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Abstract

The utilisation of locally available agro-waste ashes in concrete is a sustainable alternative to 

carbon-intensive cement production. Although earlier studies have reported the potential of palm 

oil fuel ash as a pozzolan, its industrial acceptance is highly limited. The present review focuses 

on a critical comparison of palm oil fuel ash blended concrete with fly ash or slag based blended 

concretes which are widely accepted. Fresh, hardened and durability characteristics of blended 

concretes are meticulously compared. The addition of fly ash and palm oil fuel ash enhances the 

workability of concrete, whereas the addition of slag reduces the workability of concrete. At a 

replacement level of 60%, POFA blended concrete exhibited an increase in slump value of 21% 

as compared to the control concrete. All the three pozzolans exhibited lower earlier strength owing 

to their slower rate of reaction. The optimum replacement levels of palm oil fuel ash, fly ash and 

slag are 10%, 30% and 40%, respectively. For a constant replacement level (20%), the reduction 

in the water absorption as compared to the control concrete was 26.5% , 26.73% and 26.2% for 

POFA, fly ash and slag blended concrete, correspondingly. Chloride penetration and water 

absorption are lesser for all blended concretes than the control concrete up to their optimum 

replacement levels.

Keywords: Palm oil fuel ash; Waste ashes; Recycling; Pozzolanicity; Durability; supplementary 
cementitious materials

1. Introduction

Concrete is the most preferred construction material worldwide [1], and  has a  consumption of 
25x109 tonnes per year globally [2]. Ordinary Portland cement (OPC) is the commonly used 
binding material for the production of concrete. However, the augmented development in the 
construction sector and urbanisation have driven a continuous demand for infrastructures, leading 
to large-scale concrete production. Nearly six billion tons of concrete are produced every year [3]. 
The major environmental impact of this increased cement consumption and concrete production is 
the substantial carbon dioxide (CO2) emission. The chemical and thermal combustion processes 
involved in the production of cement releases a tremendous amount of CO2, and it is 8% of global 
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CO2 emissions [4]. Moreover, cement production is an energy-intensive process leading to the 
exploitation of natural resources. This has engaged the researchers to focus on alternative methods 
for sustainable cement production. Apart from the CO2 emission, many other greenhouse gases 
such as nitrogen oxides, sulphur oxides etc., are also released from the cement plant. To attain the 
high temperature in the kiln for cement production, many non-renewable energy resources like 
fossil fuels, coal etc., are utilised [5]. In 2018, the increase in the greenhouse gas emissions was 
2%, taking into account the emission from fossil fuel combustion for cement production. Thus, it 
is essential to prioritise two core aspects: reduction of CO2 emission and the development of 
concrete mixtures with low carbon footprint [6]. This sustainable approach in cement has led 
researchers to consider utilising agricultural and industrial wastes in concrete. Several studies are 
being carried out in this field to explore the potential of by-products as aggregates or 
supplementary cementitious materials (SCM) in concrete [7]. Considering the present scenario, 
the use of SCM s in concrete production is a foremost step towards limiting conventional cement 
production. The use of SCMs reduces the cement content in concrete which in turn reduces the 
emission of greenhouse gases, saves energy and protects natural resources [2]. Industrial by-
products like fly ash (FA) and slag are widely preferred SCM and currently used in blended cement 
production. Moreover, specifications have been developed for FA and slag based blended cements 
and included in several international standards. As a result, blended cements with FA/slag are 
widely used in several construction applications to attain durable and sustainable concrete. 

On the other hand, the use of agricultural by-products in blended cement production is highly 
limited. Several locally available agricultural by-products have satisfactory pozzolanicity and can 
be efficiently used as an SCM. For example, many researches are being done for use of agricultural 
byproducts like palm oil clinkers in concrete production. Bashar et al.[8] conducted a study on 
replacing conventional coarse and fine aggregate with palm oil clinker and studied the effect of 
replacement on properties of concrete. However, its potential as an SCM is not explored yet. 
Similar to palm oil clinker, other waste materials from the agricultural sector like rice straw, rice 
husk, sugarcane etc., are used as biomass in power plants. However, disposal of the residual ash 
after the combustion process is a serious concern. The utilisation of these ashes as SCM in concrete 
is a vital step towards reducing conventional cement production and the reuse of waste ashes. 
These materials can be used to replace cement in concrete due to their pozzolanic reactivity [7]. 
Two stage concrete is another development in the concrete industry which is made in two stages 
unlike traditional concrete[9]. Two- stage concrete or pre-placed aggregate concrete is a new type 
of concrete in which coarse aggregates are placed initially in the form work and the space between 
them is filled subsequently with cementitious mixture. This filling of space with grout can be either 
by pumping or under gravity.  Awal et al.[10] conducted a study on mechanical and thermal 
properties of two -stage concrete with POFA. Experimental results have shown an improvement 
in the flow properties of the grout on inclusion of POFA in the mix, Higher replacement of OPC 
with POFA resulted in lower bleeding and high density grout. Apart from the reduction of cement 
content and subsequent reduction in CO2 emission, the utilisation of these materials as mineral 
admixtures in concrete also helps in reducing the exploitation of other natural resources required 
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in cement production. Moreover, the availability of agricultural by-products is also high because 
of the high amount of crop production. 

Although many earlier research studies have proved the potential of agro-waste ashes as pozzolans, 
the utilisation of these ashes in the construction sector is hindered due to a lack of understanding 
of their performance. The influence of FA and ground granulated blast furnace slag (GGBFS) on 
the properties of concrete [11–14] is well understood and clearly specified in several international 
standards. It is essential to standardise the potential agro-waste ashes with well-established 
pozzolans like FA and slag to increase the confidence in their performance and acceptance in real 
construction practices.  Therefore, the present review compares an emerging agricultural residual 
ash, palm oil fuel ash (POFA), with FA and GGBFS. The palm oil industry is one of the major 
agro-industry in many developing countries like India, Malaysia, Thailand etc. [5]. POFA is a 
waste generated from this palm oil industry [15]. After the palm oil extraction, the palm husk and 
shells are utilized as a fuel source for boilers. This burning of palm fibres and shells at high 
temperatures of 900 ºC -1000 ºC in the boiler as a fuel generated POFA about 5% by weight of 
solid waste product [16,17]. Nearly 100,000 tons of POFA are generated every year in Thailand, 
increasing every year as it is one of the most important biofuels. This ash is generally disposed off 
to open fields deprived of any profitable return due to lack of nutrients to be used as manure[2], 
leading to health hazards and land pollution[18]. The high silica content in POFA provides an 
excellent pozzolanic property, which can be beneficial in enhancing the strength and durability 
properties of the concrete [19]. Nevertheless, the industrial acceptance of POFA, specifically in 
blended cement production, is limited compared to FA and slag. It is essential to standardise these 
emerging pozzolans with widely accepted materials like FA and slag. Hence, this paper critically 
reviews the fresh, hardened and durability properties of POFA blended concrete and compares 
them with the properties of FA or slag blended concrete.

2. The methodology adopted for the review

The present review aims to critically compare the potential of POFA with widely recognized 
pozzolans FA and slag. In addition to the physical, chemical, and mineralogical characteristics of 
all three pozzolans, fresh, hardened, and durability properties of POFA blended concrete is related 
to fly ash and slag based blended concretes. For this purpose, the following research questions 
were formulated to address the primary aim of the present review. 

1) How does POFA differ from fly ash and slag in their physical and chemical properties?
2) What are the fresh and hardened properties of POFA blended concrete?
3) How can the behaviour of POFA blended concrete be different from fly ash and slag blended 

concretes?
4) Why does POFA have less industrial acceptance as compared to fly ash and slag?
5) What are the possible ways to improve the acceptance of POFA in blended cement and concrete 

production?



