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Abstract 6 

Purpose An Ordinary Portland Cement (OPC) has been used in the concretes production where it is 7 

an important material to be considered due to its nature that react with every substance present. 8 

During the cement production, a significant amount of carbon dioxide is emitted from the clinker in 9 

rotary kiln and lot energy is required in the production processes. Such an event can be prevented by 10 

replacing the part of cement with Metakaolin (MK) and Palm Oil Fuel Ash (POFA). Aside from 11 

being a cementitious alternative, the materials can also contribute to a greener environment and more 12 

sustainable building, as POFA is available in Malaysia and may be used to substitute cement and 13 

minimize pollution.  14 

Methodology The study assesses the effect of MK and POFA on the concrete in terms of 15 

compressive strength and cracks pattern of the reinforced concrete beam based on the relevant 16 

previous studies.  17 

Findings From this study, the compressive strength of concrete containing MK and POFA was 18 

higher than the control mix with the percentage of improvement in the range of 0.8% to 78.2% for 19 

MK and 0.5% to 14% respectively. The optimum content of MK and POFA is between the range of 20 

10% to 15% and 10% to 20% respectively to achieve high strength of concrete. Other than that, the 21 

inclusion of MK to the concrete mix improves the strength of reinforced concrete beams and reduces 22 

cracks on the surface of reinforced concrete beams, whereas the inclusion of POFA to the concrete 23 

mix increases the cracks on reinforced concrete beams. The cracks appeared within the flexure zone 24 

of every beam containing the MK and POFA. 25 

Value It was found that the fineness of MK and POFA has a significant influence on the mechanical 26 

properties of concrete. 27 

Keywords: concrete, reinforced concrete beam, metakaolin, palm oil fuel ash, strength 28 

 29 

1 Introduction 30 

Concrete, as one of the materials used in building construction, is a porous material, and its physical 31 

and mechanical properties gives an important role in determining the materials strength (Krishna et 32 
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al., 2021) and toughness, as well as the characteristics of concrete in building structural members 33 

such as beams. Some of the similarities in certain of the concrete types are the materials used to 34 

produce the concrete. Cement, aggregates, and water are the main materials in traditional concrete. 35 

Many improvement techniques have been implemented in the recent years to create an excellent 36 

concrete that saves energy and money. Such methods are needed to increase the concrete production. 37 

In this work, cement in the concrete was replaced in order to strengthen the concrete. 38 

Metakaolin (MK) and Palm Oil Fuel Ash (POFA) are the two materials that have been introduced 39 

and analysed for many years. These materials have been used in a range of industries, including the 40 

construction of industrialized buildings and the medical industry. To minimize the porosity of the 41 

concrete, the materials were added to the mix as an additive and as cementitious substitute materials. 42 

Besides that, concrete porosity can be minimized by mixing cement with a pozzolana additive like 43 

Metakaolin (Mohd Sam et al., 2017). Metakaolin and POFA have been used in concrete and give an 44 

improvement to the mechanical properties of the material (Siddique and Klaus, 2009).  45 

Aside from additives, the effect of application of concrete mixtures to structural behavior has been 46 

studied for a long time to see whether the mixtures substance can give an impact and diffusion to the 47 

high velocity flow in the mass of water (Nigam et al., 2015). In addition, the effects of micro-silica 48 

gels (AP2RC and P1RB) led to increased tensile, compressive and flexural strength values for the 49 

concrete strength characteristics during early ages as well as ultimate ones with the resulting 50 

reduction in the porosity lowering permeability of the micro-silica concrete (Seyed Mehdi et al., 51 

2016). Besides that, the stability that reflected to reduce aggregate segregation is achieved by using 52 

the mixture of recycled concrete aggregate (RCA) and polypropylene fibers (PPF) (Matar and 53 

Assaad, 2019). Also, simultaneous use of 25% glass and 1.5% polypropylene fibers results in best 54 

flexural and compressive strengths of concrete (Orouji et al., 2021). 55 

Further to that, physical properties of the concrete and the chemical composition change considerably 56 

which dehydration of water from calcium silicate hydrate becomes critical at above 110oC (Demiral 57 

and Kelestemur, 2010). For self-compacted concrete, the compressive strength increased at150⁰C and 58 

decreased continuously after this temperature.  59 

2 Systematic Literature Review (SLR) Methodology  60 

Two key of methodological methods have been established for this work. The first goal was to assess 61 

the compressive strength of concrete with MK and POFA. A systematic literature review (SLR) was 62 

conducted. Secondly, a systematic literature review was conducted to determine the cracking 63 

behavior of concrete beams where MK and POFA were used as partial replacement of the cement.  64 

