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A B S T R A C T   

In recent days, the increase in significant infrastructure projects has led to urgent requirements for the use of high 
strength concrete (HSC) and ultra-high-performance concrete (UHPC). However, the use of cement and its de-
rivative products, such as concrete, is associated with a high generation of carbon dioxide (CO2). The con-
struction industry contributes about 8% of the total global CO2 production. Therefore, there is an urgent need to 
use agriculture-waste materials such as palm oil fuel ash (POFA) to help reduce environmental concerns asso-
ciated with concrete. The accumulation of palm oil waste over an extended period of time causes environmental 
pollution. The use of these materials is expected to improve the environment by reducing the disposal of this 
waste in landfills and open areas. The chemical composition of POFA can vary depending on the source and 
processing methods. Elevated levels of impurities such as organic matter, unburned carbon, and chloride content 
in POFA can adversely affect the setting time, workability, and long-term durability of concrete. The optimal mix 
proportioning and replacement levels of POFA in concrete need to be carefully determined. Incorporating higher 
levels of POFA without proper adjustments to the mix design can result in detrimental effects on fresh and 
hardened concrete properties, including reduced compressive strength and decreased resistance to chemical 
attacks. This paper will highlight the impacts of POFA on the properties of HSC and UHPC in their fresh and 
hardened states. Durability and microstructure properties were also discussed. The use of ultrafine POFA helped 
in reducing the rapid chloride permeability and water absorption of HSC, thus improved its structure. Lastly, 
some recommendations for future studies are presented.   

1. Introduction 

Currently, the construction industry consumes large quantities of 
concrete that reach up to 10 billion tons annually [1]. It is expected that 
the demand for concrete will see a significant upsurge by 2050 and 
reaching up to 18 billion tons annually owing to the increase in the 
population worldwide [2,3]. A considerable quantity of this produced 
concrete, however, resulted in the significant production and release of 
CO2, which damages the environment [4]. As reported earlier, many of 
the studies show that the cement industry contributes to about 8% of the 
total CO2 emissions worldwide [5–8]. Numerous investigations have 
been carried out to discover industrial and agricultural waste that can be 

used as an alternative to cement and aggregates to reduce the disad-
vantages produced by the manufacturing of cement [9–18]. Conse-
quently, academics have studied the feasibility of waste materials that 
have extreme pozzolanic reactions to be adopted as cementitious ma-
terials in concrete mixtures [9,19–22]. The utilization of palm oil fuel 
ash (POFA), a by-product material, can produce more eco-friendly and 
sustainable concrete [23–26]. This paper aims to clearly display the 
properties of HSC and UHPC produced with POFA utilized as cementi-
tious material in production. 

The concrete properties have been improved significantly over the 
decades due to ever-increasing demand to produce longer-than-ever 
long-span bridges, higher and higher high-rise buildings, and high 
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earthquake-resistant structures [27,28]. To cater to these requirements, 
the properties of concrete in both states (fresh and hardened) had to be 
effective enough to produce high performance concrete. Presently, de-
velopments in the domain of concrete have been spearheaded by UHPC 
to answer the abovementioned requirements. UHPC has excellent per-
formance as it regularly achieves a significant tensile strength and high 
compressive strength of 150 MPa and more with lower permeability and 
water absorption [29,30]. Therefore, UHPC has enhanced resistance 
against environmental pollution, considerably enhanced structural 
reliability, and outstanding service life. 

In past decades, the concrete produced had durability limitations and 
poor microstructure [31]. These limitations were dealt with by utilizing 
some mineral admixtures and by-products of other industries such as 
silica fume, coal bottom ash, slag, waste glass, fly ash, and metakaolin as 
partial alternatives to cement in the concrete mixtures [32–35]. It was 
found that the use of these mineral admixtures with smaller particle 
sizes improves the chemical reaction. This is because of the increase in 
the surface area of the particles and the reduced water-cement ratio, 
which results in the production of a UHPC. Nevertheless, the concrete 
becomes more brittle with increasing compressive strength. In the last 
decades, the concrete characteristics have also significantly improved 
due to the implementation of steel fiber-reinforced concrete and slurry- 
infiltrated concrete (SIFCON) [36]. Moreover, a scientific improvement 
occurred with the introduction of reactive powder concrete (RPC), 
producing high compressive stress between 200 and 800 MPa [37–39]. 
Further development in RPC resulted in production of UHPC, that has 
high mechanical strength [40–42] and highly dense microstructure 
[43–46]. 

POFA is an alternative cementitious material that is utilized recently 
to deal with the economic and environmental issues surrounding con-
crete development [47]. POFA is a by-product (or a waste) that comes 
into existence as a result of burning leftover fruits and their shells, 
agricultural fibers, and kernels to produce electricity and other forms of 
energy for industries, especially palm oil mills [48,49]. Indonesia, 
Malaysia, and Thailand are the countries with the largest production of 
POFA, and the production is projected to grow every year [48,50]. 
Numerous investigators show that pozzolanic properties are prominent 
within POFA [51,52]. POFA when grinded into an ultrafine particle size 
(UPOFA), is known to enhance concrete when it comes to its engineering 
and transportation, essentially improving its mechanical properties 
[34,53] and producing HSC and UHPC [52]. Zeyad et al. [54] experi-
mented with the use of UPOFA in concrete in hopes of improving con-
crete with significantly high strength. They concluded that the UPOFA 
has a substantial role in improving the workability, strength, and 
permeability of high-strength concrete (HSC). The reported compressive 
strength was about 108, 114, and 112 MPa, for HSC mixtures that 
contain 20, 40, and 60% of UPOFA, respectively. Modern studies illus-
trate that the latest use of UPOFA in producing HSC and UHPC still re-
quires further investigation, as the current literature is incomplete. 

