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Metal straps testing subsets. Each model was developed based on the training data and evaluated using the
Palm Oil Fuel Ash testing data. The performance of each proposed model was gauged using diverse statistical met-
Bending rics like the coefficient of determination, mean absolute error, root mean square error, and scatter

Strengthening ~ Normal index to identify the most effective model. The findings indicate that using POFA with a finer

Concrete particle size exerts a greater influence on the concrete's properties. The replacement was done
using the weight method, and the predicted equation worked with the variation of the used rate of
POFA from 0 to 60% of total binder weight. Substituting a portion of cement with POFA leads
to a reduction in the heat of hydration and an extension of the setting time. The optimal percentage
of POFA is 30%, yielding mechanical properties superior to those of the control mixture, partic-
ularly in the later stages of development. Among the models considered, the ANN demonstrates
superior efficiency and accuracy in predicting the compressive strength of conventional concrete
modified with POFA compared to LR and NLR models. This is evident in the ANN's higher R2
values of 52% and 16%, respectively, and a lower scatter index below 0.1%.
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1. Introduction

High-strength concrete is characterized by a similar mixture composition to normal concrete, albeit
with smaller aggregates, a lower water-to-binder ratio, and the incorporation of superplasticizers to regulate

concrete workability. Additionally, supplementary cementitious materials are utilized in conjunction with
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cement to mitigate environmental impacts and promote pozzolanic reactions resulting from these applica-
tions [4].

Researchers have conducted numerous experiments involving the utilization of palm oil shells as
lightweight aggregate concrete [21- 25]. Alternatively, a more viable approach with added benefits involves
the combustion of Palm oil husk and kernel shell in a controlled environment within a thermal power plant
[26, 27]. The resulting product of the combustion process is known as palm oil fuel shell (POFS), with an
annual production exceeding 0.1 million tons in Thailand alone [28, 29].

According to ASTM C618, a material with SiO2 + Al203 + Fe203 > 70% in its composition qualifies
as pozzolanic material [29, 30], for that and based on the chemical compositions provided by Hamada et al
[20], palm oil fuel ash is deemed to be pozzolanic material, that leading to the formation of an additional
gel of calcium silicate hydroxide crucial for enhancing compressive strength.

The pozzolanic nature of POFA has spurred numerous research endeavors focusing on its utilization
as a partial substitute for cement in concrete, with investigations into its impact on the fresh and mechanical
properties of various concrete types [31-33]. Hussin et al [9] conducted a study on incorporating POFA as
a 20% partial replacement for cement, examining two distinct curing periods (75 and 90 days). The out-
comes revealed that the compressive strength of the modified mixture surpassed that of the control concrete
by 1.7% after 75 days of curing and by 3.8% after 90 days of curing.

Sata et al [34] examined the utilization of POFA as a partial substitute for cement at varying rates (0,
10, 20, and 30%) and different curing durations (7, 28, 60, and 90 days). They observed that employing 10
and 20% of POFA as a partial replacement for cement at early stages resulted in greater compressive
strength than the control mixture. Conversely, the mixture containing 30% of POFA exhibited strength
equivalent to the control mix. However, at later stages (i.e., 28, 60, and 90 days), all mixtures incorporating
POFA demonstrated superior strength compared to the control mix.

In a similar vein, Tangchirapat et al [35] investigated the incorporation of POFA as a partial substitute
for cement at various rates (0, 10, 20, and 30%) and different curing periods (7, 28, and 90 days). Their
findings indicated that utilizing 10% of POFA as a partial replacement for cement during the early stages
led to higher compressive strength than the control mix. Conversely, mixtures containing 20% and 30% of
POFA exhibited lower strength than the control mix. Nevertheless, at later stages (i.e., 28 and 90 days), all
mixtures incorporating POFA showcased superior strength compared to the control mix.

Johari et al. [36] conducted an investigation into the utilization of POFA as a partial substitute for
cement at varying rates (0%, 20%, 40%, and 60%) and different curing periods (1, 3, 7, and 28 days). The
results indicated that, in the early stages (1 and 3 days), all mixtures containing palm oil fuel ash exhibited
decreased compressive strength compared to the control mixture. However, after 7 days of curing, the mix
with 20% POFA as a partial cement replacement showed higher compressive strength than the control.
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Furthermore, by the 28th day of curing, all POFA mixes demonstrated superior strength compared to the
control mix.