A systematic review is a well-defined and methodological procedure that classifying, analyzing, and 65 

synthesizing the available evidence for a particular technology in order to explain the current course 66 

and status of research or provide background information on research challenges (BA and Charters, 67 

2007). The SLR review protocol is described in this section. The SLR steps as shown in Figure 1 68 

were used to show the existing literature on experimental and numerical research on the crack pattern 69 

of reinforced concrete beams with POFA and MK.  70 

In this study, there are a few steps that have been carried out to complete the systematic literature 71 

review (SLR). Firstly, three review questions were identified from the review topic such as how the 72 

compressive strength of concrete are affected by the utilization of MK and POFA, how the cracking 73 

behavior of reinforced concrete beam affected by the utilization of MK and POFA and what is the 74 
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optimum content of MK and POFA to produce high compressive strength of concrete. After 75 

identifying review question, some searching strategies are identified for the review question such as 76 

identify synonyms, related phrases and keyword variants and screening, defines the inclusion and 77 

exclusion requirements for the papers. Then, collect and extract all the relevant data for the review 78 

questions. Next step is defining data synthesis. Last but not least, combine the data from a number of 79 

review articles in order to draw conclusions about the research topic.  80 

 81 

Figure 1 Methodology for systematic review 82 

3 Findings and Discussion 83 

3.1 Effects of MK on compressive strength of concrete 84 

MK is a pozzolanic additive or product that can offer a variety of benefits. The binding capacity or 85 

free lime will be determined by purity. Some of them also have a high level of responsiveness. MK is 86 

a useful additive for use in concrete and cement. Furthermore, MK can refine the porosity of the 87 
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cement paste (McCarthy and Dyer, 2019). In the recent years, there has been a surge interest in using 88 

MK as a cement substitute. 89 

According to other research (Brooks and Megat Johari, 2001) where 0%, 5%, 10% and 15% of MK 90 

are used, compressive strength improves when the amount of incorporation of MK increases, with 91 

10% MK demonstrating the greatest value of compressive strength by 19.54% from compressive 92 

strength of control mix, as illustrated in Figure 2. In addition, a research on mechanical properties of 93 

high-strength concrete containing Metakaolin (which is 0% - 50% of MK as cement replacement) 94 

and hybrid fibres inclusion by volume has been carried out (Shehab El-Din et al., 2017). It was found 95 

that the compressive strength increased about 16% to 22% than control mix for range of 10% and 96 

15% MK and it started to decrease when using 20% of MK and above as shown in Figure 3. For the 97 

research on mechanical properties of self-compacting concrete blended with MK, it was observed 98 

that compressive strength of cement containing MK increased between the range of 80 MPa to 90 99 

MPa for 10% and 20% of MK which is higher than the control concrete mixture (50 MPa to 60 MPa) 100 

(Dadsetan and Bai, 2017). 101 

 102 

Figure 2 Compressive strength of concrete containing MK (Brooks and Megat Johari, 2001) 103 

 104 

Figure 3 Compressive strength of concrete containing MK (Shehab El-Din et al., 2017) 105 

According to research by (Sharaky et al., 2021), the compressive strength of concrete increased as the 106 

amount of MK replacement increased. It was observed that the compressive strength for MK0, 107 

MK10, MK15, MK20, MK30, MK40 and MK50 are 49.85 MPa, 58.15 MPa, 63.06 MPa, 55.87 MPa, 108 
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50.25 MPa, 46.22 MPa and 41.13 MPa respectively. A research on the strength and durability aspects 109 

of calcined kaolin-blended Portland cement has been performed (Vu et al., 2001). For this work, 110 

10%, 15%, 20%, 25% and 30% of Metakaolin used as replacement of cement. It was found that 111 

compressive strength of concrete contains MK higher than control mix. The compressive strength of 112 

MK10, MK15, MK20 and MK30 are 25.19 MPa, 26.24 MPa, 25.42 MPa and 22.48 MPa 113 

respectively. Thus, MK can improve the strength of concrete since MK is a highly reactive material. 114 

However, compressive strength decrease with increase in MK content in concrete containing glass 115 

powder and increase with prolong curing period (Samson et al., 2016). Glass powder concrete cubes 116 

made with (5-20) % MK and cured for 56 and 90 days, achieved the 28 days target strength of 25 117 