This research was introduced to include analysis about the current 
problems related to the use of cement, associated problems because of 
generating harmful CO2 emissions, and some literature related to using 
UPOFA as a sustainable and supplemental binder material to partially 
replace cement. The physical and chemical properties of UPOFA, as well 
as the effect of UPOFA on the mechanical, durability, and microstructure 
properties will be analyzed. Therefore, this research will investigate the 
results studied from previous research and further discuss the impact of 
UPOFA with and without other fibers and admixtures on the properties 
of HSC and UHPC. 

2. Method and scope 

This paper reviews different previous literature regarding the 
implementation of POFA as a cementitious material in the production of 
UHPC. Throughout this article, efforts have been made to study and 
report the investigation conducted by the previous researchers and to 

organize the data collected in a well-structured style for upcoming in-
vestigators. This paper focuses on the impact of using POFA on different 
properties accompanied by UHPC. Then, this paper also concentrates on 
potentially replacing cement with POFA by integrating different fiber 
volumes and admixture types. The paper, besides reviews of previous 
studies, focuses on the efforts made to obtain the highest values of 
compressive, flexural, and tensile strengths. Efforts to yield higher 
values of compressive, tensile, and flexural strengths will also be taken 
into consideration. Lastly, this study offers some recommendations for 
upcoming investigators about the extensive utilization POFA as cement 
replacement in producing HSC and UHPC. 

3. Properties of POFA in concrete 

3.1. Physical properties of POFA 

Table 1 provides an insight on the physical components of POFA. 
Certain factors, such as the temperature rate, burning duration, sourc-
ing, and other environmental conditions authorize these components 
[9,26,55]. The raw POFA has a gray color and is converted into a darker 
complexion after the grounding process because of the presence of the 
significant amount of carbon that is of unburnt nature, the color again 
changes to gray after POFA is exposed to a higher temperature rate that 
results in burning of carbon particles. The size distribution of POFA is 
between (1.89 and 2.6). Image comparison between Ordinary Portland 
cement (OPC) and POFA is illustrated by Bashar et al. [56] as shown in 
Fig. 1. 

3.2. Chemical composition of POFA 

The individual constituents of POFA are shown in Table 2. Based on 
the table, POFA consists of mainly silica oxide. The POFA was examined 
in terms of chemical composition by many researchers, as presented in 
Table 2. A significant difference was detected in the chemical compo-
sition due to different conditions, for example quality of palm oil waste 
and temperature rate to the procedure of creating POFA [52,60,61]. 
Using the X-ray diffraction (XRD) analysis, it was shown that POFA 
generally contains a crystal phase of quartz and mullite. This analysis 
also showed crystalline silica peaks detected. A low quantity of Ca(OH)2 
was also detected. This low quantity is due to most of the Ca(OH)2 being 
depleted in the pozzolanic reaction [62]. Additionally, the composition 
of POFA affects the heat of hydration of concrete during manufacturing 
[63]. POFA particles show significant development in concrete, as they 
allow for the production of UHPC [54]. Essentially, the main component 
in POFA that makes up 65 to 69% of its composition is Silica dioxide 
(SiO2) which is responsible for the pozzolanic reactions in the HSC and 
UHPC. 

3.3. Effect POFA on the HSC and UHPC 

Numerous researchers have utilized POFA to produce HSCs by 
powdering the particles to a size of roughly 10 µm, replacing cement 
from 0 to 30% by total weight [66–68]. Sata et al. [58] reported 
compressive strengths with values 77.5, 81.3, 85.9, and 79.8 MPa for 
HSC at 28 days with partial replacement of 0, 10, 20, and 30% POFA, 

Table 1 
Physical properties of POFA by the last studies.  

Ref. Blaine 
fineness 
(m2/g) 

Specificgravity Median 
particle size, 
d50 (μm) 

Surface 
area 
(m2/g) 

Retained on 
sieve No. 325 
(%) 

[57]  1.136  2.59  2.06  1.775  
[54]  1.136  2.59  2.06  7.670  
[58]   2.33  10.1   1.5 
[59]   2.33  10.1   1.5 
[52]   2.50  2.99    
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respectively with 560 kg/m3 as the total binder content and w/b of 0.28. 
Mohammed et al. [66] also analyzed the influence of UPOFA on the 
transport and strength qualities of UHPC with total binder content of 
1128 kg/m3. Tangchirapat et al.[59] analyzed the UHPC properties 
containing GPOFA with a total cement content of 560 kg/m3 and a 
water-to-binder ratio of 0.32. The maximum stress achieved for concrete 
containing 20% POFA as a replacement to cement was 85.9 MPa. 