Extensive research suggests that incorporating 30% POFA as a partial cement replacement in high-
strength concrete yields optimal effects on concrete properties, especially when using POFA with finer
particles exhibiting higher pozzolanic activity. This study proposes various models, such as linear, nonlin-
ear regression, and ANN, to forecast the compressive strength of high-strength concrete (HSC) when mod-
ified with POFA as a partial cement replacement. The efficacy of these models is evaluated through statis-
tical parameters like coefficient of determination, mean absolute error, root mean square error, and scatter
index to identify the most effective models for predicting compressive strength with the selection of the
most efficient models for the compressive strength of high strength concrete which modified with POFA
can be predicted with high accuracy without waiting for the trail mix curing time, which reduce the waiting

and spending the time.

2. Research significant

This paper addresses the development of a numerical framework to predict the compressive strength
of high-strength concrete. The study examines the influence of various factors such as POFA, silica fume
content, water-to-binder ratio (w/b), cement content, sand content, gravel, superplasticizer, and curing time
on the compressive strength of HSC through LR, NLR, and ANN models. This novel approach aims to
identify the most reliable model using statistical parameters while reducing the waiting time of trail mix to
find the effect of used POFA on the compressive strength of the concrete mix. Furthermore, statistical
analysis is conducted for each independent variable to determine the optimal palm oil ratio that positively

impacts the properties of HSC.

3. Methodology

As in Figure 1, the methodology utilized involved the statistical analysis of the collected data in Table
1 for each independent variable. The relationship between the independent parameters (w/b which is water
to-binder ratio, cement content (CC), Palm oil fuel ash content (POFA), Silica fume content (SF), Sand
content (SC), gravel content (GC), superplasticizer content (SP), and curing time (T)) and the measured
compressive strength was established. Subsequently, the collected data was divided into training and testing
sets, and models were developed based on the independent variables. These proposed models were then
scrutinized for their efficacy through statistical parameters. The model demonstrating the highest efficiency,
as determined by the statistical parameters, was chosen to forecast the compressive strength of High-

Strength Concrete (HSC) enhanced with palm oil fuel ash.
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Figure 1. Methodology steps

4. Statistical Analysis

In this section, we have presented comprehensive details regarding the related data, encompassing
the expression of gathered information, necessary statistical analyses, graphical representations, and the
utilization of various predictive models for estimating compressive strength. Additionally, we have in-

cluded all independent parameters that are utilized within these models.

4.1. Data Collections
Based on various experimental studies documented in the literature, 104 data points have been gath-

ered and are presented in Table 1 below. This dataset encompasses all pertinent independent variables (such
as w/b ratio, cement content, palm oil fuel ash, silica fume content, coarse aggregate, fine aggregate, super-
plasticizer dosage (SP), and curing time) necessary for predicting the dependent variable, compressive

strength.

