggregate. Finally, the FS outcomes
follow the same trend as the CS findings, and the FS out-
comes agree with the results obtained by Ibrahim et al. [47].

3.2.5 MOE

MOE is evaluated at 28 days by testing three 150mm ×

300mm cylinder specimens for each LWC mixture. Figure 9
demonstrates the outcomes of MOE for entire LWC mixtures
at 28 days due to the effect of utilizing SF and POA as a
substitute for PC with levels of 10 and 20% by weight in
addition to replacing aggregates by volume with ratios of
50 and 100% using POC. The obtained findings have the
same trend as the CS findings. The reference mix recorded
MOE values of 37.01 GPa, while the best and worst values of
MOE occurred at mixtures SF10-S-D and CEM-FP-CP, respec-
tively, whereas the MOE values were 39.47 and 25.81 GPa,
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respectively. It is observed that using SF is better than using
POA as a substitution for PC, and that may relate to the good
particle characteristics of SF compared with the properties of
POA particles, where SF particles are finer than POA particles,
and from chemical composition, the SiO2 content of SF is
higher than the SiO2 content of POA. That increased the reac-
tion between SiO2 and calcium hydroxide to produce more
calcium silicate hydrate, which increased MOE. Furthermore,
a 10% SF percentage is considered to be the optimal ratio for
achieving high MOE results. For clarification, the recorded
MOE results were 10.13, 9.71, 9.68, and 9.20 GPa for mixes
SF10-S-D, SF20-S-D, PA10-S-D, and PA20-S-D, respectively. On
the other side, the presence of POC as a replacement for
aggregates resulted in a decline in MOE values due to the
bad characteristics of the used POC compared to the utilized
aggregates (Table 2). TheMOE values decreased by about 4.62,
8.8, and 25.6% for mixes SF10-FP-D, SF10-S-FP-D-CP, and SF10-
FP-CP, respectively, compared to CEM-S-D. In addition, it is
seen that using POC as a full substitution for sand is better than
utilizing POC as a sectional substitution for sand or dolomite,
where the obtained results for mixes CEM-FP-D, CEM-S-FP-D-CP,
and CEM-FP-CP were 33.18, 31.72, and 25.81 GPa, respectively.
These results agree with that reported by Ibrahim et al. [47].

3.2.6 Relationship of mechanical properties with CS

Figure 10(a)–(c) shows the relationship between CS and ten-
sile strength (TS), FS, and MOE, respectively. The correlation
strength between the mechanical properties of concrete is

exceptional, remaining above 99% for all relationships,
including those between CS and TS, FS, and MOE. This con-
firms that CS expresses other properties in a percentage that
exceeds 99% of the results. The American Concrete Insti-
tute’s (ACI 318-11) code also supports this, which is consistent
with most of the prior research [48,49]. The following rela-
tionships serve as evidence that the ACI 318-11 affirms a
strong correlation between CS and other mechanical
properties.

This study estimated that the TS of concrete samples is
directly proportional to their CS, as shown in Eq. (1).

= × +TS 0.0844 CS 0.3335. (1)

The FS of concrete samples was also estimated to be
directly proportional to their CS as shown in Eq. (2).

= × +FS 0.1193 CS 0.4301. (2)

The MOE of concrete samples was also estimated to be
directly proportional to their CS as shown in Eq. (3).

= × +MOE 290.15 CS 16,260. (3)

3.3 Physical characteristics

3.3.1 Chloride permeability

Figure 11 illustrates the chloride permeability test out-
comes for LWC specimens at 28 days. The samples were
prepared with partial substitutions of SF and POA for PC
and POC as a replacement for coarse aggregate and sand.
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The results clearly fall into three categories. First, the use
of SF and POA as partial substitutes at levels of 10 and
20% of the PC mass. In this case, the results showed a
slight improvement in the transport characteristics, as
the chloride permeability values decreased by 3–6% com-
pared to the reference mixture. The chloride permeability
values of the SF10-S-D, SF20-S-D, PA10-S-D, and PA20-S-D
mixtures were lower by 4.8, 6.4, 3.2, and 4.6%, respectively,
when fine pozzolanic materials like SF and POA were
used. The enhancement in transport characteristics may
be attributed to the role of pozzolanic materials (SF and
POA) in interaction with Ca(OH)2 and the presence of
extra gel C–S–H. In addition to filling efficiency, both
effects contributed to closing the pores and increasing
the density of the LWC matrix, which impeded the chloride
permeability inside the LWC. This agrees with most of the
prior investigations that confirmed the role of soft and ultra-
fine pozzolanic materials in reducing chloride permeability
through LWC [50,51].