Aldahdooh et al. [69] also utilized UPOFA as a cement replacement 
for preparing Ultra-High Performance Fiber Reinforced Cementitious 
Composites. They reported a compressive strength of 158.28 Mpa over 
the span of 90 days when 50% of cement was replaced by UPOFA. Zeyad 
et al. [70] used UPOFA to produce high-strength green concrete (HSGC) 
at different steam curing regimes. They added UPOFA in different con-
crete samples with replacement levels of 0, 20, 40, and 60% of the total 
weight of cement. To investigate the impact of curing temperatures, 
these samples of HSGC were also cured at different temperatures. They 
reported that at an earlier curing age, the compressive stress of the HSGC 
was reduced, while the long-term compressive strength i.e. at 360 days 
was reported to be enhanced by percentages of 5.4%, 10%, and 9.2%, 
respectively. These relativity increases were evaluated based on the 
control concrete specimens. The specimens possessing high compressive 
strength is due to the significant pozzolanic reactions that take place 
during the hydration process, as well as the utilization of fine particles 
that serve as fillers. These factors contribute to the optimal solution of 
filling voids and achieving a higher density, thereby enhancing the 
overall compressive strength. 

Al-mulali et al. [71] mentioned that the replacement of 20 to 30 % of 
cement with 7.4 µm sized particles of UPOFA resulted in higher 
compressive strength, relative to the control concrete sample, and was 
associated with a higher pozzolanic reaction [48,72]. Rukzon and 
Chindaprasirt [73] reported that cement mortars combined using 
UPOFA as a replacement to cement with particle sizes less than 7 µm 
showed compressive strength higher than the relative control mortar 
sample due to the higher reactivity of POFA and its filler effect. The 
impacts of using UPOFA are better compared to the large particle size of 
between 22 and 55 µm of POFA. Consequently, the small particle size of 
POFA of up to 10.1 µm with 20% replacement cement achieved HSC 
with compressive strength of more than 70 MPa, demonstrating that fine 

particle size has a high pozzolanic reaction and can thus be utilized as an 
alternative mineral admixture in concrete production [59]. Kroehong 
et al. [74] also studied the influence of fine POFA on the particle packing 
and pozzolanic reactions of blended cement paste. They noted that the 
pastes containing POFA of particle size 2 µm and 10 to 30% replacement 
levels by total cement weight presented higher compressive strength 
between (105 and 111%) than the cement pastes. 

Scholars have attempted to utilize and study different quantities to 
which POFA is added to a concrete mixture as a replacement to cement 
in order to produce UHPC. Most of them used admixtures or fibers to 
improve the UHPC properties, such as Nano Silica (NS), Metakaolin 
(MK), and silica fume (SF). These materials have been utilized owing to 
the highly absorbed water, and higher surface area that improves the 
performance of UHPC. Consequently, the water quantity required for 
lubrication decreased [75–77]. Because of the low specific gravity 
values of POFA, the workability of UHPC increases, especially at higher 
replacement levels. Moreover, due to the high surface area accompanied 
by UPOFA, an increase in the replacement level increases the viscosity of 
the HSC and UHPC. Khankhaje et al. [78] also investigated the impact of 
UPOFA on various properties of concrete. Results show that concrete 
samples with UPOFA replacing 20% of cement by weight exhibited su-
perior durability properties than Ordinary Portland cement (OPC) 
concrete. 

4. Fresh properties of HSC and UHPC containing POFA 

4.1. Setting time 

Mixing cement and water produces paste that progressively loses its 
plasticity, and ultimately changes into a solid form. The setting process 
is finished when the cement paste is adequately rigid to bear the 
required pressure. Therefore, the setting time is defined as the required 
time to reach the rigid or solid state. Zeyad et al. [57] determined the 
setting time of mixtures containing UPOFA according to the ASTM C403 
[79]. The outcomes obtained showed a positive correlation between an 
increase in replacement levels of UPOFA and the initial and final setting 
times of the HSC samples. Similar outcomes were stated by Tangchirapat 
et al. [80] on the influence of various mineral admixtures with various 

Fig. 1. Images of OPC and POFA particles [56].  

Table 2 
Chemical properties of POFA presented by previous studies.  

Ref. SiO2 Al2O3 Fe2O3 MgO CaO Na2O SO3 K2O LOI 

[64]  65.2  2.6  2.0  3.1  6.4  0.3  0.5  5.7  10.1 
[65]  69.02  3.9  4.33  5.18  5.01  0.18  0.41  6.9  1.8 
[58]  65.30  2.60  2.00  3.10  6.40  0.30  0.50  5.70  10.10 
[52]  65.01  5.72  4.41  4.58  8.19  0.07  0.33  6.48  2.53 
[59]  65.3  2.5  1.9  3.0  6.4  0.3  0.4  5.7  10.0  
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particle sizes UPOFA on the HSC properties [81]. The benefit of delaying 
the setting time can be advantageous when producing concrete in hot 
weather to mitigate the effects of rapid setting caused by high temper-
atures. Also, the increase in compressive strength of concrete, which 
incorporates low replacement levels and ultrafine particle size of POFA, 
is attributed to the pozzolanic reactions that occur, particularly at later 
ages. These reactions align with the delayed setting time observed in 
concrete containing POFA. 