Table 1. Experimental data collected from the literature

Cement Powder Silica Furme Sand Con- Coarse Ag- SP Curing  Compressive
Ref. w/b  Content Palm Qil (kg/m?) tent gregate Con-  Content Time Strength
(kg/m?3) (kg/m3) (kg/m?3) tent (kg/mq) (kg/m?®) (Days) (MPa)
0.435 400 0 0 678.7 1090 0 75 55
0.435 320 80 0 678.7 1090 0 75 56
1] 0.435 400 0 0 678.7 1090 0 90 56.65
0.435 320 80 0 678.7 1090 0 90 58.89
[34] 0.28 560 0 764 981 7.9 7 68.8
0.28 532 0 28 760 975 10.2 7 71.1
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0.28 504 56 755 970 12.4 7 77.5
0.28 476 84 751 964 14.7 7 75.9
0.28 504 56 757 971 8.5 7 71.7
0.28 448 112 749 962 11.8 7 71.1
0.28 392 168 742 952 16.9 7 68.5
0.28 560 764 981 7.9 28 77.5
0.28 532 28 760 975 10.2 28 80.2
0.28 504 56 755 970 12.4 28 91.7
0.28 476 84 751 964 14.7 28 92.6
0.28 504 56 757 971 8.5 28 81.3
0.28 448 112 749 962 11.8 28 85.9
0.28 392 168 742 952 16.9 28 79.8
0.28 560 764 981 7.9 60 83.8
0.28 532 28 760 975 10.2 60 85.2
0.28 504 56 755 970 12.4 60 96.7
0.28 476 84 751 964 14.7 60 95
0.28 504 56 757 971 8.5 60 86.5
0.28 448 112 749 962 11.8 60 88.5
0.28 392 168 742 952 16.9 60 84.7
0.28 560 764 981 7.9 90 87.5
0.28 532 28 760 975 10.2 90 88
0.28 504 56 755 970 12.4 90 97.9
0.28 476 84 751 964 14.7 90 96
0.28 504 56 0 757 971 8.5 90 89.1
0.28 448 112 0 749 962 11.8 90 915
0.28 392 168 0 742 952 16.9 90 88.7
0.32 550 0 0 760 968 6.4 7 54.9
0.32 495 55 0 753 959 6.8 55.6
0.32 440 110 0 745 950 8.6 7 54.6
032 385 165 0 738 940 11.6 53.2
0.32 550 0 0 760 968 6.4 28 58.5
0.32 495 55 0 753 959 6.8 28 59.5
0.32 440 110 0 745 950 8.6 28 60.9
032 385 165 0 738 940 11.6 28 58.8
(3] 032 550 0 0 760 968 6.4 90 64.7
0.32 495 55 0 753 959 6.8 90 67.5
0.32 440 110 0 745 950 8.6 90 69.4
032 385 165 0 738 940 11.6 90 66.1
0.32 550 0 0 760 968 6.4 180 68.5
0.32 495 55 0 753 959 6.8 180 72
0.32 440 110 0 745 950 8.6 180 73.7
032 385 165 0 738 940 11.6 180 69

Emerging Technologies and Engineering Journal. 2024, 1(1), 57-76. https://doi.org/10.53898/etej2024115

https://engiscience.com/index.php/etej


https://doi.org/10.53898/etej2024115
https://engiscience.com/index.php/etej

S. Ahmad et. al., 2024

62

0.27 550 0 0 741.2 1033.6 121 1 63
0.27 440 110 0 741.2 1033.6 121 1 44
0.27 330 220 0 741.2 1033.6 121 1 35
0.27 220 330 0 741.2 1033.6 121 1 25
0.27 550 0 0 741.2 1033.6 121 3 79
0.27 440 110 0 741.2 1033.6 121 3 72
0.27 330 220 0 741.2 1033.6 12.1 3 66
0.27 220 330 0 741.2 1033.6 12.1 3 50
L3¢l 0.27 550 0 0 741.2 1033.6 12.1 7 86
0.27 440 110 0 741.2 1033.6 12.1 7 86
0.27 330 220 0 741.2 1033.6 12.1 7 83
0.27 220 330 0 741.2 1033.6 12.1 7 80
0.27 550 0 0 741.2 1033.6 121 28 91
0.27 440 110 0 741.2 1033.6 121 28 98
0.27 330 220 0 741.2 1033.6 121 28 103
0.27 220 330 0 741.2 1033.6 121 28 98
0.27 550 0 0 742.5 1034 121 90 100
0.27 440 110 0 742.5 1034 121 90 105
1371 0.27 330 220 0 742.5 1034 121 90 107
0.27 220 330 0 742.5 1034 12.1 90 106
0.18 500 0 0 797 1195 5 7 42
0.18 450 50 0 797 1195 5 7 45
0.18 400 100 0 797 1195 5 7 48
0.18 350 150 0 797 1195 5 7 47
[38] 0.18 500 0 0 797 1195 5 28 66
0.18 450 50 0 797 1195 5 28 67
0.18 400 100 0 797 1195 5 28 70
0.18 350 150 0 797 1195 5 28 69
0.27 550 0 0 742 1033 121 1 66
0.27 440 110 0 742 1033 121 1 44.8
0.27 330 220 0 742 1033 121 1 36.4
0.27 220 330 0 742 1033 121 1 26
0.27 550 0 0 742 1033 121 3 79.2
0.27 440 110 0 742 1033 12.1 3 73.7
0.27 330 220 0 742 1033 12.1 3 66.7
[3¢] 0.27 220 330 0 742 1033 12.1 3 50.3
0.27 550 0 0 742 1033 12.1 7 87
0.27 440 110 0 742 1033 12.1 7 87
0.27 330 220 0 742 1033 12.1 7 85
0.27 220 330 0 742 1033 121 7 79
0.27 550 0 0 742 1033 121 28 91.6
0.27 440 110 0 742 1033 121 28 99.6
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4.2. Statistical Analysis