N/mm2. The optimum replacement level was observed at G10%M15% cured for 90 days. 118 

Table 1 summarizes the compressive strength with percentage improvement from previous studies. 119 

As shown in Table 1, the compressive strength of concrete contains MK has higher compressive 120 

strength than control mix concrete with percentage of improvement in range of 0.8% to 78.2%. It can 121 

be seen that highest compressive strength of concrete when the MK replacement is between range 122 

10% to 20%. It is because MK is a highly reactive material. The replacement of cement with MK in 123 

concrete, results in the reduction of tri-calcium silicates (C3S) which is a main strength contributing 124 

compound. The fineness of MK is lesser than OPC and consequently cannot hydrate as quickly as 125 

cement. It also may be due to the effect of utilization of MK, which may reduce the permeability or 126 

porosity of the concrete. 127 

Table 1 Summarization of compressive strength of concrete contains MK from previous studies 128 

3.2 Effects of POFA on compressive strength of concrete  129 

POFA is an agro-waste product derived from the palm oil industry's biomass energy generation using 130 

palm oil leftovers (fibres, kernel shells, and empty fruit bunches) (Altwair et al., 2012). When 131 

utilized as a supplementary cementitious material, POFA has been proven to be a good pozzolanic 132 

material that also improves the mechanical characteristics, microstructure, and durability 133 

performance of cement-based materials, especially at late stages of concrete maturation 134 

Author, 

year 

Control 

mix 

(MPa) 

Metakaolin content (MPa) with percentage improvement 

5% 10% 15% 20% 30% 40% 50% 

Brooks 

and 

Megat 

Johari, 

2001 

87 91.5 

(+5.5%) 

104 

(+19.5%) 

103.5 

(+19.0%) 

- - - - 

Shehab 

El-Din et 

al., 2017 

61 - 70.74 

(+16.0%) 

74.48 

(+22.6%) 

69.73 

(+14.3%) 

65.82 

(+7.9%) 

62.26 

(+2.1%) 

59.86 

(-1.9%) 

Sharaky 

et al., 

2021 

49.85 - 58.15 

(+16.6%) 

63.06 

(+26.5%) 

55.87 

(+12.1%) 

50.25 

(+0.8%) 

46.22 

(-7.3%) 

41.13 

(-17.5%) 

Vu et al., 

2001 

23.68 - 25.19 

(+6.4%) 

26.24 

(+10.8%) 

25.42 

(+7.3%) 

22.48 

(-5.1%) 

- - 

Dadsetan 

and Bai, 

2017 

50.5 - 85 

(+68.3%) 

- 90 

(+78.2%) 

- - - 
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(Tangchirapat et al., 2012). By eliminating some cement and substituting it with a less expensive 135 

substance, POFA can increase the performance of concrete while making concrete production more 136 

cost-effective. OPC were replace by original size of POFA (OP), median particle sizes 15.9μm POFA 137 

(MP) and 7.4μm size of POFA (SP) of 10%, 20%, 30% and 40% by weight of binder. According to 138 

(Tangchirapat et al., 2007), more times are required to set depending on the amounts of POFA 139 

replacing the cement and the degree of fineness of the POFA. Concrete that produced from cement 140 

and POFA with original size have lower compressive strength than traditional concrete samples, 141 

however concrete samples produced from cement and POFA with small particles have higher 142 

compressive strength than traditional concrete samples. Thus, Ground POFA (GPOFA), Ultrafine 143 

POFA (UPOFA), and Nano POFA are examples of finer POFA variations that can be obtained 144 

through grinding methods. 145 

The use of palm oil fuel ash as a partial cement substitute ingredient contributed to the improvement 146 

of compressive strength for lightweight foamed concrete which contain 10%, 20% and 30% of POFA 147 

by 4.0 MPa, 4.8 MPa and 4.2 MPa respectively and it value is lower than the control concrete which 148 

is 6.9 MPa due to the slow pozzolanic activity of POFA (Alnahhal et al., 2021). However, the 149 

decreased compressive strength of POFA concrete is related to the coarser particle size of POFA, 150 

which resulted in a slow pozzolanic reaction rate (Tangchirapat and Jaturapitakkul, 2010). The higher 151 

quantity of POFA contribute to the lower value of concrete strength due to lower pozzolanic 152 

reactivity, high value of LOI, and the porous characteristic of POFA. Besides that, the compressive 153 

strength values of 77.5, 81.3, 85.9, and 79.8 MPa for OPC, POFA10, POFA20, and POFA30 on 28-154 

day, using ground POFA replacement levels of 10%, 20%, and 30% in the manufacturing of HSC 155 