5

Figure 1: Methodology adopted for the review

The methodology adopted in the present study involves collecting literature, screening based on 
their relevance to the primary aim of the review and critical assessment of the collected literature. 
The initial level of literature collection included the articles related to POFA, FA, or slag blended 
concrete. At the initial level, the literature collection was accomplished using the appropriate such 
as keywords concrete, construction materials, engineering, construction, material science, palm oil 
fuel ash, fly ash, and slag. This accounted for around 8000 articles together. The databases like 
Google Scholar, Science Direct etc., were utilised for the literature collection. The search was 
again refined by using the specific keywords ‘pozzolans’, ‘supplementary cementitious material’, 
and in this stage, 1473 articles were obtained. The search was also narrowed down by using the 
keywords ‘blended concrete’ and ‘blended cement’. It helps to confine the literature to alternative 
cementitious materials, which is the prime focus of the present review. Therefore, studies related 
to blended cement/concrete were attained at this stage; the collection was 972 articles. This 
collected literature was divided into three categories: articles related to POFA, articles related to 
slag and articles associated with FA. The literature was further screened by restricting only peer-
reviewed articles, technical notes, textbooks and international standards, reducing the number of 
articles to 638.

The methodology adopted for the review is as shown in Figure 1. Further screening of the literature 
was done based on the following criteria.
 Exclusion of articles related to alkali-activated binders and geopolymer concrete as the current 

review is not focused on them.
 Excluding studies related to binary and ternary blends of FA and slag.
 Exclusion of articles related to bricks, blocks, and other building materials.
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 Exclusion of articles not in line with the scope of the study.

The next screening level narrowed the sample size to 82, 138 and 126 for POFA, FA and slag 
blended concrete, respectively.  The literature was divided into categories and sub-categories based 
on the fresh and hardened properties. The content was meticulously reviewed, and the articles were 
gone through one by one. After careful evaluation, 102 peer-reviewed articles which are highly 
relevant to the study were selected to bring out a precise comparative study between all the three 
SCM blended concretes.

3. Characteristics of POFA and comparison with FA and slag

The physical and chemical characteristics of pozzolans influence the properties of the blended 
concrete. The POFA obtained from mills is usually grey in colour. The specific gravity of POFA 
is lower than OPC. The average specific gravity reported for POFA in earlier studies is about 2.4. 
The grinding of POFA increases its fineness which subsequently improves its filler effect and 
enhances the strength of POFA blended concrete. The grinding of POFA to a particle size of 45 
µm or less is essential to use as an SCM, or else it will act as a filler only [5]. However, the direct 
use of POFA from mills without any pre-treatment may have adverse effects caused by the unburnt 
matters present in the POFA. Besides, POFA usually contains a high amount of unburnt carbon, 
which may absorb superplasticizer and reduce the workability of concrete. 

This can be circumvented by burning the POFA at about 500 ºC, which help to remove these 
unburnt carbon particles [20]. Many researchers have attempted to study the effect of nano-POFA 
(Size < 100 nm) on the properties of concrete. Thus, ultra-fine POFA produces a larger amount of 
CSH gel and increases the compressive strength of concrete [21]. Like the FA particles, POFA is 
also spherical in shape and helps in improving the workability of concrete as a result of the ball-
bearing effect. FA particles are usually grey in colour. The mean specific gravity reported in the 
earlier studies is 2.23, which is lesser than that of both OPC and POFA. The particle size of FA is 
generally between 1 µm -80 µm [22]. GGBFS is a by-product of the iron industry which generally 
appears in off-white with a mean specific gravity of 2.9. The off-white colour of GGBFS provides 
a different appearance when used in concrete compared to FA and POFA. In the case of coloured 
concrete, the amount of pigment required will be less in GGBFS [23].The physical and chemical 
properties of POFA,FA and slag are shown in Table 1. 
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 Table 1: Physical and chemical properties of POFA, FA and Slag

Reference
SiO2
( %)

Al2O3
( %)

Fe2O3
( %)

CaO
( %)

MgO
( %)

Na2O
( %)

K2O
( %)

SO3
( %)

Specific 
Gravity LOI

(%)

Blaine’s 
fineness 
(m2/kg)

Atis, [24] 50.2 28.59 13.17 2.55 1.28 0.98 2.39 0.57 2.40 2.85 310.00
Bagheri et al., [25] 58.70 31.40 3.70 0.73 0.70 0.22 0.86 - 2.22 3.33 409.60
Babu and Neeraja, [26] 62.00 18.90 4.90 5.98 1.99 2.47 1.14 - 2.13 1.56 -
Ahari et al., [27] 59.5 18.5 6.96 3.24 2.03 1.27 1.93 0.47 2.38 4.32 322.00
Lee et al., [28] 57.09 24.66 10.50 2.58 1.37 - - 0.94 2.10 3.02 435.00
Turk, [29] 58.82 19.65 10.67 2.18 3.92 - - 0.48 2.08 0.91 381.20
Aydin and Arel, [30]

FA

43.72 20.11 5.45 20.76 2.09 1.82 2..07 2.42 206.20
Atahan and Dikme, [13] 46.12 9.21 1.25 36.14 5.23 0.21 1.24 0.21 2.91 - 437.00
Karakurt and Topçu, [31] 35.11 17.63 0.35 37.56 5.52 0.32 - - - 0.75 -
Bahador et al., [32] 36.00 9.00 1.00 44.00 8.00 - - 1.00 2.72 - 410.00
Xu et al., [33] 30.60 16.30 0.80 38.20 6.60 - 0.46 2.66 2.85 - 358.00
Sethy et al., [34] 33.10 16.60 0.60 34.80 8.00 0.20 0.50 0.40 2.93 0.30 430.00
Yan et al., [35] 34.22 12.03 0.49 42.31 7.65 - 0.28 2.82 2.95 0.20 400.00
Yang et al.,[36] 36.59 15.85 0.76 34.81 6.80 1.23 0.24 - 2.86 - -
Gholampour and Ozbakkaloglu, [37]

Slag

33.10 13.33 0.69 42.83 5.57 0.27 0.31 1.81 2.91 - 396.00
Kroehong et al.,[38] 54.00 0.90 2.00 12.90 4.90 1.00 13.50 4.00 2.36 3.70 670.00
Islam et al.,[19] 63.40 5.51 4.20 4.35 3.78 0.15 6.35 0.93 2.10 1.00 506.00
Mohammadhosseini et al.,[39] 62.60 4.65 8.12 5.70 3.52 - 9.05 1.16 2.42 6.25 493.00
 Ismail et al.,[40] 43.60 11.40 4.70 8.40 4.80 0.39 3.50 2.80 - 9.17 519.00
Tangchirapat et al., [41] 57.71 4.56 3.30 6.55 4.23 0.50 8.27 0.25 2.43 10 -
Hamada et al.,[42] 67.30 4.12 8.12 3.97 2.72 0.11 8.45 0.53 2.52 - 483.00
Muthusamy and Zamri, [15]

POFA

51.55 4.64 8.64 5.91 2.44 0.07 5.50 0.61 - - -
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The chemical composition of SCMs influences their reactivity, and hence it has significant effects 
on the properties of blended concrete. The major oxide present in POFA is silica (> 50%). 
However, significant variations are observed in the chemical composition reported by various 
researchers, which is a result of diverse burning temperatures adopted or difference in the part of 
the palm tree being burnt in earlier studies [20]. The silica content is found to be higher in POFA 
obtained by burning the palm shell [43]. As per ASTM C618[44], the FA with SiO2+Al2O3 +Fe2O3 
>50% is classified as Class C pozzolan and the sum greater than 70% is classified as Class F 
pozzolan. In the case of FA, the major oxides are SiO2 (>50%) and Al2O3 (20% -30%). FA can 
also be divided into class C, and Class F. Class F is obtained by burning anthracite or bituminous 
coal, whereas Class C is obtained from the burning of lignite or sub-bituminous coal [45]. 
Comparing Class C and F fly ash, the loss on ignition is found higher for class F fly ash [22].  The 
chemical composition of GGBFS varies depending upon the type of ore and impurities present in 
the coke fed into the blast furnace [46]. The main oxides present in GGBFS are SiO2 (30%-40%) 
and CaO (30%-50%). For FA and POFA, the major oxide component is SiO2, whereas for slag, the 
major oxide is CaO. Considering loss on ignition (LOI), POFA exhibits higher values than FA. 
Slag is reported to have lowest LOI among the three SCMs.

4. Fresh properties of POFA, FA and slag based blended concretes

In general, the addition of supplementary cementitious materials leads to a notable change in the 
workability of concrete. The influence of cement replacement using POFA, FA and slag on fresh 
properties of concrete is discussed in the following sections.