Second, using POC as an alternative to fine aggregate
and coarse aggregate at rates of 50 and 100% of the aggre-
gate volume. In this case, the results showed damage to the
transport properties, as the chloride permeability values
increased by 14.8–51.9% compared to the reference mix-
ture. Compared to the control mixture, using POC as sub-
stitutes for fine aggregate and coarse aggregate raised the
chloride permeability values of the CEM-FP-D, CEM-S-FP-D-
CP, and CEM-FP-CP mixtures by 14.8, 22.9, and 51.9%,
respectively. POC’s porous structure, which allowed for
higher chloride permeability compared to natural aggre-
gates, may have contributed to the decline in transport
properties. This agrees with most of the prior research,
which confirms that the use of lightweight aggregates as
a replacement for natural aggregates leads to worse trans-
port properties and increases the permeability of chloride
and water through LWC [52,53].

Third, using POC as an alternative for fine and coarse
aggregates in proportions of 50 and 100% by volume, as
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well as using SF and POA as partial substitutes in propor-
tions of 10 and 20% by mass of PC. In this case, the out-
comes showed a very slight improvement in transport
properties, with chloride permeability values decreasing
by 3.2–6.6% compared to mixtures that included only
POC as a substitute for the normal aggregate. The observed
phenomenon can be attributed to the effects of filling effi-
ciency and the pozzolanic reactivity of supplementary
cementitious materials such as SF and POA. However, the
porous structure of POC limits these two effects. Hence, in

this particular case, the influence of POC outweighed the
influence of pozzolanic materials, resulting in a greater
degree of chloride permeability compared to the reference
mixture [53,54].

3.3.2 Water sorptivity

Figure 12 illustrates the results of the water sorptivity test
for the LWC samples at 28 days. The specimens were
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Figure 12: Outcomes of water sorptivity of LWC at 28 days.
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prepared by using SF and POA as substitutes for PC, while
POC was utilized as a substitute for both coarse aggregate
and sand. According to the research findings, the presence
of POA and SF resulted in a significant reduction in water
sorptivity in LWC specimens. Furthermore, as the substitu-
tion rate increased, the reduction in water sorptivity
became more noticeable. The mixture incorporating 20%
SF as a partial PC substitute demonstrated superior trans-
port properties compared to all other mixtures examined in
this study. The mixtures SF10-S-D, SF20-S-D, PA10-S-D, and
PA20-S-D showed water sorptivity values of 0.046, 0.036,
0.055, and 0.048 × 10−4 (mm·s−0.5), respectively. While the
reference mixture (CEM-S-D) showed water sorptivity value
of 0.072 × 10−4 (mm·s−0.5). It is also observed that the sub-
stitution of sand and coarse aggregate by POC in volume
ratios of 50 and 100% led to an enhancement in the water
sorptivity values in the LWC specimens. The higher the
replacement rate of aggregate, the higher the water sorp-
tivity values. Therefore, the CEM-FP-D, CEM-S-FP-D-CP, and
CEM-FP-CP mixtures achieved water sorptivity values of
0.082, 0.088, and 0.109 × 10−4 (mm·s−0.5), respectively. On
the other hand, adding POA and SF to the LWC samples
containing POC as a replacement for aggregate led to a slight
enhancement in the transport characteristics. The results
that included POA and SF showed a reduction in water
sorptivity compared to the samples that only included POC
as a substitute for aggregate. The decrease in water sorp-
tivity in LWC samples may be attributed to the positive
effects of the pozzolanic reaction and filling efficiency. The
efficiency of pozzolanic materials depends on the proportion

of amorphous SiO2 (effective) and the fineness of the material
used. The higher the fineness and effective SiO2 content, the
better the transport properties. It also appears from the out-
comes of this research that the SF-containing specimens had a
higher sorptivity of water than the POA-containing samples.
Accordingly, higher efficiency can be achieved by improving
ash treatment to achieve higher efficiency, as mentioned in
previous research [10,55].