(Sata et al., 2004). When the ground POFA with the higher fineness that producing a high-strength 156 

concrete has been used, it was observed that compressive strength of OPC, GPA10, GPA20 and 157 

GPA30 was 58.5 MPa, 59.5 MPa, 60.9 MPa and 58.8 MPa (Tangchirapat et al., 2009). As a result, 158 

ground POFA with the highest fineness can be used as partial cement replacement material in 159 

producing high-strength concrete. 160 

In addition, the research on high-strength green concrete with a high volume of ultrafine palm oil fuel 161 

ash shows the compressive strength of high strength green concrete containing UPOFA (OPC, 162 

POFA20, POFA40 and POFA60) are 91.4 MPa, 98.3 MPa, 104.2 MPa and 98.1 MPa respectively as 163 

shown in Figure 4 (Megat Johari et al., 2012). For the impact of ultrafine palm oil fuel ash’s 164 

pozzolanic reactivity on the strength and durability of high-strength concrete, it shows that the 165 

present of UPOFA resulted in a decrease in early age of strength and the compressive strengths 166 

increase to 100.5 MPa, 105.2 MPa, 109.0 MPa, and 108.5 MPa respectively for high strength green 167 

concrete containing UPOFA (0%, 20%, 40% and 60%) after 90 days as shown in Figure 5 (Zeyad et 168 

al., 2017). Based on the research of high-strength green concrete containing high volume of UPOFA, 169 

it was found that the compressive strength of concrete contains UPOFA higher than control mix 170 

(Megat Johari et al., 2012). In the case of compressive strength, the inclusion of the POFA reduces 171 

early age strength of the HSGCs (high-strength green concrete) at 1, 3 and 7 days, but enhances the 172 

strength at 28 days for all HSGCs containing POFA, where the strength exceeding 95 MPa was 173 

achieved for all the POFA–HSGCs.  The compressive strength of concrete contains of 20%, 40% and 174 

60% of UPOFA were 98.3 MPa, 104.2 MPa and 98.1 MPa respectively. 175 

 176 
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 177 

Figure 4 Compressive strength of high strength green concrete contain UPOFA (Megat Johari et al., 178 

2012) 179 

 180 

Figure 5 Compressive strength of HSG containing UPOFA (Zeyad et al., 2017) 181 

In conclusion, Table 2 was the summarization of compressive strength with percentage improvement 182 

from previous studies. As shown in Table 2, the compressive strength of concrete contains raw 183 

POFA has lower compressive strength than control mix but concrete that contains GPOFA and 184 

UPOFA has higher compressive strength than control mix. This may be due to the fineness of POFA. 185 

The smaller the particle of POFA, it may increase the compressive strength of concrete. Raw POFA 186 

has lower compressive strength because POFA has slow pozzolanic reaction due to its particle 187 

fineness larger than OPC and high porosity. The raw POFA is absorbing more water than cement and 188 

cause the mixture to hydrate quickly. Thus, workability of concrete contains raw POFA lower than 189 

concrete without POFA. In order to increase the compressive strength of the concrete using POFA, 190 

smaller particle size of the POFA need to be used by grinding it or burning in order to obtain more 191 

fineness structure of POFA. By burning and grinding it more further, the silica content in POFA can 192 

be increased and thus will increased the compressive strength of the concrete. Compressive strength 193 

of concrete that contains POFA in the range between 4.0 MPa to 109.0 MPa with percentage 194 

improvement of 0.5% to 14% than control mix. 195 

 196 

 197 
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Table 2 Summarization of compressive strength of concrete contains POFA from previous studies  198 

3.3 Effects of POFA and Metakaolin on temperature and tensile strength of concrete  199 

Normally, the concrete properties are exposed to elevated temperature thus give effects on the 200 

structural stability and assessment of serviceability state of the structure. Higher residual weight loss 201 

of concrete samples has been observed when the samples are exposed to the high temperature (Abdul 202 

Awal and Shehu, 2015). The losses of concrete compressive strength are observed when the 203 

temperature achieved 800oC. Meanwhile, the rate of decrease of tensile strength is greater when the 204 

temperature is above 400oC (Anupama Krishna et al., 2019). The ternary blend that produced by 205 

combining 10% POFA and 10% MK by weight as a substitute to cement improved the compressive 206 

strength and microstructure of mortar exposed to elevated temperatures compared to plain OPC 207 

mortar (Usman et al., 2017). By using 5% of POFA replacement in concrete through powder 208 

technique, the optimum percentage of both compressive and splitting tensile strength is adopted 209 