4.1.  Workability

The characteristics of SCM, like size and shape of particles, specific surface area, presence of 
unburnt particles etc., influence the workability of the concrete to a greater extent. The 
incorporation of FA and POFA as SCM in concrete commonly increases the workability, whereas 
the use of slag reduces the workability of the concrete. The effect of cement replacement with 
either POFA, slag, or FA on the workability of concrete is shown in Figure 2. Hamada et al. [47] 
attempted a study on the POFA blended concrete. The slump test results showed a continuous 
increase in the workability of concrete with increasing POFA content. The spherical nature of 
POFA particles helps to fill the voids and also allows smooth movement of aggregates, thus 
improving the workability. A similar trend in the workability was also reported by Zeyad et al. 
[48] on the inclusion of ultra-fine POFA as a partial replacement for cement. The slump value was 
found to be increased by 21% at a replacement level of 60% compared to the control concrete. It 
is also important to note that the behaviour of POFA blended concrete in terms of workability at a 
higher replacement level is different. Generally, at higher replacement levels, the workability 
reduces, which can be attributed to the lower specific gravity of POFA, resulting in a greater 
volume of the paste, which increases water demand. In a study conducted by Awal and Shehu [49], 
the slump value was decreased from 160 mm (control concrete) to 80 mm for concrete with a high 
volume POFA content of 70% by the weight of cement. This decline in the workability might 
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result from a higher specific surface area of POFA used in the study resulting from grinding, which 
increases the water demand and reduces the workability.
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Figure 2: Variation in the slump of POFA, slag, and fly ash based concretes

The use of FA as an SCM helps in improving the workability of concrete. This is mainly attributed 
to the spherical shape of the FA particles and smooth surface, which offers lower resistance to 
movement compared to cement particles [25]. This behaviour of FA blended concrete was reported 
by Nath and Sarker [50]. The slump value was increased by around 33% than control concrete at 
a replacement level of 40%. Durán-Herrera et al. [51] conducted a study on high volume FA 
concrete. The slump values at replacement levels of 30% and 60% were 14% and 17% higher than 
the control concrete, respectively. Similar behaviour was also stated by Huang et al. for FA blended 
concrete[52]. The use of FA in concrete reduced the water demand, and hence, the amount of 
superplasticizer required to attain the target slump was decreased with increasing FA content [25]. 
Reduction in the slump at higher replacement levels of cement with FA is also witnessed due to 
increased powder volume and subsequent surge in the water demand to maintain the same 
workability of control concrete [51]. However, the use of GGBFS in concrete as SCM resulted in 
reducing slump value [28]. The slump value was found to decrease by around 19.5% for a 
replacement ratio of 70% compared to the control concrete.  
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A similar pattern of decreasing slump was observed for GGBFS blended concrete by Chowdary et 
al. [53]. The slump value was decreased by 4%, 8%, 12% and 16% from that of the control concrete 
corresponding to replacement levels of 10, 20, 30 and 40%. Conversely, an increasing pattern for 
the slump of GGBFS blended concrete is reported by Sridevi et al. [54]. An increase of 53.33% in 
the slump value was observed than the control concrete for a replacement ratio of 60%. Comparing 
all the three SCMs, the use of FA and POFA helped in improving the workability of concrete at 
lower replacement levels, whereas the use of slag reduced the workability. Unlike FA, POFA was 
found to improve the workability of concrete even at higher replacement levels [43]. 

4.2.  Setting times

The use of POFA, FA and slag as a partial replacement for cement results in retardation of setting. 
Their effect on the initial setting time (IST) and final setting time (FST) of concrete is shown in 
Figures 3 and 4. The behaviour of POFA blended concrete was stated by Tangchirapat et al. [41]. 
The IST of concrete was found to be increased from 250 minutes for control concrete to 280, 300, 
350 and 410 minutes, corresponding to replacement levels of 10, 20, 30 and 40%. A similar trend 
was also followed in the case of FST. However, the delay was more in the final set as compared 
to the initial setting. 
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Figure 3: Initial setting time of POFA, slag, and fly ash based concretes
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Johari et al. [43] conducted a study on the properties of concrete incorporating ultra-fine POFA as 
SCM. The IST was increased from 140 minutes to 350 minutes and FST from 285 to 555 minutes. 
The retardation was more at higher replacement levels which might be attributable to the dilution 
effect at higher POFA content. A similar increasing pattern for IST and FST was also stated by 
Mohammed et al. [55]. The percentage increase in the IST was reported as 7.14%, 28.57% and 
45.71%, corresponding to replacement levels of 17, 30 and 40%. In the case of FST, the 
corresponding values were reported as 8.78%, 31.7%, and 49.3%. 
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Figure 4: Final setting time of POFA, slag, and fly ash based concretes

Antoni et al. [56] stated an increasing trend of IST of FA blended concrete. As the FA content 
increased to 50%, the IST was found to be increased by 79% compared to the control concrete. 
Analogous behaviour was also witnessed for FA blended concrete in earlier research studies 
conducted by Nochaiya et al. [57] and Zhao et al. [58]. This retardation in the setting is because of 
the high unburnt content of FA. Kabay et al. [59] conveyed an increasing pattern for both IST and 
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FST of FA blended concrete. The IST values were reported as 70 minutes for the control concrete 
and 120 minutes for concrete with an FA content of 20%. In the same way, the FST value at 20% 
replacement level was nearly 1.17 times that of the reference concrete. This increase in the setting 
time is because of the lower hydration reaction in blended concretes compared to the control 
concrete. Partial replacement of cement with slag is found to have a significant effect on the setting 
similar to POFA and FA. The IST and FST of concrete at a GGBFS content of about 60% was 
nearly 2.5 and 2.8 times that of the control concrete, respectively [60]. This retardation of the 
setting process is primarily because of the lower cement content. A similar pattern was observed 
by Zhao et al. [58].

Moreover, another reason for the retardation of the setting was specified by Brooks et al. [61]. The 
setting of cement paste is mainly governed by the formation of hydration products at points of 
contact between the cement particles. In normal OPC concrete, the cement particles are closely 
packed, and thus, hydration occurs at contact points resulting in a dense coagulated structure, 
thereby speeding up the setting process. However, the dispersion effects caused by the particles of 
mineral admixture on cement particles reduces the point of contacts and retards the process of 
setting. Another explanation for this retardation of the setting is lower cement content. The 
superplasticisers used in the concrete gets adsorbed on the surface of cement particles which 
retards the hydration of compounds like C3S and C3A. With increased mineral admixture content, 
cement content is reduced, which results in a higher dosage of superplasticisers. This may further 
retard the setting of concrete [61].

5. Hardened properties of POFA, FA and slag based blended concretes

Hardened properties like compressive strength are very crucial in the performance assessment of 
blended concrete. The following section discusses the influence of cement replacement with POFA 
on properties like density, compressive, flexural tensile and split tensile strength. 

5.1.  Hardened density

The specific gravity of pozzolans like FA, slag, and POFA is much lower compared to OPC. Thus, 
a reduction in the density of concrete is commonly expected when incorporating these pozzolans 
as a partial replacement for cement. The effect of POFA on the hardened density was studied by 
Khankhaje et al. [62]. A maximum density of 1882 kg/m3 was obtained for the control concrete. 
As the POFA content was increased, the density of concrete was also found to be decreased, which 
can be by reason of the lower specific gravity of POFA compared to OPC.