Tay and Show [82] stated that adding POFA to the cement paste 
caused an increase in the setting time. (125 and 165 min) were the 
respective initial setting time ranges for the concrete specimens 
comprising POFA with replacement levels between (0 and 50) %. 
Additionally, the final setting time ranges between (185 and 250) mi-
nutes, within the acceptable ASTM standards. Tangchirapat et al. [80] 
reported the initial and final setting times for concrete that contained 
40% of POFA as a replacement to cement in the mix to be 410 and 740 
min, respectively. Likewise, Karim et al.[83] detected that using UPOFA 
lead to a rise in the initial and final setting times of cement paste. 
However, both times were equal to or less than 375 min. The delay in 
these setting times might be because more water absorption and a 
rougher POFA particle size caused delays in the hydration process. 
Zeyad et al. [84] also support this by reporting that using of UPOFA 
instead of cement results in a significant delay in the setting times, as 
shown in Fig. 2. Table 3 shows the relationship between POFA and the 
setting time of UHPC. 

4.2. Workability 

The workability of a concrete mix consisting of POFA replacing a 
portion of cement is calculated using the slump test. The slump values of 
the concrete mixtures are different due to the difference in the 

replacement levels of UPOFA. Numerous investigations have mentioned 
the influence of POFA on the workability of UHPC. Johari et al. [52] for 
instance, investigated the workability of HSC mixtures comprising 
UPOFA with fine particle size (2.06 μm) and replacement levels of 50, 
60, and 70% of cement according to BS EN 12350–2 [85]. It was 
concluded that an increase in the replacement levels of UPOFA in a 
concrete mixture led to an increase in its slump values. This increase in 
workability can be because of the low specific gravity associated with 
POFA. The concrete workability can also improve by adding admixtures 
to the concrete mix. Generally, the viscosity of normal concrete is 
already lower than that of the UHPC [86]. Zeyad et al. [54] supported 
this by showing that increasing the percentage of UPOFA in a concrete 
mix results in an increase in the slump values as can be shown in Fig. 3. 
Whereas the HSCg and HSCu refer to the high strength concretes made 
of ground POFA (GPOFA) and ultrafine-POFA (UPOFA), respectively. 

Superplasticizers are frequently employed in concrete to enhance its 
workability and fluidity by dispersing cement particles and reducing the 
necessary water content for a desired slump [87]. When GPOFA is 
incorporated into concrete mixes, it can have a beneficial effect on the 
fluidity of the mixture. The fine particles and pozzolanic characteristics 
of GPOFA can contribute to improved particle packing and lubrication, 
thereby enhancing the flowability and workability of the concrete 
mixture. The specific surface area and chemical composition of GPOFA 
can influence its capacity to adsorb superplasticizers. Muthusamy et al. 
[88] utilized ground POFA (GPOFA) in concrete mixtures, replacing 
portions of cement in various percentages (0 to 40%). Their results show 
that GPOFA has a major impact on the workability of HSC. Concrete 
mixtures with 10% cement replaced have a higher slump value relative 
to the other mixtures. This might be due to the characteristics of GPOFA, 
which can fill the internal pores because of its fine particle size, and the 
ability to obtain superior lubrication of the concrete mix. Table 4 dis-
plays the relationships between different replacement levels of POFA 

Fig. 2. Initial and final setting times in HSC and UHPC comprising 
UPOFA [84]. 

Table 3 
Effect of POFA on the setting time of UHPC.  

Ref. Replacement 
level 

Cement 
content kg/ 
m3 

Particle size 
of POFA µm 

Effect of UPOFA on the 
setting time (min) 

Initial 
setting 
time 

Final 
setting 
time 

[84] 0, 20, 4, and 
60% 

550  2.06 140, 230, 
270, and 
350 

285, 385, 
460, and 
555 

[66] 0, 17, 30, and 
40% 

1128  2.06 420, 450, 
540, and 
612 

615, 669, 
810, and 
918 

[52] 0, 20, 40, and 
60% 

550  2.06 140, 230, 
270, and 
350 

285, 385, 
460, and 
555  

Fig. 3. Influence of UPOFA against the slump values [54].  

Table 4 
Effect of POFA on the workability of HSC and UHPC.  

Ref. Replacement level Cement 
content kg/ 
m3 

Particle size 
of POFA (µm) 

Effect POFA on the 
workability (mm) 

[54] 0, 20, 40, and 60% 550 2.06 190, 210, 225, and 
230 

[69] 0, 25, and 50% 720 2.06 167, 169, and 171 
[70] 0, 20, 40, and 60% 550 2.06 180, 200, 220, and 

230 
[87] 0, 10, 20, 30, and 

40% 
588 45 95, 100, 80, 65, and 

20 
[88] 0, 10, 20, and 30% 588 30 140, 100, 65, and 

40 
[89] 0, 10, 20, 30, 40, 

50, and 60% 
550 2.06 190, 210, 210, 220, 

255, 225, and 230.  
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and the workability of UHPC. 
Many have also previously investigated the impact of using POFA in 