(Sidek et al., 2018). However, tensile strength and modulus of elasticity decreased at elevated 210 

temperatures compared with ambient temperature (Paul et al., 2020). In term of the combination of 211 

different steel fiber proportions and polypropylene in the presence of Metakaolin, the good 212 

percentage of cement replacement with MK is 15% either with hybrid fiber volume fractions of 213 

0.25% or 0.5% (Shehab El-Din et al., 2017). Due to the behaviour of low tensile strength and brittle 214 

nature, concrete does not resist any direct tension. Thus, the higher tensile strength of concrete is 215 

required to determine the load at which concrete members may start to crack. 216 

3.4 Effects of POFA on water bender ratio 217 

As shown in Figure 6, the effects of water bender (W/B) ratios on the compressive strengths of the 218 

POFA concrete were similar to those of conventional concrete; which is, the compressive strength of 219 

POFA concrete increased as the water bender ratio was decreased (Sanawung et al., 2017). Besides, 220 

the slump test results of different concrete mixes show low slump values between 25 and 40 mm, and 221 

this is attributed to high loss on ignition of POFA. The slump value 25-40 mm for POFA based 222 

OPSC was lower than the slump value 50-75 mm of structural lightweight concrete because of the 223 

lower water cement ratio (Ul Islam et al., 2021). However, by reducing the water-binder ratio in the 224 

Author, year Type of 

POFA 

Control 

mix 

(MPa) 

POFA content (MPa) with percentage improvement 

10% 20% 30% 40% 60% 

Alnahhal et 

al., 2021 

Raw 

POFA 

6.9 4 

(-42.0%) 

4.8 

(-30.4%) 

4.2 

(-39.1%) 

- - 

Osman et al., 

2020 

Raw 

POFA 

27.62 25.22 

(-8.7%) 

24.84 

(-10.1%) 

19.36 

(-29.9%) 

- - 

Sata et al., 

2004 

GPOFA 77.5 81.3 

(+4.9%) 

85.9 

(+10.8%) 

79.8 

(+3%) 

- - 

Tangchirapat 

et al., 2018 

GPOFA 58.5 59.5 

(+1.7%) 

60.9 

(+4.1%) 

58.8 

(+0.5%) 

- - 

Megat Johari 

et al., 2012 

UPO 

FA 
91.4 - 

98.3 

(+7.5 %) 
- 

104.2 

(+14 %) 

98.1 

(+7.3 %) 

Zeyad et al., 

2017 

UPO 

FA 

100.5 - 105.2 

(+4.7 %) 

- 109 

(+8.5 %) 

108.5 

(+8.0 %) 
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range of 0.5–0.6, the compressive strength is not significantly affected (Golizadeh and Namini, 225 

2015).  226 

`227 

 228 

                             (a) W/B = 0.40                                                      (b) W/B = 0.40                           229 

Figure 6 Chloride ion penetration and the replacement of ground POFA in concrete for W/B ratios of 230 

0.40 and 0.50 (Sanawung et al., 2017) 231 

 232 

This means that the replacement of POFA was more effective to reduce the total passed charges 233 

compared to the increase in the compressive strength (Sanawung et al., 2017). Thus, the chloride ion 234 

penetration of concrete tended to decrease when the replacement of ground POFA in the concrete 235 

increased.  236 

3.5 Cracking behavior of reinforced concrete beam affected by MK  237 

POFA is an agro-waste product derived from the palm oil industry's biomass energy generation using 238 

palm oil leftovers (fibres, kernel shells, and empty fruit bunches) (Altwair et al., 2012). POFA has 239 

been proven as a good pozzolanic material when was utilized as a supplementary cementitious 240 

material, that also improves the mechanical characteristics, microstructure, and durability 241 

performance of cement-based materials, especially at late stages of concrete maturation 242 