The influence of POFA on the density was investigated by Oyejobi et al.[63]. The reduction in the 
density obtained was 1.3%, 2.8% and 6% for replacement levels of 10%, 20% and 30%, 
respectively. The densities obtained were above 2000 kg/m3, hence classified as normal-weight 
concrete[64]. The crushed shape of POFA particles tended to trap air that remains as voids or 
porosity in the blended concrete. This also contributes to a lower density of POFA blended 



13

0 10 20 30 40
1800

2300

2400

2500

0 20 40 60 80 100

2300

2400

2500

2600

2700

0 20 40 60 80 100

2000

2050

2100

2150

2200

2250

2300

2350

2400

D
en

sit
y 

(k
g/

m
3 )

Replacement Level (%)

POFA
Oyejobi et al.,2015
Ranjbar et al.,2015
Hamada et al.,2019
Khankhaje et al.,2018

D
en

sit
y 

(k
g/

m
3 )

Replacement Level (%)

Slag
Sengul and Tasdemir, 2009
Thakur et al.,2016
Khan et al.,2018
Gholampour and Ozbakkaloglu, 2017 

D
en

sit
y 

(k
g/

m
3 )

Replacement Level (%)

Fly ash
Siddique, 2004
Sengul and Tasdemir, 2009
Rajamma et al., 2009
Turk, 2012
Kabay et al., 2015
Gholampour and Ozbakkaloglu, 2017 

Figure 5: Hardened density of POFA, slag, and fly ash based concretes



14

concrete [65]. A similar trend was also proposed by Hamada et al. [47].  The variation in the 
density of concrete with respect to SCM content for all the three SCMs is shown in Figure 5. The 
effect of using FA and slag in the density of concrete followed the same pattern of decreasing 
density of POFA blended concrete. Thakur et al. [66] stated a declining pattern for hardened 
density as the slag content increases. The GGBFS used in the study had a specific gravity of 2.95, 
whereas that of the cement was 3.13. This difference in the specific gravity is the cause of density 
reduction. Khan et al. [67] examined the fresh and hardened properties of concrete GGBFS blended 
concrete. The hardened density of control concrete was reported as 2382 kg/m3 which was 
marginally reduced to 2353 kg/m3, 2333 kg/m3, 2315 kg/m3, and 2304 kg/m3 at replacement levels 
of 5%, 10%, 15% and 20% respectively.

Analogous behaviour of  GGBFS blended concretes was also stated by Gholampour and 
Ozbakkaloglu [37] and  Sengul et al. [68]. The use of FA in concrete as SCM resulted in a density 
reduction of about 6% at a replacement level of 40% [29]. This reduction is primarily owing to the 
lower unit weight of FA as compared to OPC. Even though the density of concrete decreases with 
increasing FA content, the unit weight of concrete increased with curing age [59]. This might be 
attributed to the hydration products which fills the pores and makes the concrete denser. Many 
earlier studies have reported the similar behaviour of FA blended concrete in terms of hardened 
density [37,69,70]. Thus, all three SCMs leads to a reduction in the density of concrete owing to 
their lower specific gravity as compared to OPC. 

5.2. Compressive strength

The use of pozzolans like POFA, FA and slag influence the strength properties of concrete 
predominantly because of the pozzolanic reaction. The compressive strength is higher than the 
control concrete at lower replacement levels, and it is found to be reduced at higher replacement 
levels. A study on POFA blended concrete was carried out by Sata et al. [71], and the compressive 
strength of concrete was increased gradually up to a replacement level of 20%. The compressive 
strength at replacement levels of 10% and 20% was 5% and 11% greater than the control concrete, 
respectively. This increase is owing to the presence of higher silica content and higher fineness of 
POFA, which promotes the formation of additional CSH gel as a result of pozzolanic reaction with 
calcium hydroxide. Johari et al. [43] used ultra-fine POFA as a partial replacement for OPC. The 
relative compressive strength of POFA blended concrete was increased by 7.5%, 14% and 7.3% 
for replacement levels of 20%, 40% and 60%, correspondingly. The rate of increase in the 
compressive strength was lower at higher replacement levels which might be attributable to the 
dilution effect.  In a study conducted by Mohammed et al. [55], the cement was replaced at three 
different levels (17%, 30% and 40%) using ultra-fine POFA. The relative compressive strength of 
POFA incorporated concrete was increased with an increase in the curing age. The compressive 
strength of concrete at 28 days increased by around 9.5% compared to the control concrete at a 
POFA content of 17%. Even though the compressive strength at 20% replacement level is greater 
than the control concrete, the rate of increase is less, which might be attributed to the dilution 
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effect. The optimum POFA content was 17%. On the other hand, a continuously decreasing pattern 
of strength was reported by Sofri et al. [72] for POFA blended concrete. The strength obtained was 
reported as 48.38 MPa, 47.73 MPa, 37.1 MPa and 20.64 MPa, corresponding to POFA contents 
of 0%, 10%, 30% and 50%.

Oyejobi et al. [63] stated a similar pattern of declining strength for POFA used concrete. The 28-
day strength of blended concrete was reported as 92.24%, 80.2% and 59.6% of control concrete 
corresponding to POFA contents of 10%, 20% and 30%. This reduction is attributed to factors 
extra water added to attain the same workability in the study. The variation in the compressive 
strength of concrete is shown in Figure 6. Ranjbar et al. [65] investigated the influence of POFA 
on the properties of self-compacting concrete.  The compressive strength development of concrete 
occurs in the first phase due to the reaction between cement and water. Besides, the pozzolanic 
reactivity of POFA contributes to the strength attainment in the later ages. As the amount of cement 
decreases because of the replacement, the strength development in the first phase is lower. 
However, by reason of the pozzolanic reactivity of POFA, additional CSH gel is formed, which 
helps in the attainment of strength. In a study conducted by Tambichik et al. [73], POFA content 
of 10% was found to be the optimum level of replacement. The compressive strength was found 
to increase up to 10%, beyond which a gradual reduction was detected. The slower pozzolanic 
reaction of POFA is the main cause of this strength reduction, especially at early ages. Similar 
results were also reported in earlier research studies [62,74–76].

The partial replacement of cement with FA is beneficial at lower replacement levels whereas, a 
notable reduction in the compressive strength is observed at higher replacement levels. Mohamed 
[77] conducted a study on FA blended concrete. The compressive strength was increased up to a 
replacement level of 20%, beyond which a continuous reduction was witnessed. The compressive 
strength was reported as 66.08 MPa, 61.33 MPa, 62.5 MPa, 67.96 MPa, 61.7 MPa, 56.5 MPa, 
55.75 MPa corresponding to replacement levels of 0%, 10%, 15%, 20%, 25%, 30%, and 40%. 
Even though the compressive strength was found to be reduced at higher replacement levels, a 
significant increase in the strength was perceived with increasing curing duration at all replacement 
levels. Analogous behaviour was also stated by Yerramala et al. [78]. The compressive strength of 
FA used concrete increased up to a replacement level of 10%. The relative compressive strength 
of concrete was reported as 100.8%,101.61%, 100%, 89.51% and 79.03% for replacement levels 
5%, 10%, 15%, 20% and 25% respectively. 10% FA content was recommended as the optimum 
level of replacement. Conversely, Antoni et al. [56] reported the compressive strength of concrete 
as lower than the control concrete at all replacement levels between 0% and 60%.  However, with 
increasing curing age, FA blended concretes exhibited better performance as compared to the 
control concrete. 
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Figure 6: Variation in compressive strength of POFA, slag, and fly ash based concretes 
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The effect of cement replacement with FA at three different levels of 12.5%, 25% and 37.5% was 
studied by Thikare and Madurwar [79]. The maximum compressive strength was obtained for 
control concrete. With increasing FA content, the compressive strength was found to be reduced. 
However, a considerable increase in the compressive strength was observed with increasing curing 
age at all replacement levels.  Many researchers have reported a similar behaviour of FA blended 
concrete [80–82].

Xu et al. [33] attempted a study on the performance of concrete using FA or slag as a partial 
replacement material for cement.  The compressive strength values obtained at replacement levels 
of 0%, 40%, 55% and 70% are 74.96 MPa, 62.25 MPa, 48.12 MPa, and 41.13 MPa for FA blended 
concrete. The corresponding values for GGBFS blended concrete were 74.96 MPa, 69.60 MPa, 
60.04 MPa, and 57.69 MPa. The maximum compressive strength was obtained for control concrete 
than both FA blended and slag blended concretes. However, the reduction in strength was observed 
more for FA blended concrete than slag blended concrete. For instance, at a replacement level of 
40%, the reduction in the compressive strength was 17% and 7.15% for FA blended and slag 
blended concrete, respectively. This is attributed to the faster hydration process of the GGBFS in 
the cementitious system as compared to FA. These observations are in agreement with the study 
reported by Johari et al. [83]. The study focused on the use of FA and GGBFS in concrete as SCM. 
Both FA and slag resulted in a reduction in the early age strength of concrete which is a result of 
the slow rate of hydration. However, the study reported that cement replacement by 60% with 
GGBFS and 30% with FA is beneficial as the strength is comparable to the control concrete at 
later ages. In a study conducted by Gholampour and Ozbakkaloglu [37], the cement was replaced 
with GGBFS at three different levels: 50%, 70% and 90%. Early age compressive strength 
development (3 days and seven days) was lower at all replacement levels. However, at later ages 
(28 days and 90 days), the compressive strength of blended concrete was comparable or higher 
than that of the control concrete.