HSC and UHPC on the workability of the mix. These investigations yield 
that adding POFA enhances the workability of UHPC. This is because of 
the low specific gravity of POFA, as supported previously by other in-
vestigations. Furthermore, the workability may be improved by 
increasing the addition of binder paste. Moreover, the high surface area 
of UPOFA results in an increased viscosity of the UHPC, which is also 
directly proportional to the replacement levels of UPOFA [52,66,90]. 
Aldahdooh et al. [69] studied the influence of using high volumes of 
UPOFA on the UHPC in different replacement levels, up to 75%. They 
concluded that using UPOFA remarkably enhances the workability of 
UHPC. This is because the more workable a concrete mixture is, the 
lower its carbon content and loss of ignition (LOI),as examined by other 
studies [52]. Zeyad et al. [70] also examined the impact of UPOFA on 
the HSC at various percentage replacements to cement and different 
curing steam temperatures. They concluded using UPOFA increases the 
slump values of a mixture, as shown in Fig. 4. 

5. Mechanical properties of UHPC and HSC 

5.1. Compressive strength 

UHPC, as the name suggests, has a significantly larger compressive 
strength relative to ordinary concrete, with values reaching up to 150 
MPa. A large quantity of cement is generally required to produce UHPC 
[91]. Other physical conditions, like fine particle size of the mineral 
admixtures and their components, like high-strength steel fibers and 
superplasticizers for example, also play an important role in developing 
UHPC. This partially explains the impact of POFA in different replace-
ment levels in addition to fibers and the impact of different admixtures, 
particularly regarding their influences on compressive strength. 
Muthusamy et al. [88] studied the long-term effect POFA has on the 
strength of HSC in a humid tropical environment after 360 days of 
curing. The highest strength value was in the sample that contained 10% 
replacement of cement with GPOFA. This value was significantly high 
because of the high pozzolanic reaction of GPOFA and packing of the 
internal pores, ultimately leading to a dense concrete structure that can 
retain larger value of loads. There is a correlation between GPOFA and 
the compressive strength of HSC. The addition of a certain amount of 
GPOFA, particularly at later ages, leads to an increase in the compressive 
strength of concrete. This is primarily attributed to the high pozzolanic 
reaction of GPOFA, which is due to its high silica content and the 
presence of other amorphous materials. These factors facilitate the re-
action between GPOFA and calcium hydroxide during cement hydra-
tion, resulting in the production of additional calcium silicate hydrate 
(C-S-H) gels. Consequently, the density and compressive strength of the 
concrete are enhanced. Furthermore, icorporating GPOFA with a small 
particle size contributes to the refinement of the concrete’s 

microstructure. The pozzolanic reaction between POFA and lime gen-
erates additional C-S-H gel, which fills gaps and forms a more uniform 
and refined microstructure. This denser microstructure improves the 
transfer of loads and interlocking of particles, thereby leading to 
enhanced compressive strength. 

Zeyad et al. [70] have thus concluded that the increasing UPOFA as a 
replacement to cement in a concrete mixture has a substantial effect on 
the improvement of the compressive strength of UHPC, as presented in 
Fig. 5. 

Salam et al. [92] examined the impact of UPOFA on the self- 
consolidating high-strength concrete (SCHSC) and analyzed its proper-
ties. They reported a -compressive strength of ranges between (52.3 and 
74.2) MPa after 28 days. After curing for 56 days, the value of the 
compressive strength was found to be ranging between (54.8 and 72.9) 
MPa. Moreover, Aldahdooh et al. [69] studied the effects of UPOFA on 
the compressive strength of UHPC. They used the densified micro-silica 
fume (DSF) with UPOFA and reported that the 28-day compressive 
strength of value 156.72 MPa was achieved with 50% (OPC-UPOFA) and 
0.0% [DSF-UPOFA], while the concrete mix containing 25% UPOFA 
replacing cement has a compressive strength of 174.4 MPa. Table 5 
showcases the influence of POFA on the compressive strength of HSC 
and UHPC produced by the last studies and shows the replacement levels 
for each study. 

Fig. 4. Slump values against the UPOFA content in HSGC [70].  Fig. 5. Compressive strength values of HSC vs curing time in days [70].  

Table 5 
Relationship between UPOFA and the compressive strength of HSC and UHPC.  

Refe. Replacement 
level 

Cement 
content kg/ 
m3 

Particle 
size µm 

Effect POFA on the 
compressive strength 
MPa 

[54] 0, 20, 40, and 
60% 

550 2.06 91.4, 99.5, 101.5, and 
98.1 

[69] 0, 25, and 50% 720 2.06 25, 38, and 73 
[70] 0, 20, 40, and 

60% 
550 2.06 93.1, 99, 102.1, and 

94.9 
[88] 0, 10, 20, 30, 

and 40% 
576 30 60, 65, 60, 58, and 56 

[87] 0, 10, 20, and 
30% 

588 45 61.9, 63.3, 53.0, and 
43.3  

Table 6 
Effect of POFA on the flexural strength of HSC and UHPC.  