(Tangchirapat et al., 2012). By eliminating some cement and substituting it with a less expensive 243 

substance, POFA can increase the performance of concrete that contributed to the more cost-effective 244 

concrete production. It takes longer to set depending on the amounts of POFA replacing the cement 245 

and the degree of fineness of the POFA (Tangchirapat et al., 2007). 246 

The reinforced concrete beams strengthened with MK has a higher load carrying ability and the 247 

fewest cracks as shown in Figure 7 (Deepthi et al., 2014). When the percentage of MK is adjusted 248 

from 0% to 10%, the mechanical performances of concrete mixes improved by varying the 249 

replacement percentages of cement by MK. Beyond 10%, the mechanical strength of concrete mixes 250 

containing MK show a downward trend. The use of Nano MK has no effect on beam failure mode, 251 

and the crack spacing in Nano MK concrete is smaller than in conventional concrete (Ahmed et al., 252 

2017). As shown in Figure 8, the cracking of reinforced concrete beam without the Nano Metakaolin 253 

is more than the reinforced concrete beam with Nano Metakaolin. Thus, the usage of Nano 254 

Metakaolin in the reinforced concrete beam can increase the structural performance. It is because the 255 

MK contributes to the lower heat of hydration and thermal shrinkage and increasing the water 256 

tightness. It also helps to improve the early strength and workability. Thus, the increasing of MK 257 
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content decreased the slump and the requirement of SP increases. This is due to the increased surface 258 

area of MK which absorbs more SP to maintain the required workability. 259 

 260 

Figure 7 Crack pattern of reinforced concrete beam (Deepthi et al., 2014) 261 

 262 

Figure 8 Crack pattern reinforced concrete beam (Ahmed et al., 2017) 263 

3.6 Cracking behavior of reinforced concrete beam affected by POFA  264 

The inclusion of POFA and ES powder has the potential to be examined as a cement alternative and 265 

it was observed that all beams show similar shear-flexure failure as shown in Figure 9. However, FC-266 

POFA-ES has a higher number of cracks (Rahman et al., 2019). When the applied force was 6.0 kN, 267 

the control beam experienced early cracks in the middle part of the section with a size of 50 mm. 268 

Then, many cracks were discovered within the flexure zone. It is because the POFA has slow 269 

pozzolanic reaction due to higher particle fineness compared to that of OPC and also due to high 270 

porosity nature. It causes the concrete with POFA hydrate quickly and reduces the strength of 271 

concrete. The beam encountered flexure-shear failure at the overlay end when the ultimate load of 272 

15.6 kN was reached. 273 
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 274 

Figure 9 Crack patterns of FC-POFA-ES (Rahman et al., 2019) 275 

3.7 Optimum content of MK  276 

Meanwhile, it was found that the compressive strength increase from 0% to 30% of MK and beyond 277 

the 30% of MK, the compressive strength started to decrease when the use of steel fiber and MK has 278 

been adopted (Sharaky et al., 2021). It stated that the optimum content of MK is 15%. In term of the 279 

compressive, splitting tensile and flexural strength of concrete, the replacement rate of 10% MK was 280 

found to be higher than that of the control mix when using Metakaolin as cement replacement 281 

(Malagavelli et al., 2018). Nevertheless, the concrete with 10% MK concentration had enough 282 

compressive strength (Tawfik et al., 2019). Moreover, by replacing 10% of the cement in Hybrid 283 

concrete with 10% MK, increase the compressive strength (Mahyuddin et al., 2016). For the 284 

inclusion of MK in a range of 10% to 15% contribute to the higher compressive strength of concrete 285 

at both early and later curing ages, with 10 and 15% MK substitution giving compressive strength 286 

values greater than the control at 28 and 60 days, as shown in Figure 10 (Siamed et al., 2012). It was 287 

concluded that MK can be used as partial cement replacement because it can improve the strength of 288 

the concrete. 289 

 290 

Figure 10 The compressive strength of concrete that contains MK. Source (Siamed et al., 2012) 291 



 

World Journal of Engineering                                                                                                     10.1108/WJE-01-2022-0010              

 

12 

MK replacement was performed in both normal and unfavorable conditions. Another research 292 

(Brooks and Megat Johari, 2001) shows that an increasing of compressive strength as the percentage 293 

of MK increase to 10%. As shown in Figure 9, the higher compressive strength when incorporating 294 

10% of MK and it started to decrease when the percentage of MK was beyond the 10%. Moreover, 295 

the use of MK instead of cement improved the resistance of concrete to sulphate attack (Siddique and 296 

Klaus, 2009). Thus, the increase in the MK content as cement replacement results the sulfate 297 

resistance of concrete increase. It was observed that sulfate resistance was found to be excellent in 298 

concrete having 10% and 15% MK replacements.  299 

In conclusion, the Table 3 is the summarization of optimum content of MK. From the Table 3, the 300 

optimum content of MK content is between 10% to 15% as partial cement replacement in order to get 301 

high strength of concrete due to MK is a highly reactive material. The replacement of cement with 302 