At 50% replacement level, 28-day compressive strength was nearly 11.8% greater than the control 
concrete. Yet, as the GGBFS content reached 90%, the compressive strength was reduced by 
around 3% compared to reference concrete. Similar trends were proposed by many researchers 
[53,84,85]. Raman and Krishnan [86] investigated the influence of GGBFS on properties of self-
compacting concrete. Maximum compressive strength was obtained at a level of 25%; afterwards, 
the strength was considerably reduced. Even though a declining trend was observed for 
compressive strength beyond 25%, the concrete showed better strength than the control concrete 
at all replacement levels up to 40%. The use of POFA was found to be beneficial at lower 
replacement levels, like 10%, whereas FA and slag provided better compressive strength at 30% 
and 40% replacement levels, respectively. 
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5.3. Tensile strength and flexural strength 

The split tensile and flexural strength is influenced by the presence of pozzolans, and a trend 
similar to the compressive strength is witnessed for both. In addition to the pozzolanic reaction of 
the SCMs, the strength attainment is also governed by other characteristics like physical and 
morphological characteristics [33]. For POFA blended concrete, the split tensile strength was 
reported higher than the control concrete at lower replacement levels which was found to decrease 
at higher replacement levels. Sooraj [17] reported the split tensile strength about 102.67%, 100%, 
88.93% and 75.95% of that of the control concrete for replacement levels 10%, 20%, 30% and 
40% correspondingly. The decrease in the strength beyond 20% might be because of the dilution 
effect. A similar pattern was also stated by Subhashini and Krishnamoorthi [76]. POFA contents 
of 10% and 20% exhibited an increase of 4.5% and 15.8% in the tensile strength.  At 30% 
replacement level, the tensile strength was comparable to the control concrete and at 40% 
replacement level, the strength was decreased by nearly 23%. In a study conducted by Aiswarya 
et al.[74], the split tensile strength was increased from 3.11 MPa for control concrete to 3.27 MPa 
for a replacement level of 10%. Beyond this level, the strength was found to be reduced. The 
behaviour of POFA blended concrete up to a replacement level of 70% was evaluated by Alsubari 
et al.[87]. The strength was found to be improved up to a replacement level of 30%. Beyond this 
level, the strength was reduced, and 70% replacement of cement with POFA produced a reduction 
in the strength of 29.2% as compared to the control concrete.

Gandhimathi et al.[88] examined the tensile strength of FA blended concrete. Split tensile strength 
values showed an increase up to a replacement level of 30%, beyond which it was decreased. At 
30%, the split tensile strength was increased by around 19%. Even though the tensile strength 
value was found to be lessened beyond 30%, the performance was better than the control concrete. 
Besides, Yerramala et al.[78] stated a similar pattern of FA blended concrete. The percentage 
change in the split tensile strength observed was 4.5%, 10.2%, 1%, -8.58% and -15.9% for the 
replacement levels between 5%, 10%, 15%, 20% and 25% as compared to the control concrete. 
However, an increasing trend of tensile strength with an increase in the curing age was witnessed 
at all replacement levels. An analogous pattern has been detected by Sabarish et al.[89]. 

On the contrary, a completely increasing trend in the split tensile strength was stated by 
Ramanathan et al.[90]. The split tensile strength value was increased from 1.74 MPa for control 
concrete to 2.06 MPa, 2.2 MPa and 2.36 MPa, corresponding to replacement levels of 30%, 40% 
and 50%.  Xu et al.[33] studied the influence of GGBFS and FA on the properties of concrete. For 
both FA and GGBFS blended concretes, a declining trend was observed for split tensile strength 
with an increase in the alternative cementitious materials content. However, the reduction in the 
tensile strength was observed to be higher for FA blended concrete than the GGBFS used concrete, 
which might be a cause of faster hydration of GGBFS at an early age compared with FA. The 
morphology of GGBFS hydration products is of interweaving thick needles, whereas that of FA 
was observed to be villous.
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Figure 7: Variation in the split tensile strength of POFA, slag, and fly ash based concrete
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For GGBFS blended concrete, Karri et al.[3] reported a maximum split tensile strength value at 
40% replacement level of cement. The strength was increased by about 10% as compared to the 
control concrete. However, on reaching the GGBFS content of 60%, the strength was decreased 
by around 10%. A similar pattern has been reported by many researchers in earlier studies 
[84,91,92]. Raman and Krishnan [86] reported a decreasing pattern for the split tensile strength 
beyond the 25% replacement level, at which the strength was approximately 37% higher than the 
control concrete. However, the strength was greater than the control concrete at all replacement 
levels beyond 25% up to a level of 40%.  In a study by Chowdary et al.[53], at 10%  replacement 
of level, strength value lesser than the control concrete by 35%. With increasing GGBFS content, 
even though an increasing trend of tensile strength was perceived, the performance was lower than 
that of the reference concrete. A similar pattern is also reported by Shen et al.[93]. Figures 7 and 
8 represents the variation in split tensile strength and flexural strength of blended concretes. The 
flexural strength of concrete is influenced by the use of pozzolans. The flexural strength of POFA 
blended concrete was lower than the control concrete. The strength was reduced by 21.2% 
compared to the control concrete at a POFA content of 20%. At lower replacement levels, POFA 
blended concrete performed better than the normal OPC concrete [17]. The flexural strength value 
was increased from 5.71 MPa (control concrete) to 6.12 MPa for a 20% replacement level, beyond 
which it was declined to 4.28 MPa on reaching POFA content of 40%. In the same way, Aiswarya 
et al.[74] stated the flexural strength pattern for POFA blended concrete. In the study, maximum 
flexural strength was obtained for the replacement level of 10%, with a strength value greater than 
that of control concrete by 5.2%. The coarseness of FA particles makes the hydration of FA 
particles slower which results in lower strength development of FA blended concrete [29]. The FA 
blended concrete exhibited performance lower than the control concrete at all replacement levels 
ranging from 25%-35% at early ages of curing. However, there was a significant increase in 
flexural strength with the increasing age of concrete. In a study conducted by Gandhimathi et 
al.[88], the maximum strength was attained at a replacement level of 30%, which marked an 
increase in the flexural strength by 13% compared to the control concrete. The pozzolanic nature 
and micro filling property of FA particles help improve the flexural strength of concrete [94]. The 
percentage increase in the flexural strength as compared to the control concrete obtained was 6%, 
12.6%, 14.6%, and 12.3% for the replacement levels 5%, 15%, 30% and 40%, respectively. Many 
researchers have attempted to study the influence of FA on the flexural strength of concrete and 
reported a similar pattern [90,95]. For slag blended concrete, Khatib and Hibbert [96] stated the 
change in flexural strength values as 18.96% and -43.5% as compared to the control concrete for 
replacement levels 60% and 80%, correspondingly. On the other hand, a continuously decreasing 
pattern of flexural strength was determined by Patil et al.[97]. The flexural strength values reported 
were 3.39, 3.12, 2.9, 2.7, and 2.64 MPa, corresponding to 10, 20, 30 and 40%, respectively. A 
similar pattern is also reported by Madhusudhan et al.[54]. Considering replacement levels, POFA 
proved to be beneficial within the range of 10%-20%, whereas FA and GGBFS provided maximum 
strength values at replacement levels between 20%-30%.  
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Figure 8: Flexural strength of POFA, slag, and fly ash based concretes
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6. Durability of POFA, FA and slag based blended concretes

The durability performance of the blended concrete is governed by the pozzolanicity of alternative 
cementitious materials and subsequent pore refining. This section discusses the durability 
properties of POFA blended concrete such as chloride penetration resistance, water absorption, 
carbonation, air permeability etc. Moreover, the performance was compared with the durability of 
FA and slag-based concretes

6.1. Chloride penetration resistance

The chloride penetration resistance of concrete is generally assessed by the total charge passed 
using the RCPT test [98]. The RCPT test results for concrete blended with either POFA or FA or 
slag is shown in Figure 9. Alsubari et al. [99] investigated the influence of POFA on the chloride 
penetration resistance of concrete. The 7-day RCPT test results showed a maximum resistance for 
the control concrete, which can be attributed to the slower rate of pozzolanic reaction of POFA. 
However, with an increase in curing age, the permeability of POFA blended concrete decreased. 
The same author investigated the effect of higher replacement levels of cement with POFA [87]. 
The total charge passed was reduced from 1260 Coulombs (control) concrete to 877 Coulombs at 
30% POFA content. This reduction in the permeability can be attributed to the pozzolanic reaction, 
which results in the formation of additional CSH gel, thereby filling pores and reducing 
permeability. However, beyond the 30% replacement level, the permeability was found to 
increase, which might be attributable to the dilution effect. Another valid reason for the reduction 
in the total charge passed in RCPT is the decrease in the alkalinity of the pore solution. The use of 
POFA reduced the alkalinity of the pore solution, thereby reducing the electrical conductivity and 
charge passed. Johari et al. [43] proposed a continuously decreasing pattern of total charge passed 
for POFA blended concrete. The study investigated the influence of POFA up to a replacement 
level of 60%. The test results dropped from 2038 Coulombs for the control concrete to 648, 363 
and 327 Coulombs corresponding to 20%, 40% and 60% replacement levels of cement with POFA. 
A similar pattern was also detected by Ranjbar et al.[65] and Zeyad et al. [48]. 