Refe. Replacement 
level 

Cement 
content kg/ 
m3 

Particle 
size µm 

Effect POFA on the 
flexural strength 
(MPa) 

[93] 0, 25, 50, 60, and 
75% 

720 2.06 5, 7.5, 16, 20, and 
24.5 

[88] 0, 10, 20, 30, and 
40% 

576 30 11, 14.5, 11, 9.5, and 
9 

[87] 0, 10, 20, and 
30% 

588 45 9.89, 10.65, 9.33, and 
8.65  
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5.2. Flexural strength 

The latest studies have discovered that the available information on 
the flexural strength of UHPC containing percentages of UPOFA is 
inadequate. The relationship between POFA percentage replacements 
and the flextural strength of the mix can be seen in Table 6. Aldahdooh 
et al. [93] analyzed the effect of high volume UPOFA up to 75% on the 
ultimate tensile and flexural strengths of ultra-high-performance fiber- 
reinforced concretes. They discovered that UPOFA improves fresh UHPC 
fiber reinforced interms of flexural strength. The 28 days-flexural 
strength was 42.38 MPa with a 50% replacement level, demonstrating 
the suitable use of UPOFA as an alternativepozzolanic material, as it has 
better engineering properties. 

Aldahdooh et al. [69] adopted the Four-point bending tests to mea-
sure the flexural strength of HSC. The test was conducted with three 
specimens obtained from the optimum mixtures for different ages (7, 28, 
and 90) days. They mentioned that the respective flexural strength 
values were 39, 42, and 46.6 MPa for 7, 28, and 90 curing ages. Awal 
and Mohammad Hosseini [91] investigated the properties of HSC 
comprising carpet fibers and POFA and concluded that the flexural 
strength value was higher, relative to normal concrete. Bashar et al. [94] 
investigated the properties of HSC comprising 90% POFA that contains 
coarse aggregates in the form of oil palm shell (OPS), with the addition 
of steel fibers in three volumes(0.25, 0.50, and 0.75) %. The results show 
an increase in the flexural strength by 7 to 18% in comparison with the 
control concrete. GPOFA contains amorphous silica and other reactive 
materials that possess pozzolanic properties. When the finely ground 
particles of GPOFA react with the calcium hydroxide released during 
cement hydration, it results in the formation of additional calcium sili-
cate hydrate (C-S-H) gel. This gel significantly contributes to the 
strength and durability of the concrete matrix, ultimately enhancing the 
flexural strength. The fine particles of GPOFA play a crucial role in 
filling the voids and spaces within the concrete structure, leading to a 
denser microstructure. This densification improves the contact between 
particles and enhances packing efficiency. As a result, the reduced 
porosity in the concrete limits the pathways for crack propagation, 
thereby increasing the flexural strength. 

5.3. Splitting tensile strength 

Aldahdooh et al. [69] notes the impact of adding UPOFA at different 
replacement levels starting at 0 to 75% on the splitting tensile strength 
of ultra-high-performance fiber-reinforced concretes. They concluded 
that an increase in UPOFA led to an improvement of the splitting tensile 
strength of fresh UHPC that contains fiber reinforcement. The 28 days- 
tensile strength was 13.35 MPa. Table 7 illustrates the relationship be-
tween adding POFA at different replacement levels and the splitting 
tensile strength of the concrete mixture. 

Sata et al. [64] conducted a study on the split tensile strength of HSC 
mixtures containing UPOFA particles of sizes up to (10.1 μm) replacing 
10, 20, and 30% of cement and containing a water binder ratio of 0.28. 
Their results showed that concrete mixtures prepared by replacing 10 to 
20% of cement with fine POFA showed higher tensile strength relative to 
control mix samples at similar curing periods. This may be associated 

with a significant fineness of POFA particles that results in a higher 
likelihood of forming a pozzolanic reaction. However, Awal and 
Neguong [95] reported that higher percentages of POFA replacing 
cement in the concrete mixture reduce its tensile strength, relative to the 
normal concrete sample. Awal and Shehu [96] showed that the rela-
tionship between tensile strength and compressive strength develop-
ment for POFA and OPC concrete is directly proportional. Altwair et al. 
[97] conducted a test for the split tensile strength of concrete specimens 
with replacement levels of 0%, 0.4%, and 1.2%, and a water/binder 
ratio of 0.33. The results showed that a value of 3.52 MPa was obtained 
for the splitting tensile strength for the concrete sample with a 0.4% of 
POFA replacing cement. This concrete sample had a 16% and 9% higher 
tensile strength than the sample of 1.2% replacement level and the 
normal concrete sample, respectively. 

6. Durability of HSC and UHPC 

6.1. Water absorption 

Zeyad et al. [54] analyzed the water absorption of HSC using UPOFA 
and GPOFA as a replacement for cement in different levels of (0, 20, and 
40%). Fig. 6 displays the outcomes obtained for the water absorption of 
HSC comprising both GPOFA and UPOFA. They observed that the short 
and long-term water absorption periods were lower for concrete 

Table 7 
Effect of POFA on the splitting tensile strength of HSC and UHPC.  