Histogram distributions have been meticulously crafted to visualize the data distribution for each

independent parameter listed in Table 1. The resultant findings have been effectively integrated into these

histograms following a thorough statistical analysis. Each independent parameter, including the water-to-

binder ratio (w/b), cement content, palm oil fuel ash (POFA), silica fume content, sand content, gravel

content, superplasticizer dosage, and curing time, has been individually scrutinized concerning the depend-

ent parameter, compressive strength. These relationships have been meticulously illustrated and elucidated

in detail across Figures 2 through 17. These relations have been drawn to find the effect of each independent

variable separately on compressive strength and to show the statistical distribution for independent varia-

bles.

Frequency

25F

20f

=
1

=
(=)

No.Data = 104
Mean = 427.53
Median = 440

StDev =104.52

Variance = 10925.53

Kurtosis = -0.55
Skewness = -0.633

[|[Min =220, Max = 560

250

300

Figure 2. Water to binder ratio histogram

350

400

450

Cement Content, C.C (kg/ms)

500

550

Emerging Technologies and Engineering Journal. 2024, 1(1), 57-76. https://doi.org/10.53898/etej2024115

https://engiscience.com/index.php/etej


https://doi.org/10.53898/etej2024115
https://engiscience.com/index.php/etej

S. Ahmad et. al., 2024

64

Compressive Strength, ¢i (MPa)

120f
i No.Data = 104
' oC =89.91 - 42.97 * w/b
- = (0)
100} i R-Square = 0.8%
]
o O
1l
80f w
s, 3
H o ® |
eob © ¢ $ °
] 8
L] [ ]
$ .
4of °
L]
]
20t L L L . . .
0.20 0.25 0.30 0.35 0.40 0.45
w/b

Figure 3. Scatter relation between w/b and compressive strength (MPa)

Figure 4. Cement content (kg/m®) histogram

Frequency

Compressive Strength, i (MPa)

80f
70} No.Data = 104
Mean = 0.279
60t Median =0.27
StDev = 0.044
ol Variance = 0.002005
5 Kurtosis = 4.99
Skewness = 0.881
40r Min = 0.18 , Max = 0.435
30t
20f
10}
0 L L L L L
0.20 0.25 0.30 0.35 0.40
w/b
120F
° H
[ ] ° [ ]
: : . s
100t ¢ s . e .
° o ° °
R : 'H s ° 3 .
[ ]
80f s . s -
o H . T i )
60F [ [] ® .. [
° ° H ° (] °
[ ] [ )
[ ] ® °
40} °
] No.Data = 104
6C =74.24 + 0.00853 * C.C
20l ' R-Square = 0.2%
200 300 400 500 600

Cement Content, C.C (kg/ms)
Figure 5. Scatter relation between cement content and compressive strength (MPa)

Emerging Technologies and Engineering Journal. 2024, 1(1), 57-76. https://doi.org/10.53898/etej2024115

https://engiscience.com/index.php/etej


https://doi.org/10.53898/etej2024115
https://engiscience.com/index.php/etej

Different Statistical Modeling to Predict Compressive Strength of High-Strength Concrete Modified with Palm QOil Fuel Ash 65

40f

30f

Frequency
N
(=)

No.Data = 104
Mean = 109.076
Median = 110
StDev = 108.97
Variance = 11876.18
Kurtosis = -0.485
Skewness = 0.757
Min =0, Max = 330