3.3.3 Water permeability

Figure 13 demonstrates the outcomes of the water perme-
ability test for LWC samples prepared by combining SF and
POA as partial PC substitutes at a rate of 10 and 20% by
weight. In addition, POC was utilized as a replacement for
both coarse aggregate and sand at 50 and 100% by volume at
28 days. The study’s findings demonstrate that employing
POA and SF resulted in a notable decrease in water perme-
ability in the LWC specimens. Furthermore, the decrease in
water permeability became more noticeable as the substitu-
tion rate increased. The mixture containing 20% SF as a
partial PC replacement demonstrated higher transport prop-
erties in comparison to all other mixtures studied in this
research. The water permeability values of the mixtures
SF10-S-D, SF20-S-D, PA10-S-D, and PA20-S-D were 2.48, 2.37,
2.6, and 2.5 × 10–11 (cm·s−1), respectively. While the water
permeability value of the reference mixture (CEM-S-D) was
2.92 × 10–11 (cm·s−1). Moreover, substituting fine and coarse
aggregates with POC at volume ratios of 50 and 100% had an
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Figure 13: Outcomes of water permeability of LWC at 28 days.
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adverse impact on the transport characteristics of the LWC.
This was evidenced by an increase in the water permeability
values observed in the LWC samples. As the rate of aggregate
replacement by the POC increases, the water permeability
values also increase. The water permeability values of the
LWC samples CEM-FP-D, CEM-S-FP-D-CP, and CEM-FP-CP
were measured to be 3.35, 3.58, and 4.24 × 10−11 (cm·s−1),
respectively. In contrast, incorporating POA and SF into
LWC samples containing POC as a substitution for aggregate
resulted in a modest enhancement of the transport proper-
ties. In addition, the findings indicated that incorporating
POA and SF as partial replacements for PC in LWC specimens
containing POC as an alternative for aggregate resulted in a
minor increase in transport properties, as evidenced by a
decrease in water permeability values. The decrease in water
permeability rate of the LWC samples was due to the pozzo-
lanic reaction and the filling efficiency of the materials (SF
and POA) used as partial PC substitutes. Prior investigations
have shown that the effectiveness of pozzolanic materials is
influenced by their chemical composition, the percentage of
amorphous SiO2, and the particle size. The efficiency of the
pozzolanic reaction increases with decreasing particle size
(higher fineness) and higher active SiO2 content. Conse-
quently, the pozzolanic reaction leads to an increase in gel
production, density of the PC matrix, and impermeability of
LWC. The study’s findings indicate that the samples con-
taining SF exhibited superior strength and transport proper-
ties in comparison to the samples containing POA. Prior inves-
tigations have reported that the effectiveness of ash can be
enhanced through heat treatment and grinding [55,56]. On the
other hand, the outcomes of this work are consistent with
prior research, according to which utilizing lightweight aggre-
gates as a substitute for coarse or fine natural aggregates

leads to a reduction in strength and an improvement in
permeability. The reason for the deterioration of the engi-
neering properties of LWC is its weak and mostly porous
structure [52,57]. This required conducting many studies to
try to enhance the characteristics of LWC, including this
research.

3.4 Temperature studies

Figure 14(a)–(d) displays the CS results of unheated and
heated LWC at 200, 400, 600, and 800°C after 28 days.
The presented outcomes illustrate the influence of high
temperatures on LWC containing POA and SF as a as par-
tial replacement for PC at levels of 10 and 20% by weight. In
addition, the results of the effect of high temperature on
LWC containing POC as replacement of fine and coarse
aggregate at 50 and 100 wt% are shown. Figure 14 presents
the residual CS ratio of LWC samples exposed to elevated
temperatures. The effect of high temperatures on the CS of
LWC can be divided into four stages. The first stage is when
the temperature applied to the LWC is raised from 22 to
200°C. At this stage, a slight increase in the CS of LWC for
all specimens is observed, ranging between 2 and 3%, com-
pared to unheated LWC (at a temperature of 22°C). The slight
increase in CS can be attributed to the drying effect of the
LWC samples and the increase in forces between the gel
particles due to the removal of the water content. In addi-
tion to the effect of catalyzing the reaction between the non-
aqueous PC particles and lime at the first stages of the
evaporation process, this outcome agrees with the hypothesis
of a number of researchers that the first stage of raising the
temperature of the LWC from 100 to 300°C may contribute to
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increasing the CS of the LWC as a result of the rehydration of
the paste due to the migration of water in the pores [58,59].