Moreover, Mohammed et al. [55] conducted a study on high strength concrete using ultra-fine 
POFA. Control concrete exhibited very low permeability (total charge passed <1000). As the 
POFA content increased up to a level of 30%, the total charge passed was reduced to less than 100 
Coulombs indicating negligible permeability [100]. The utilisation of FA and slag in concrete 
resulted in a reduction in permeability similar to POFA blended concrete. The drop in the chloride 
penetration can be caused by mainly three factors: the improvement in shape and size of pores by 
reason of pore refining, the hydration of FA based system producing CSH gel absorbing more 
chloride ions and absorption of more chloride ions by C3A in FA to form Friedel’s salt. About 54% 
reduction in the permeability was reported for the FA content in concrete reached around 35% 
[101]. 
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Figure 9: Chloride penetration resistance of POFA, slag, and fly ash based concretes
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Gesoǧlu et al. [102] detected an analogous behaviour for FA blended concrete. The chloride 
permeability was the highest for the control concrete (2065 Coulombs), which dropped to 1224, 
1083 and 1475 Coulombs at replacement levels of 20, 40 and 60% correspondingly. Even though 
the permeability increases beyond 40%, it is lower than the control concrete. This drop is attributed 
to the reduction in pores and pore refinement as a result of the inclusion of FA.  The chloride 
penetration resistance of FA blended concrete increased with curing age [50]. Considering the total 
charge passed at the 28-day RCPT test, the concrete fell under the category of moderate 
permeability, whereas after the 180-day of curing, the concrete exhibited low permeability (<1000 
Coulombs). Similar results were reported by Jang et al. [103] and Sengul et al. [68]. In a study 
conducted by Nie et al. [104], the permeability reduced significantly as the FA content was 
increased up to 40%. The reduction in total charge passed was measured as 49% and 60%, 
corresponding to FA contents of 20% and 40%.  

The incorporation of slag as a partial replacement for cement was investigated by Jang et al. [103]. 
In the same way as POFA and FA, the use of GGBFS reduced the chloride permeability 
significantly. For a water binder ratio of 0.37, the 50% replacement of cement with slag resulted 
in an 81% reduction of chloride permeability than the control concrete. This is because of the 
additional CSH gel produced by the pozzolanic reaction of GGBFS, which fills the pores between 
the aggregates and enhance the ITZ. Conversely, with an increase in water binder ratio to 0.45, the 
chloride resistance is found to decrease, which is as a result of dilute cement paste producing more 
water-filled pores between the particles. In a study by Gesoǧlu et al. [102], the total charge passed 
was reported as 2065, 1053, 403 and 282 Coulombs for control concrete, 20%, 40% and 60% 
replacement levels respectively. Stating similar reasons, Mohamed [77] reported a reduction of 
96% compared to the control concrete as the GGBFS content reached 80%. As per ASTM C-1202, 
2012, the permeability of concrete changed from ‘moderate’ to ‘very low’. The declining trend of 
chloride penetrability of slag blended concrete has been stated by many researchers [86,105]. 
Hence it is evident that the addition of POFA, FA and slag as alternative cementitious materials 
aid to attain less permeable concrete than conventional concrete.

6.2. Water absorption

The water absorption of concrete is governed by the pozzolanic property of the added alternative 
cementitious materials. The additional CSH gel produced as a result of pozzolanic reaction helps 
in filling the pores, reducing permeability and thereby reducing water absorption. In the case of 
POFA blended concrete, this behaviour was explained by Alsubari et al.[99]. The water absorption 
was found to decrease as the POFA content increased to 20%. The water absorption declined from 
1.54% to 1.13% as the POFA content increased to 20%. However, the effect of POFA at higher 
replacement levels was reported by the same author [87]. Beyond 30%, the rate of decrease in 
water absorption was found to be decreasing. However, with an increase in the curing age, the 
water absorption was found to be reduced. 
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Figure 10: Water absorption of POFA, slag, and fly ash based concretes

Hamada et al. [42] stated a continuously decreasing trend in the water absorption of POFA blended 
concrete. The water absorption values were observed as 2.31%, 2.12%, 1.99% and 1.95% 
corresponding to the control concrete, 10%, 20% and 30% replacement levels. The reduction in 
the porosity of concrete as a result of the pozzolanic reaction is the reason for this reduction in 
water absorption. The change in water absorption of SCM blended concretes with respect to 
replacement level is shown in Figure 10. FA helped in reducing the porosity of concrete and 
thereby reducing the water absorption at lower replacement levels beyond which water absorption 
was found to be increasing. Sujivorakul et al. [106] reported that the water absorption was reduced 
by 36.5% as the FA content reached 20%, beyond which an increasing trend was observed, 
resulting in a 5% increase in water absorption as compared to the control concrete. However, at all 
replacement levels, a significant reduction in the water absorption was observed with increasing 
curing age by reason of the formation of hydration products which reduced the permeability of 
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concrete. Analogous behaviour is also stated by Kabay et al.[59].  Gholampour and Ozbakkaloglu 
[37] examined the behaviour of both FA blended concrete and slag blended concrete. An 
increasing trend in the water absorption was observed for FA blended concrete, whereas a 
decreasing trend was reported for slag blended concrete. Around 109% increase in water 
absorption was witnessed for FA blended concrete as the replacement level reached 90%. This 
surge results from increased porosity FA based concrete because of the higher replacement level 
of cement and subsequent dilution effects. In the case of slag blended concrete, the drop in capillary 
pore volume aided to reduce the water absorption. Sharmila and Dinakaran [107] stated a 
decreasing trend in the water absorption up to a replacement level of 10%, beyond which the water 
absorption was increased. At 10% slag content, a reduction of 14.3% was obtained as compared 
to the control concrete, whereas 15% slag content resulted in a nearly 4% increase in the water 
absorption as compared to the control concrete. For that reason, the use of GGBFS results in a 
reduction of water absorption, which helps in reducing the corrosion and improving the durability 
performance of concrete [66]. In the case of water absorption, the behaviour of POFA and FA is 
almost similar as both of them helps to reduce the water absorption at lower replacement levels 
and increase at higher replacement levels. On the contrary, GGBFS blended concrete helped in 
reducing the water absorption even at higher replacement levels. Considering a single replacement 
level of 20%, the reduction in the water absorption as compared to the control concrete was 26.5% 
[99], 26.73% [106] and 26.2% [66] for POFA, FA and slag blended concrete, respectively. Thus, 
at lower replacement levels, the performance of POFA, FA and slag blended concrete was 
comparable. 