MK in concrete, results in the reduction of tri-calcium silicates (C3S) which is a main strength 303 

contributing compound. The fineness of MK is lesser than OPC and consequently cannot hydrate as 304 

quickly as cement. It also may be due to the effect of utilization of MK that can reduce the 305 

permeability or porosity of the concrete. 306 

Table 3 Summarization of optimum content of MK from previous studies 307 

Author, year  Optimum Content  

Brooks and Megat Johari, 2001  10%  

Shehab El-Din et al., 2017  10%-15%  

Sharaky et al., 2021 15%  

Malagavelli et al., 2018  10%  

Tawfik et al., 2019 10%-20%  

Mahyuddin et al., 2016 10%  

Siamed et al., 2012  10%-15%  

Vu et al., 2001 15%  

Siddique and Klaus, 2009 10%-15%  

Dadsetan and Bai, 2017 10%-20%  

 308 

3.8 Optimum content of POFA 309 

Hamada et al., (2018) conducted a research on the use of POFA in concrete and found out that by 310 

adding the 10–20 % of POFA improves the compressive, flexural, and tensile strength. Besides that, 311 

Muthusamy et al., (2015) found out the optimum content of POFA is 20% and it was the best 28-day 312 

compressive strength value. Meanwhile, Islam et al., (2016) reported that the optimum content of 313 

POFA is 10%. However, replacing cement with POFA may have the opposite effect on concrete 314 

strength, especially if the POFA proportions are too high when the structure is subjected to 315 

earthquakes. 316 

Other than that, through the degree of water impermeability and strength of concrete that contain 317 

GPOFA, it was discovered that the compressive strengths of concretes containing 20% GPOFA were 318 

higher than the compressive strengths of OPC concrete (Chindaprasirt et al., 2007). GPOFA can be 319 

employed as a pozzolanic material in concrete to obtain appropriate impermeability and strength for 320 

concrete samples. Besides that, according to other research (Hamada et al., 2019) in making the 321 

lightweight aggregate concrete, the researcher employed POFA with nano particle sizes varying from 322 

0% to 30%. The results showed that by replacing the cement with NPOFA, the workability, 323 
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compressive strength may increase, meanwhile the UPV on a regular basis reducing the CO2 324 

emissions into the atmosphere by up to 30%. Besides that, the high strength of concrete allows the 325 

substitution of UPOFA for up to 60% of OPC, with the resulting concretes performing better in terms 326 

of strength and transport characteristics compared to that of control mix (HSC-OPC) (Megat Johari et 327 

al., 2013). Meanwhile, the utilization of ground POFA (GPOFA) to replace cement (partially by 10, 328 

20, 30, and 40%) and found that the effect of POFA on concrete mixtures and cement paste increases 329 

as the fineness of the POFA increases (Kroehong et al., 2011). Besides that, concrete with up to 30% 330 

UPOFA and NPOFA can have high compressive strengths of 90 MPa after 28 days and 112 MPa 331 

after 180 days (Hamada et al., 2021). As a result, the smaller the particle of POFA caused the better 332 

the performance of the concrete. 333 

Moreover, by adding up to 20% POFA to concrete mixture leads to a more refined compressive 334 

strength than the control concrete at various curing ages (Sata et al., 2007). As shown in Figure 11, 335 

concrete that contain 10% to 20% of POFA shows the increasing trends but the value drop when the 336 

utilization of POFA beyond 20%. However, according to other research on the utilization of POFA 337 

and EPS, the optimum content of POFA is from 10% to 20% (Osman et al., 2020). Thus it is proved 338 

that the optimum POFA content that can produce high strength concrete is in the range of 10% to 339 

20%. 340 

 341 

Figure 11 Compressive strength containing POFA (Sata et al., 2007) 342 

In conclusion, Table 4 shows the summarization of optimum content of POFA. The optimum content 343 

of raw POFA, GPOFA, UPOFA and NPOFA were 10% to 20%, 30%, 60% and 30%. This may be 344 

due to the fineness of the POFA because the finer particle of the POFA contributes to the higher 345 

compressive strength of concrete. Raw POFA has lower compressive strength because POFA has 346 

slow pozzolanic reaction due to its particle fineness larger than OPC and high porosity. The raw 347 

POFA absorbing more water compared to that of cement and cause the mixture to quickly hydrate. 348 