The second stage is to raise the heating temperature of
LWC samples from 200 to 400°C. A slight reduction in the
CS of the LWC samples was noted, ranging from 9.3 to
16.3% compared to the CS of the reference samples (at a
temperature of 22°C). As suggested by various authors, the
decrease in question may potentially be attributed to the
loss of water from the hydrate pores, as well as the initial
stage of desiccation and dissociation of the gel [60,61]. In
contrast, the mixtures containing pozzolanic materials of
POA and SF additives showed improved performance and
exhibited higher residual strength in comparison to the
reference mixture.

The third stage is to raise the preheating temperature
of the LWC samples from 400 to 600°C. At this point, there
is a significant reduction in CS, ranging from 34.6 to 42.6%.
It is noteworthy that mixtures incorporating pozzolanic
materials such as POA and SF showed relatively higher
CSs when compared to the control mixture. The decrease
in the CS of the LWC samples can be attributed to the
damage to the microstructures of the PC matrix and the
structure of the LWC. Therefore, the dense microstructures
of the PC matrix contributed to the accumulation of high
internal pressure when exposed to high temperatures [62].
Furthermore, it causes the breakdown of calcium hydro-
xide, which occurs in the temperature range of 450–500°C
[59]. In addition, at higher temperatures, the bond between
the aggregate and the PC paste is weakened due to the

difference in their thermal expansion factor [63]. On the
other hand, high temperatures lead to shrinkage of the PC
paste due to the loss of water, and in turn, high tempera-
tures lead to expansion of the aggregates, thus destroying
the structure of the LWC matrix [64]. In addition, the high
temperature of 573°C led to the transformation of α-quartz
into quartz causing it to expand [65].

The fourth stage is to raise the preheating temperature
of LWC samples from 600 to 800°C. All LWC samples showed
severe deterioration in CS, with a loss of 61.7–70.6% com-
pared to unheated LWC samples. Some researchers suggest
that the reduction in CS at temperatures exceeding 600°C is
caused by the breakdown of the residual gels C–S–H and
C–A–S–H, the decomposition of calcium hydroxide, and the
transformation of quartz’s crystalline structure. Furthermore,
the expansion of the aggregate and the contraction of the PC
paste result in increased stress concentrations within the
LWC matrix and the transition zone [66]. On the other
hand, the outcomes revealed that the LWC samples con-
taining pozzolanic materials of POA and SF had higher resi-
dual CS than the other samples. This may be attributed to
its role in terms of pozzolanic interaction and filling effi-
ciency [67].

Based on the above analysis of the impact of high-tem-
perature exposure on concrete, it is observed that it reveals
varying effects on CS. Exposure to 200°C at 28 days of age
positively affected all samples. The CS of the reference mix-
ture at standard temperature (22°C) was 71.5MPa. Exposure
to 200°C led to a minor increase to 73.1 MPa. On the other
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Figure 15: Residual CS for LWC specimens exposed to elevated temperatures.
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hand, the CS decreased to 59.9, 41, and 21 MPa when exposed
to temperatures of 400, 600, and 800°C, respectively. In addi-
tion, it is worth mentioning that exposing concrete samples
to a temperature of 200°C resulted in slight improvements in
CS by 2.2, 2.4, 2.8, 2.7, and 3.1% for CEM-S-D, SF10-S-D, SF20-S-
D, PA10-S-D, and PA20-S-D, respectively.

Figure 15 presents the relative values of residual CS for
heated and unheated LWC samples after 28 days. Samples
were heated in an electric oven at 22, 200, 400, 600, and
800°C. The study clearly shows that when the samples were
heated to 400, 600, and 800°C, the CS dropped between 9
and 16%, 35 and 43%, and 62 and 71%, respectively. Addi-
tionally, rising temperatures have less adverse effect on
concrete samples containing POC compared to samples
containing natural aggregate.