6.3. Carbonation

Carbonation is the diffusion of CO2 from the environment into the concrete and primarily leads to 
carbon dioxide induced corrosion. CO2 from atmosphere enters the concrete through pores, 
dissolves in the pore solution, and reacts with hydrated products in concrete to form carbonation 
products[108]. Hence, carbonation is an irreversible physico-chemical process which causes 
deterioration of concrete structures.   The main chemical reaction involved in carbonation is: 
Ca(OH)2 + CO2 → CaCO3 + H2O . When Ca(OH)2 is removed from the paste, hydrated CSH, C3S 
and C2S will also carbonate. 3CaO•SiO2•3H2O+3CO2 = 3CaCO3+2SiO2+3H2O[109].  Extent of 
carbonation is usually measured in carbonation depth. A higher carbonation depth indicates lower 
resistance of the concrete against carbonation. Apart from environmental factors, pore networks 
and micro-cracks in concrete paves the passageway for CO2 to diffuse into the concrete [110]. 
Mohammadhosseini et al. [110] studied the carbonation depth of normal OPC concrete and 20 % 
POFA blended concrete. However, the results showed an increase in the carbonation depth with 
an increase in POFA content. The carbonation depth increased from 0.146 mm for control concrete 
to 0.328 mm at a 20% replacement level in a 90-day carbonation test. This increase in carbonation 
is attributed to the lower reactivity of the POFA used in the study. As the age of concrete increases, 
the pozzolanic reaction of POFA takes place, and better carbonation resistance is witnessed in 
POFA blended concrete.  Rukzon and Chindaprasirt [111] conducted a similar study on the 
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influence of POFA content on carbonation resistance of concrete. The study used three kinds of 
POFA: original coarse POFA, medium ground POFA and fine POFA. The accelerated carbonation 
test method (exposure to 5% CO2 at 50% humidity) was performed for the control concrete, 20% 
and 40% POFA content. The carbonation depth (in the 28-day carbonation test) increased from 
2.56 mm for control concrete to around 12.48 mm and 14.13 mm, corresponding to 20% and 40% 
POFA contents. As the exposure to carbonation increased, the carbonation depth was found to be 
increased at all replacement levels. However, the fineness of POFA played a crucial role in the 
performance of concrete. As the fineness increased, the carbonation resistance was increased. At 
20% POFA content, the carbonation depth values reported were nearly 4.5 %, 3.69 % and 3.27 % 
greater than the control concrete for coarse, medium and fine POFA, respectively. Atis [24] 
investigated the influence of various curing conditions on the carbonation resistance of FA blended 
concrete. As the initial curing age increased from 3 days to 90 days, a reduction of 48% was 
observed in the carbonation depth of the control concrete. A similar trend was observed at all 
replacement levels. However, the carbonation depth was found to be increased at a higher 
replacement level of cement with FA. The carbonation depth reported was 5 mm, 4.5 mm, and 8.4 
mm, corresponding to the control concrete, 50% and 70% replacement levels. This study is in line 
with the results stated by Siddique [112]. In this study, the carbonation resistance of the concrete 
in the natural environment was measured. The carbonation depth was increased from 0.83 mm to 
1.67 mm as the FA content increased from 15% to 20%. For GGBFS blended concrete, a similar 
trend was reported by Dhanya et al. [113]. On reaching GGBFS content of 50%, the carbonation 
depth at 112 days was increased by about 56% as compared to the control concrete. As the water-
cement ratio increases, it leads to increasing capillary porosity and surges the carbonation rate. A 
similar study has been reported by Divsholi et al.[32]. In a study by Lee and Lee [28], the 
carbonation depth was increased from 13.61 mm (control concrete) to 19.43 mm, indicating around 
a 43% increase at 70% slag content. As the exposure of concrete to carbonation increased, a 
significant increase in carbonation depth was observed in POFA, FA and slag based blended 
concretes.  

6.4. Drying shrinkage

Drying shrinkage of concrete results in the development of microcracks in concrete which paves 
the way for harmful agents to ingress into the concrete and affects the durability of concrete. 
Drying shrinkage of concrete is an important durability aspect and different models have been 
proposed in earlier studies. Mehdi et al.[114] proposed models for the prediction of drying 
shrinkage  of palm oil shell used agro-waste based lightweight concrete. Moreover, a critical 
comparison between models in international standards ACI209R, EN1992, GL2000 was attempted 
and found EN 1992 is more appropriate model at early ages of concrete whereas GL2000 models 
is more suitable at long-term measurement. Moien Rezvani et al.[115] studied drying shrinkage 
prediction models for limestone-rich cements. He proposed a model primarily based on effect of 
chemical-mineralogical properties of supplementary cementitious materials on the drying 
shrinkage and found the prediction was more precise than other available models. Mermerdaş et 
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al.[116] attempted both experimental assessment and modeling of drying shrinkage for metakaolin 
used concretes. From the study, a strong correlation was witnessed with the experimental results.  
Qomi et al.[117], proposed models for the prediction of drying shrinkage at the nanoscale. 
Atomistic simulations were adopted to comprehend the drying shrinkage in cementitious materials 
and found to be reliable for blended concrete. Drying shrinkage of concrete is governed by the 
porosity, pore size and capillary system of hydrated concrete [118].  The use of POFA in concrete 
is beneficial in reducing the drying shrinkage of concrete [99]. In this study, the shrinkage strain 
was reported to be lower than the control concrete at all replacement levels up to 20%. At 10%, 
the strain was lower than the control by 35.4%. However, with increasing POFA content, the rate 
of decrease in strain was lesser. This decreasing shrinkage pattern of POFA blended concrete can 
be attributed to pore refinement resulting from the pozzolanicity of POFA. Reduction in the 
evaporation of water from the POFA blended concrete is occurred, thereby reducing the shrinkage. 
The lower values of drying shrinkage of POFA blended concrete might be as a result of 
densification of concrete from pozzolanic reaction and high fineness of POFA [16]. The shrinkage 
strain values were reported as 384, 353.14, 334.28 and 303.42 micro strains corresponding to 
control concrete, 10%, 20% and 30% replacement levels. 
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On the contrary, an increasing trend in the drying shrinkage was reported for POFA blended 
concrete by Islam et al.[118]. The increase in the drying shrinkage strains with increasing POFA 
content can be attributed to larger pore volume. However, the insufficient hydration of POFA at 
early ages (28 days) may be the reason for increasing shrinkage values. The percentage increase 
in strain was observed as 52.6%, 61.2% and 79% compared to the control concrete for replacement 
levels 10%, 30% and 50%, respectively. Figure 11 depicts the drying shrinkage strain of concrete 
with respect to SCM content. For FA blended concrete, drying shrinkage was found to decrease 
with an increase in FA content [119]. Around 82% increase in the drying shrinkage strain was 
observed on reaching FA content of 70% as compared to the control concrete. It is because of the 
higher paste volume of FA blended system when cement is replaced with FA using weight basis. 
However, with an increase in the duration, the rate of increase of shrinkage strain was found to 
decrease at lower replacement levels. A comparable behaviour of FA blended concrete was 
reported by Huang et al. [52]. The percentage increase in the shrinkage strain was 7.3% and 20.2% 
for the replacement levels 20% and 60% compared to the control concrete. The shrinkage was 
reported to be increasing with an increase in curing age as well. This is contradicting the results of 
Nath and Sarker [50]. The authors reported a decreasing trend in shrinkage with increasing FA 
content. Most of the shrinkage occurred in the first 56 days, after which a significant reduction in 
the rate of shrinkage was observed. 

The use of GGBFS in concrete resulted in increasing drying shrinkage [120]. Similar to the FA 
and POFA, the specific gravity of GGBFS is lower than OPC; the paste volume increases as 
cement replacement increases. This is the reason for increasing shrinkage with increasing GGBFS 
content. As the water absorption of GGBFS concrete is higher than normal OPC concrete, this also 
contributes to the increased shrinkage of the concrete. On the other hand, a reducing pattern of 
drying shrinkage has been reported by several researchers for GGBFS blended concrete. Zhao et 
al.[58] reported the drying shrinkage value for control concrete as 365.7 micro strains, which were 
reduced by around 18.15% as the GGBFS content reached 40%. A similar trend of reduction was 
stated by Kumar et al.[121]. It is because of the ground slag used in the study and has fineness 
similar to the cement. As the GGBFS content was varied, the shrinkage reduced from 596 micro 
strains for control concrete to 584, 430, 382, 292, 286 and 232 micro strains corresponding to 
replacement levels 10, 20, 30, 40, 50 and 60%. Therefore, the addition of POFA, FA and GGBFS 
as supplementary cementitious materials in concrete exhibited a comparable behaviour of increase 
in the paste volume and subsequent increase in the shrinkage.