Ref. Replacement 
level 

Cement 
content kg/ 
m3 

Particle 
size µm 

Effect POFA on the 
tensile strength MPa 

[87] 0, 10, 20, and 
30% 

588 45 3.14, 3.25, 3.14, and 
2.84 

[93] 0, 25, 50, 60, and 
75% 

720 2.06 2.1, 3, 5.9, and 8.3 

[88] 0, 10, 20, 30, and 
40% 

576 30 4.5, 5.5, 3.6, 3.1, and 
2.5  

Fig. 6. Water absorption of hsc against time [54].  

Table 8 
Impact of adding POFA as a replacement on the water absorption of HSC and 
UHPC.  

Refe. Replacement 
level 

Cement 
content 
kg/m3 

Particle 
size µm 

Effect POFA on the water 
absorption 

[54] 0, 20, 40, and 
60% 

550 2.06 Increasing the UPOFA led 
to a decrease in the water 
absorption rate. 

[88] 0, 10, 20, 30, 
and 40% 

576 30 Replacing 10% POFA led to 
reducing the water 
absorption rate. 

[98] 0, 10, 20, 30, 
and 40% 

751 9.51 The Fineness of UPOFA 
enhanced its pozzolanic 
reaction and micro-filling 
potential and enhance the 
hardened properties of 
HSC. 

[92] 0, 10, 20, and 
30% 

706 11 The lowest value of water 
absorption was achieved by 
adding 20% POFA as 
cement replacement. 

[99] 0, 20, 40, and 
60% 

550 2.06 The water absorption 
decreases with an increase 
in the UPOFA content in 
HSC mixtures.  
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mixtures containing UPOFA. Mixtures comprising GPOFA, however, 
showed an adverse influence on water absorption of the HSCs, owing to 
the existence of unburned carbon in their particles that leads to an in-
crease in the rate of water absorption. Table 8 shows the influence of 
replacing cement in various percentages on the water absorption of HSC 
and UHPC. 

6.2. Rapid chloride permeability 

HSC and UHPC containing POFA have been investigated and tested 
for rapid chloride by numerous researchers. Zeyad et al. [54] examined 
the effect of GPOFA and UPOFA containing replacement levels of 0, 20, 
40, and 60% on rapid chloride penetration. They observed that the 
chloride charge passage reduces as the POFA content increases, as 
showcased in Fig. 7. Conversely, at 3 curing days, in HSCu, the charge 
passed decreased because of increasing the POFA content. Chindaprasirt 
et al. [100] tested the rapid chloride ion penetration on HCS prepared by 
replacing 10, 20, and 30% of cement with POFA particle sizes of 20.0 
µm. All concrete mixtures were prepared with a 600 kg/m3 of cement 
content, w/b of 0.3, and a superplasticizer amount that maintains an 
acceptable workability between (200 and 250 mm). The results obtained 
from this study indicate a decrease in the charge pass of POFA concrete 
samples as the replacement level of POFA increases, up to 30%. This 
outcome suggests that chloride ion penetration can be decreased by 
replacing cement with POFA. Lastly, the rapid chloride ion permeability 
test was conducted to evaluate the corrosion resistance of the concrete 
mixtures. The outcomes demonstrated that the total charge passed (TCP) 
considerably decreased if UPOFA were used in HSC samples. For further 
investigation, Zeyad et al. [101] used a large amount of UPOFA to 
replace cement to analyze the behavior of HSC against the rapid chloride 
permeability. They concluded that the UPOFA improves the properties 
of HSC by resisting the penetration of chloride ions. 

Chindaprasirt et al. [100] tested the rapid chloride ion penetration 
on HCS prepared by replacing 10, 20, and 30% of cement with POFA 
particle sizes of 20.0 µm. All concrete mixtures were prepared with a 
600 kg/m3 of cement content, w/b of 0.3, and a superplasticizer amount 
that maintains an acceptable workability between (200 and 250 mm). 
The results obtained from this study indicate a decrease in the charge 
pass of POFA concrete samples as the replacement level of POFA in-
creases, up to 30%. This outcome suggests that chloride ion penetration 
can be decreased by replacing cement with POFA. Lastly, the rapid 
chloride ion permeability test was conducted to evaluate the corrosion 
resistance of the concrete mixtures. The outcomes demonstrated that the 
total charge passed (TCP) considerably decreased if UPOFA were used in 
HSC samples. For further investigation, Zeyad et al. [101] used a large 
amount of UPOFA to replace cement to analyze the behavior of HSC 
against the rapid chloride permeability. They concluded that the UPOFA 
improves the properties of HSC by resisting the penetration of chloride 
ions. 

6.3. Resistance to carbonation 

Carbon dioxide (CO2) can react with the alkaline component through 
penetrating the concrete surface to form Ca(OH)2 as shown in Fig. 8 
[102]. This carbonation (reaction) can minimize the pH solution within 
the concrete to less than 9. Therefore, the corrosion in steel reinforce-
ment may increase. Similarly, other concrete properties, such as its 
strength, shrinkage, resistance to carbonation, are also be influenced. 

Chindaprasirt and Rukzon [103] reported that, after exposing 
cement paste that contains UPOFA to CO2 for a period of 28 days, the 
porosity and specific area of the paste decreased. Salih [104] performed 
an enhanced carbonation test in 50% relative humidity with 5% CO2 to 
examine the carbonation of concrete containing UPOFA. To prepare 
mixes for the experiment, OPC was substituted with POFA in re-
placements of 20 and 40 % of total weight. The particle size of POFA 
ranged from fine to medium and coarse. They mentioned that concrete 
specimens consisting of fine particle size of POFA showed lower 
carbonation when compared with concrete specimens comprising me-
dium and coarse particle sizes. 