Thus, workability of concrete contains raw POFA lower than concrete without POFA. In order to 349 

increase the compressive strength of the concrete using POFA, smaller particle size of the POFA 350 

need to be used by grinding or burning process in order to obtain more fineness structure of POFA. 351 

By burning and grinding process, the silica content in POFA can be increased and thus will increase 352 

the compressive strength of the concrete. 353 
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 354 

Table 4 Summarization of optimum content of POFA previous studies 355 

Author, year  Type of POFA  
Optimum 

Content  

Hamada et al., 2018 Raw POFA  10%-20%  

Muthusamy et al., 2015 GPOFA  20%  

Islam et al., 2016 GPOFA  10%  

Chindaprasirt et al., 2018  GPOFA  20%  

Hamada et al., 2019 NPOFA  30%  

Megat Johari et al., 2013 UPOFA  60%  

Kroehong et al., 2011 GPOFA  20%  

Sata et al., 2007  GPOFA  20%  

Osman et al., 2020 Raw POFA  10%-20%  

Hamada et al., 2021 
UPOFA and 

NPOFA  30%  

3.9 Chemical Composition of Concrete Mixture 356 

For the impact of ultrafine palm oil fuel ash’s pozzolanic reactivity, Brunauer, Emmett and Teller 357 

(BET) method using nitrogen gas absorption is one of the commonly used methods to measure the 358 

specific surface area of fine particles like, POFA and cement. Blaine surface area provides 359 

measurement of surface area using air permeability method (Zeyad et al., 2016). However, through 360 

chemical composition analysis, RHBA and POFA, according to ASTM C 618, can be said to be 361 

Class N pozzolan since the sum of SiO2, Al2O3, and Fe2O3 are higher than or close to 70%, SO3 are 362 

not higher than 4%, and LOI are close to 10% (Sata et al., 2007). In the lightweight aggregate 363 

concrete analysis, there was only a minimum amount of Ca(OH)2 owing to its consumption in the 364 

pozzolanic reaction. When ultra-fine POFA was used in the place of ground POFA, the amount of 365 

Ca(OH)2 has been further consumed as more amount of amorphous SiO2 was available to react with 366 

the Ca(OH)2 (Hamada et al., 2019). The heat of hydration during concrete production may involve 367 

the chemical structure of POFA (Abdul Awal and Shehu, 2015) and also affects the compressive 368 

strength and workability. 43% to 71% of silicon dioxide (SiO2) is the main chemical composition 369 

ingredient of POFA, improve the pozzolanic reaction of high performance concrete (Zeyad et al, 370 

2016). 371 

4 Conclusions 372 

From the study, the following conclusions can be drawn from the result of SLR on the work of the 373 

influence of POFA and MK on the concrete strength and reinforced concrete beam crack resistance:  374 

1. The compressive strength of concrete that made up of MK concrete has a better compressive 375 

strength than control mix concrete, with improvements ranging from 0.8 to 78.2%. It can be shown 376 

that when the MK replacement is between 10% and 20%, the concrete has the highest compressive 377 

strength because MK is a highly reactive substance. When the cement is replaced with MK in 378 

concrete, the amount of tri-calcium silicates (C3S); a major strength contributor, is reduced. 379 

However, MK has a lower fineness than OPC, thus cannot hydrate as quickly as cement. It was also 380 

agreed that the use of MK reduces the permeability or porosity of concrete.  381 
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2. The compressive strength of concrete that made out of raw POFA was lower than control mix. It 382 

has a slow pozzolanic reaction than OPC because to its finer particle size and higher porosity. The 383 

raw POFA absorbs more water than cement, therefore the mixture hydrates quickly. As a result, the 384 

workability of concrete containing raw POFA is lower than that of concrete containing no POFA. In 385 

order to increase the compressive strength of concrete using POFA, the POFA particle size must be 386 

reduced by grinding or burning process, which results in a finer structure of POFA. The silica content 387 

of POFA can be raised by burning and grinding process, which improves the concrete's compressive 388 

strength. Concrete containing POFA has a compressive strength in the range of 4.0 MPa to 109.0 389 

MPa, with a percentage improvement of 0.5 % to 14 % over the control mix.  390 

3. It was identified that the inclusion of MK can decrease the crack on the surface of reinforced 391 

concrete beam while POFA can increase the cracks on the reinforced concrete beam due to the slow 392 

pozzolanic reaction. The beam that contains the MK and POFA experienced cracks within the flexure 393 

zone.  394 
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