7. Ultrasonic pulse velocity (UPV)

The UPV is an indication of the quality of concrete. A lower UPV value indicates the presence of 
voids in concrete [47]. Based on UPV values, the concrete quality can be categorized as  excellent 
(>4.5 km/s), good (3.5-4.5 km/s), medium (3-3.5 km/s) and poor (<3 km/s) [122]. Awal and Shehu 
[123] conducted a study on POFA blended concrete for various replacement levels. A declining 
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trend in UPV was perceived with increasing POFA content. The measured drop in UPV values 
compared to the control concrete was 9.3%, 16% and 19.27% for the replacement levels 50%, 60% 
and 70%. Even though the UPV values decreased, the concretes were of good quality (UPV 
between 3.5 km/s -4.5km/s). The authors attempted to study the effect of higher temperatures 
exposure on the UPV values. As the temperature increased, a reduction in UPV was observed, 
especially at temperatures greater than 600ºC, which can be attributed to the deterioration in the 
microstructure of concrete at elevated temperatures. At elevated temperatures, the CSH gel 
deteriorates, increasing porosity and reducing the measured velocity. 
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Figure 12: Variation in UPV values of POFA, slag and fly ash based concretes

A similar trend was detected by Awal and Mohammadhosseini [124]. The UPV value decreased 
from 4551 m/s for control concrete to 4469 m/s for a POFA content of 20%. On the contrary, an 
increasing trend of UPV was specified by Hamada et al.[47]. This increase in the quality of 
concrete might be owing to the pozzolanic reaction of POFA, which reduces porosity and increases 
the density and compressive strength of concrete. The UPV value was slightly increased to 3541 
m/s for a 40% replacement level and almost similar to control (3507 m/s). Yet, as the POFA 
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content was increased beyond 40%, UPV values were decreased, which might be a result of the 
dilution effect. The UPV values of FA, POFA or slag blended concretes are shown in Figure 12. 

Gesoglu et al.[102] carried out a study on the properties of FA blended concrete. Even though 
variations in UPV values were observed, at all replacement levels, measured UPV values were 
above 4500 m/s, indicating the excellent quality of concrete. 28-day UPV test values for FA 
blended concrete (w/c=0.35) continuously decreased with increasing FA content [125]. The 
reduction in UPV values compared to that of control concrete was measured as 1.72%, 2.7% and 
3.25% for the replacement levels 10%, 20% and 30%, respectively. This reduction may be a result 
of the slower hydration rate of FA as compared to cement. As the curing age increases, the concrete 
becomes denser because of the formation of additional CSH gel and increases UPV values. Krishna 
et al. [94] conveyed an analogous behaviour of FA blended concrete. Cement replacement up to 
15% was found to be beneficial in terms of the quality of concrete as the UPV value was increased. 
15% replacement level resulted in an increase in UPV value of about 2.5%. The use of GGBFS in 
concrete resulted in a pattern similar to FA[102]. The UPV value was increased up to a level of 
20%, beyond which a reduction was witnessed. The UPV values reported were 4902, 4979, 4944 
and 4955 m/s for control concrete, 20%, 40% and 60% correspondingly. On the other hand, in an 
earlier study, a continuously decreasing pattern was observed for GGBFS blended concrete [126].

8. Conclusions

A comprehensive review on the utilisation of palm oil fuel ash as supplementary cementitious 
material and a comparison of its performance with fly ash and slag based blended concretes are 
presented. Specific conclusions drawn from the systematic review are listed below.

 The use of fly ash and POFA improve the workability of concrete, whereas the addition of 
slag decreases the workability of concrete. Inclusion of POFA resulted in an increase in 
slump value up to 21% at a POFA content of 60% whereas the slump value was increased 
by 33% for fly ash and decreased by 16% for GGBFS at a replacement level of 40%. 

 The initial and final setting time of concrete is increased with an increase in POFA content. 
Similar behaviour is also witnessed in fly ash and slag based blended concretes.

 Palm oil fuel ash is lighter in weight than slag and comparable with fly ash. Besides, the 
mean specific gravity of POFA, fly ash and slag are lesser than the cement. As a result, the 
density of blended concrete is reduced with an increase in POFA, fly ash and slag content 
by reason of their lower specific gravity as compared to the cement. At a POFA content of 
30%, a reduction in density around 6% was obtained as compared to the control concrete.  

 The optimum replacement levels of POFA in concrete is 10%. Besides, 30% and 40% are 
the optimum replacement levels for fly ash and slag, respectively. All three pozzolans 
exhibited lower earlier strength attainment because of their slower rate of pozzolanic 
reaction. However, later age strength is found to be higher than the control concrete for all 
three pozzolans. 

 The splitting tensile strength and flexural strength pattern were comparable for POFA, fly 
ash and slag based blended concretes. All three blended concretes showed better 
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performance than the control concrete at lower replacement levels, and lesser strength is 
observed at higher replacement levels as a result of the dilution effect.

 Durability properties like chloride penetration resistance and water absorption, all the three 
SCM blended concretes exhibited better performance than the control concrete at lower 
replacement levels. However, unlike POFA and fly ash, slag facilitated the reduction in the 
water absorption of concrete even at higher replacement levels.

 Higher velocity values are observed in UPV measurement for POFA, fly ash and slag based 
blended concretes. It signifies the potential of all three SCMs to produce good quality 
concretes. 

9. Directions for future research studies

The performance of concrete blended with either fly ash or palm oil fuel ash or slag is 
comprehensively reviewed. From a critical review of the literature, directions and the need for 
future research studies have been identified and are listed below.

 Several earlier studies have investigated strength parameters of POFA blended concrete, 
whereas durability studies are found to be limited. This is an interesting area that requires 
in-depth studies. Hence, detailed studies on the different durability parameters are 
suggested. 

 As the properties of pozzolans remarkably influence the quality of the blended concrete, 
they should meet basic quality specifications. Hence, complete specifications including 
physical, chemical, mineralogical characteristics of any emerging pozzolan are vital. 
However, salient specifications are not available for the use of POFA as a supplementary 
cementitious material in international standards. Hence, research needs to be performed for 
the development of specifications and guidelines, particularly on the characteristics and 
performance of POFA in relevant international standards to ensure its wider acceptance as 
a pozzolan in the construction.

 From the comprehensive review, it is evidently witnessed that the effects of fly ash and 
POFA on the properties of blended concrete are comparable in several ways. Hence, it is 
possible to use both combinedly in concrete as ternary blends. For that reason, studies on 
the effect of fly ash and POFA based ternary cements on the performance of concrete are 
recommended. 

 The potential use of POFA in producing high strength, high-performance concrete, self-
compacting concrete, aerated concrete, and other special concretes needs to be further 
investigated. 

 From the data collected, it is observed that for fly ash blended and slag blended concrete, 
adequate studies are available on the hydration kinetics, electrical resistance, resistance to 
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alkali-silica reaction etc. In contrast, such studies are highly limited in the case of POFA 
blended concrete and need to be explored.

 The utilisation of POFA in alkali-activated concrete and the detailed performance 
evaluation is important to achieve POFA based sustainable binders. Hence, the evaluation 
of fresh, hardened and durability characteristics of POFA based alkali-activated binders 
are needed.

 Research studies on the microstructural analysis of POFA blended concrete and its 
development with respect to curing durations can be explored to attain scientific insight 
using sophisticated analytical techniques like SEM, XRD, TGA etc. 

 The life cycle analysis and cost analysis of POFA blended concrete are highly 
recommended. Besides, life cycle and cost analyses of POFA blended concrete need to be 
compared with currently used fly ash and slag-based concretes. It is essential to increase 
the acceptance of POFA in the construction industry. 

 The processing conditions significantly affect the properties of residual ashes, particularly 
agro-waste ashes. The properties of POFA are governed by different processing methods 
such as burning, chemical treatment, grinding, thermochemical and thermomechanical 
treatments. Thus, studies have to be adopted on the influence of processing methods to 
comprehend the full potential of POFA as a supplementary cementitious material.
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Influence of palm oil fuel ash in concrete and a systematic comparison with widely 

accepted fly ash and slag: A step towards sustainable reuse of agro-waste ashes 

HIGHLIGHTS 

 Use of palm oil fuel ash as a pozzolan and its effects in concrete is reviewed

 Performance of palm oil fuel ash is meticulously compared with fly ash and slag

 Changes in workability, strength and durability of blended concretes are presented

 Superior potential of palm oil fuel ash over fly ash and slag is highlighted 

 Current status and future studies for acceptance of palm oil fuel ash are reported