6.4. Resistance to acid attacks 

Dissolution is one of the major durability problems that affect the 
service life of concrete structures. This phenomenon occurs when con-
crete is subjected to an aggressive environment composed of sulfuric 
acid. This durability problem also increases the maintenance costs of 
concrete structures. The existence of sulfuric acid in groundwater and 
waste materials can be the main reason for this durability problem. In an 
industrial sector, concrete corrosion can happen due to the prominence 
of sulfuric acid that results from acid rains. Ariffin et al. [105] tested the 
performance of concrete prepared with pulverized fuel ash (PFA) and 
UPOFA. These samples were submerged in a solution consisting of sul-
furic acid for 540 days. The visual examination of control samples made 

Fig. 7. Rapid chloride permeability of HSC against time [54].  

Fig. 8. Resistance to carbonation [102].  

Fig. 9. Microstructure image of normal curing OPC paste [70].  
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of cement only exhibited simple decay that later developed with time, 
while the concrete consisting of PFA and UPOFA looks undamaged or 
hinged. For the control concrete sample, a 68% loss in the compressive 
strength was detected over the entire duration period, whereas the 
compressive strength of the UPOFA and POFA sample lost only 35% of 
its original value. Alsubari et al. [65] stated as a result, concrete samples 
containing UPOFA have high-resistance to acid attacks. 

7. Scanning electron microscopy of HSC and UHPC 

Zeyad et al. [70] performed a study to analyze the scanning electron 
micrograph (SEM) using Energy Dispersive X-Ray Analysis (EDX) of 
cement paste with and without steam curing. Using UPOFA as a 
replacement for cement achieved a denser microstructure relative to the 
ordinary cement pastes. This is due to the pozzolanic reaction of UPOFA 
that made extra hydration products. SEM/EDX of HSGC can be seen in 
Figs. 9 and 10. The cement paste specimens produced from UPOFA 
showed a denser microstructure at later ages compared with 3 days 
because of the hydration reactions and the pozzolanic progress over 
time. 

Another study by Zeyad et al. [54] highlighted the role of the un-
burned carbon in HSC in the density of HSC by changing the poor 
density and interconnectivity of pores within the concrete microstruc-
ture, which influences fluid mobility. UHPC is considered to be used for 
its ability to act as pozzolanic mineral admixtures and closely pack 
density. Consequently, it has lower water absorption and porosity. 
UHPC mixtures contain a water cement ratio of 0.20 [106]. The pore size 
in UHPC generally ranges from 2 to 3 nm, with a porosity of 
around2.23%, and the pore diameter of about (2 nm) [107]. Scanning 
Electron Microscope (SEM) showed that the hardened paste structure 
was denser than normal concrete because of the decrease in water binder 
ratio, pozzolanic effect, and the cement hydration of GGBS and SF 
[108,109]. 

8. Conclusions 

This review study aims to examine the effects of POFA on the 
properties of HSC and UHPC. UPOFA was utilized as a substitute for 
cement at various replacement levels to produce HSC and UHPC. Based 
on the findings of previous studies, the following conclusions have been 
drawn:  

1. HSC and UHPC exhibit improved mechanical performance, 
achieving compressive strength values of 150 MPa and higher, as 
well as lower permeability and water absorption.  

2. The use of POFA with a fine particle size enhances the workability of 
HSC and UHPC mixtures. The fine particles, due to their fineness and 

lower specific gravity, act as lubricates and fillers, effectively 
reducing gaps among the cement and aggregates.  

3. The fine particle size of POFA contributes to increased compressive 
strength in HSC and UHPC, particularly when combined with certain 
admixtures, resulting in strengths of up to 115 MPa.  

4. With a curing period of 360 days, the compressive strength of UHPC 
improves as the percentage of UPOFA replacement increases, sur-
passing the strength values obtained from normal concrete samples.  

5. The addition of mineral admixtures and steel fibers, along with POFA 
at different replacement levels, can enhance the compressive, flex-
ural, and split tensile strengths of concrete, making it suitable for 
high-importance infrastructure projects. However, these materials 
may have an impact on fluidity and other concrete properties.  

6. Incorporating UPOFA helps reduce water absorption and rapid 
chloride permeability, thus improving the structural properties of 
HSC and UHPC.  

7. SEM/EDX images of HSC and UHPC reveal a denser microstructure 
when UPOFA is included, compared to ordinary concrete without 
POFA. This denser microstructure is a result of the pozzolanic reac-
tion of UPOFA, which forms additional hydration products. 

Finally, further extensive studies are needed to examine the inclusion 
and impact of UPOFA and Nano-POFA in HSC and UHPC, considering 
different curing regimes, a wide range of replacement levels, and various 
aggressive environments. Additionally, the use of UPOFA in combina-
tion with steel fiber at different volumes is recommended, as it can 
facilitate the production of ultra-high-performance self-compacted 
concrete. 
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