10} H
0 [ H , , ,
0 60 120 180 240 300
3
Powder Palm Oil Content, P.O.C (kg/m)
Figure 6. Palm oil fuel ash content (kg/m®) histogram
120f
H .
[ ] ° [ ]
- : : : :
& 100} i s ® .
% e e : e
© | ° ¢ . s
= 80} [ ] ® ° s
= $
g o hd ° s °
&5 i oe by .
£ 60 o . °
a H . ° .
L ° °
o ]
€ o e ]
o 40 L
S No.Data = 104 ]
6C = 77.34 + 0.005 * P.0.C
2 R-Square = 0.1% s
0 50 100 150 200 250 300 350
Powder Palm Oil, P.O.C (kg/m)
Figure 7. Scatter relation between POFA content and compressive strength
QF [ | No.Data = 104
Mean = 6.46
80f Median =0
- StDev = 19.59
Variance = 384.095
60} Kurtosis = 8.748
>
& Skewness = 3.11
S 50f Min=0, Max =84
g
L 40}
30}
20}
10f
0 , ] , 1., , -
0 15 30 45 60 75

3
Silica Fume, S.F (kg/m)

Figure 8. Silica fume content (kg/m?) histogram

Emerging Technologies and Engineering Journal. 2024, 1(1), 57-76. https://doi.org/10.53898/etej2024115

https://engiscience.com/index.php/etej


https://doi.org/10.53898/etej2024115
https://engiscience.com/index.php/etej

S. Ahmad et. al., 2024 66

120f
[
< 100} .
2 . :
= .
= L
& 80 ; . .
8 [
b
2 60f
a
o .
Qo e
E g
SR No.Data = 104
oC =76.69 +0.1849 * S.F
e R-Square = 2.9%
206, L L L L L L 2 2 .

0 10 20 30 40 50 60 70 80 90
Silica Fume, S.F (kg/n?)
Figure 9. Scatter silica fume content (kg/m?) and compressive strength

60f
No.Data = 104
5ol Mean = 748
Median = 742
StDev = 20.59

a0t Variance = 424.299
Kurtosis = 4.854

? Skewness = -0.42
S 30} |Min=678.7, Max = 8797
g
g
20f
10+
680 700 720 740 760 780 800

Sand Content, S.C (kg/m3)
Figure 10. Sand content (kg/m?) histogram

120f
3
i
< 100} 2 .
g > .2 L]
gl —— LY
8-) .. [ ] °
5 130t |
2 60} Tt e, .
a [ ] s © ® e
<4 - .
g_ P :
S 40t °
o No.Data = 104 ]
6C = 141.1 - 0.0845 * S.C
20 R-Square = 0.7% ¢
680 700 720 740 760 780 800

Sand Content, S.C (kg/n13)
Figure 11. Scatter relation between sand content (kg/m?%) and compressive strength

Emerging Technologies and Engineering Journal. 2024, 1(1), 57-76. https://doi.org/10.53898/etej2024115 https://engiscience.com/index.php/etej


https://doi.org/10.53898/etej2024115
https://engiscience.com/index.php/etej

Different Statistical Modeling to Predict Compressive Strength of High-Strength Concrete Modified with Palm QOil Fuel Ash 67

50

40

30

Frequency

20

10

StDev = 64

No.Data = 104
Mean =1018.13
Median = 1033

Variance = 4096.07
Kurtosis = 2.1
Skewness = 1.41

Min =940, Max = 1195

[ ]

950 1000

1050

1100 1150

3
Coarse Aggregate Content, C.A.C (kg/m)

Figure 12. Coarse aggregate content (kg/m?) histogram

1200

No.Data = 104

oC = 138.3 - 0.05935 * C.A.C
R-Square = 3.2%

120f
= 100} .0
\E-/ LX)
® 25
:g 80 . <
c o
g [ Y o.
n ° °
02) 60F o e,
[%2] [ ]
g e ® °
o
g
8 40F

20t . .
950 1000

1050

1100

Coarse Aggregate Content, C.A.C (kg/n?)
Figure 13. Scatter relation between coarse aggregate content and compressive strength

1150 1200

60}
No.Data = 104
Mean = 10.42
50f Median = 12.1
StDev = 3.477
Variance = 12.09
.. 40r  |Kurtosis = 1.48
% Skewness = -1.1
ag)_ 30l Min =0, Max = 16.9
L}E
20t
10t
=, [

Tﬂ

[ 1 [ 1]

6

9

12

Super-plasticizer Content, S.P (kg/m3)