4 Cement paste microstructure
analysis

The SEM pictures in Figure 16(a)–(e) illustrate the changes
in the microstructure of cement pastes when SF or POA
replace 10 and 20% of the cement by weight. Figure 16(a)
displays the morphology of the control mixture (CEM),
revealing diffuse pores. These pores, likely due to the het-
erogeneity or dispersion of C–S–H, are unable to comple-
tely fill the concrete microstructure. The heterogeneity was
a major factor contributing to the occurrence of internal
cracks and the prevalence of numerous macropores in the
reference concrete. Moreover, the cement paste contained
distinct CH precipitates with large crystals, which further
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Figure 16: SEM images of cement paste. (a) CEM, (b) SF10, (c) SF20, (d) PA10, and (e) PA20.
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contributed to the observed cracks and macropores. The
dry density test results show that the reference mixture
had a lower density than the mixture containing SF or
POA. The results of tests for CS, TS, FS, and MOE also
show an improvement in mechanical properties when SF
or POA replaces cement. Several studies indicate that
replacing cement with cementitious materials such as SF
or agricultural waste ash can improve the microstructure,
strength, and durability of concrete. The best results sug-
gest using replacement ratios between 10 and 20% by
weight of cement [37,68].

Figure 16(b) and (c) shows the microstructure of hydra-
tion products in cement pastes containing 10% SF and 20%
SF, respectively, showing a significantly more homoge-
neous, dense, and pore-free structure. It was also clear that
there was a C–S–H gel with microscopic properties. This gel
probably forms because of the pozzolanic interaction between
SF and CH. The SF substitute’s higher SiO2 content significantly
reduced microvoids, as SF reacted with CH to compensate for
the decrease in C–S–H. Consequently, the distribution of
C–S–H gel was more diffuse in these mixtures, resulting in
superior strength compared to the reference mixture. This
supports the interpretation of previous results, which showed
that replacing cement with SF contributed to improving the
mechanical properties of concrete, along with a slight increase
in the dry density of concrete. Previous research indicated the
positive role of using SF as a partial cement replacement at
levels up to 20% by weight of cement [69].

Figure 16(d) and (e) shows the morphology of cement
paste containing 10 and 20% POA, respectively. POA, which
is rich in silica and alumina, reacts with calcium hydroxide
produced during cement hydration. This reaction pro-
motes the formation of additional C–S–H gel, thereby
enhancing the concrete density and reducing pore space.
The pozzolanic properties of POA contribute to increased
strength and durability by forming complementary bin-
ders within the concrete matrix, thereby enhancing its
mechanical properties. Concrete mixes containing POA
exhibit tighter concrete structure and mechanical super-
iority, which helps to enhance strength and durability
through additional C–S–H gel formation. The mechanical
test results in this study demonstrate an improvement
when POA serves as a partial cement substitute.

5 Conclusion

The aim of the present research was to evaluate the per-
formance of LWC including POC as a substitute for aggre-
gate at replacement levels of 50 or 100% by volume. The

study investigated the use of POA and SF as 10 and 20%
weight substitutes for cement, respectively. This study
included a design of 20 mixtures. The efficacy of the freshly
mixed LWC was evaluated by a slump test. A variety of tests
was conducted to evaluate the performance of hardened
concrete, including a dry density test, a CS test, an STS
test, an FS test, and an MOE test. The performance of con-
crete subjected to elevated temperatures on CS is assessed.
The findings of this research may be presented as follows:
1) POC and POA generate LWC with lower slump values

than the reference mixture. The slump test showed the
greatest drop (54% for SF20-FP-CP).

2) Using POC as partial or full aggregate substitute yields
LWC with 1,685 kg·m−3 density and 34.1 MPa CS at 28
days. In addition, using POC as a partial or full substi-
tute to aggregate may improve CS by decreasing the
impact of high temperatures up to 800°C.

3) POA as a partial cement substitution in LWC improved
strength compared to 0% POA. The PA20-FP-CP combi-
nation had the greatest CS retention of all mixes, with
38.3% of the reference mixture.

4) The efficacy of LWC in resisting chloride permeability,
water permeability, and water sorptivity decreases when
POC replaces aggregate. However, light concrete trans-
port qualities increase when SF or POA partially replaces
cement.

5) All LWC mixtures in this investigation had higher CSs
than the reference mixture after being heated to 200°C.

6) The use of POA or SF as partial cement substitution
enhances the microstructure of the LWC matrix.

6 Limitations and future works

The results obtained from this research are validated to
use in the range of this study. Also, it is recommended for
future studies to study the dynamic effect or cyclic load
effect on the properties of LWC which have POC. In addi-
tion, the finite element analysis can be used to study the
structural behavior of LWC structural elements incorpor-
ating POC. Finally, adding agricultural or industrial waste
to POC to enhance the characteristics of LWC can also be
studied.
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