Figure 14. Superplasticizer content (kg/m3) histogram

15

Emerging Technologies and Engineering Journal. 2024, 1(1), 57-76. https://doi.org/10.53898/etej2024115

https://engiscience.com/index.php/etej


https://doi.org/10.53898/etej2024115
https://engiscience.com/index.php/etej

S. Ahmad et. al., 2024 68

120f
No.Data = 104 !
oc =51.8+2572*S.P '
—~ - = 0,
= 100} R-Square = 17.9 % i.
\2./ ege®
® H']
= 80
(=]
c
2
»
> 60f
A
<
[oX
g
8 40r .
s
20t

0 2 4 6 8 10 12 14 16 18
3
Super-plasticizer Content, S.P (kg/m)

Figure 15. Scatter relation between supper-plasticizer content and compressive strength

40}
No.Data = 104
Mean =59.39
Median = 28
30p StDev = 78.61
Variance = 6179.71
> Kurtosis = 6.27
= Skewness = 2.36
§20_ Min =1, Max = 360
S
LL
10f
S 50 100 150 200 250 300 350

Curing Time (Days)
Figure 16. Curing time (Days) histogram

120t
g
s 100t
®
e
S 80
c
£
w
S
L
o
£
o 40p . No.Data = 104
6C=69.51+0.141* T
s R-Square = 27.5 %
20b__ . . : .
0 100 200 300 400

Curing Time, T (Days)
Figure 17. Scatter relation between curing time (Days) and compressive strength

Emerging Technologies and Engineering Journal. 2024, 1(1), 57-76. https://doi.org/10.53898/etej2024115 https://engiscience.com/index.php/etej


https://doi.org/10.53898/etej2024115
https://engiscience.com/index.php/etej

Different Statistical Modeling to Predict Compressive Strength of High-Strength Concrete Modified with Palm QOil Fuel Ash 69

4.3 Modeling
The dataset presented in Table 1 has served as the foundation for developing several predictive mod-

els designed to estimate the compressive strength of high-strength concrete that has been enhanced with
palm oil fuel ash. Considering various factors and parameters, these models have been meticulously crafted
to provide accurate and reliable predictions regarding the compressive strength of such modified concrete
compositions. Through a rigorous analysis of the collected data and incorporating pertinent variables, these
models offer valuable insights into the performance and behavior of high-strength concrete formulations

incorporating palm oil fuel ash as a modifying agent.

4.3.1 Linear Regression (LR)
Its application in engineering allows for the prediction of compressive strength, following the format

outlined below:

ocp = a+th *(%)J_r ¢ *(C.C)+ d «(POFA)+ e *(S.F)+ f +(S.C)+ g *(G.C)+h x(S.P)+i »(T) (1)

Where w/b is water to binder ratio, CC is cement content (kg/m3), POFA is palm oil fuel ash content
(kg/m3), SF is silica fume content (kg/m3), SC is sand content (kg/m3), C.A is coarse aggregate content
(kg/m3), SP is super plasticizer content (kg/m3), and T is curing time (days) while a, b, ¢, d, e, f, g h, and i

are model parameters.

4.3.2 Nonlinear regression (NLR)

This model finds applicability in predicting the compressive strength of high-strength concrete, em-
ploying parameters dependent on it, as demonstrated in the following format:

ocp = a*(%)b + ¢ (C.0)% + e (POFA)Y + g+ (S.F)+ ix(S.A) + k+(G.CO)' +m=(S.P)" £ ox(T)? (2)

Where w/b is water to binder ratio, CC is cement content (kg/m3), POFA is palm oil fuel ash content
(kg/m3), SF is silica fume content (kg/m3), SC is sand content (kg/m3), C. A is coarse aggregate content
(kg/m3), SP is super plasticizer content (kg/m3), and T is curing time (days) while a, b, ¢, d, e, f, g, h, i, |,

k, I, m, n, 0 and p are models parameters.

4.3.3 Artificial Neural Network (ANN)

The Weka software package implemented the ANN model, specifically version 3.8.5. Artificial Neu-
ral Networks (ANN) are recognized for their reliability, mimicking the human brain's functionality, with
components including input, hidden, and output layers. Unlike conventional models, ANN lacks a fixed
structure, with the analytical process contingent upon the input parameters and the nature of the problem at

hand, as illustrated in Figure 18 below.
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4.4 Models Assessment

For the gathered data, three distinct models have been put forth (Linear, non-linear regression, ANN),
and their efficacy is assessed based on several parameters outlined in equations 3 to 7. Models with higher
coefficient of determination (R?), lower root mean square error (RMSE), and mean absolute error (MAE)
are deemed more dependable.

According to the statistical criteria utilized, a higher R? value is preferred. SI greater than 0.3 indicates
poor performance, while values between 0.2 and 0.3 are acceptable. SI values between 0.1 and 0.2 indicate
good performance, whereas an Sl less than 0.1 signifies excellent performance, as detailed in reference
[44].

X(Yi—Yp)?
square S (Vi = Mean)? 3)
Yi —Yp)?
rmsg = |2V YP)* 4)
N

SI RMSE 100 (5)

= *

Mean
Yi—-Y

MAE — 2( p) ©

n
0B (N. Traial) RMSEr giat + MAE 7 4iai <N. Testing) RMSETem-ng + MAETestmg %

= * *
/ N.Total RZ jim + 1 N.Total R osting + 1

5. Results and Discussions

5.1 Linear Regression

The collected dataset was partitioned into training and testing data subsets following the analysis
procedure. Using the training data comprising 79 observations, Equation 8 was derived and subsequently
evaluated using the testing data set of 26 observations. Figure 18 illustrates the relationship between the
actual compressive strength of high-strength concrete modified with palm oil fuel ash and the predicted
compressive strength values for the same mixture, elucidating the efficacy of the obtained equation.

Equation 8 indicates that the water-to-binder ratio, sand content, and gravel content negatively influ-
ence the compressive strength, whereas the superplasticizer content and curing time exhibit the most sig-
nificant positive impact on compressive strength. Furthermore, as detailed in the analysis, the effect of silica
fume, cement content, and POFA follow in terms of their positive influence on compressive strength.

0P = 86.56 — 77.57 * w/b + 0.025 * C.C + 0.0017 * POFA + 0.075 % S.F — 0.04 = S.C — 0.001 = G.C
+23%S.P+ 0134 % T (8)
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Figure 18. Correlation between measured compressive strength and predicted compressive strength using
linear regression

5.2 Nonlinear Regression

Due to the potential nonlinearity in the relationship between the compressive strength (dependent
parameter) and various independent parameters (water-to-binder ratio, cement content, palm oil fuel ash
content, silica fume content, superplasticizer content, fine aggregate content, coarse aggregate content, and
curing time), a nonlinear model has been employed to formulate the model. Using a dataset consisting of
79 entries, Equation 9 has been derived and subsequently tested against a separate testing dataset compris-
ing 26 entries. Figure 19 depicts the correlation between the measured compressive strength and the pre-
dicted compressive strength obtained from Equation 9, showcasing the model's efficacy. Analysis of Equa-
tion 9 reveals that the water-to-binder ratio exerts the most significant negative influence on compressive
strength, followed by the proportions of sand and gravel. Conversely, curing time exhibits the most notable

positive impact on compressive strength values.
oP = —597.7 * w/b1.58 + 0.001 = C.C1.554 + 0.001 = POFA0.001 + 11.07 % S.F0.001 — 0.005 * S.C1.72

— 0.001 * G.C —0.554 + 21.1 * §.P0.001 + 26.6 * T0.2 9
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Figure 19. Correlation between measured compressive strength and predicted compressive strength using
non-linear regression

5.3 ANN

One aim of this research was to improve the Artificial Neural Network (ANN) performance by ex-
ploring various parameters such as the number of hidden layers, neurons, momentum, learning rate, and
iteration numbers. The goal was to identify the optimal configuration to generate the most precise forecasts
for the compressive strength of high-strength concrete mixtures containing palm oil fuel ash. Researchers
assessed the ANN model's effectiveness by utilizing distinct training and testing datasets to predict com-
pressive strength values based on specified input parameters. These forecasts were compared against ex-
perimentally determined compressive strengths of regular concrete mixtures incorporating palm oil fuel
ash. Analysis indicated that the ANN model surpassed other developed models in accuracy. Figure 20 com-
pares experimentally determined compressive strength values and those computed by the ANN model for
high-strength concrete modified with palm oil fuel ash in the training and testing datasets. The study illus-
trates that when configured with optimized parameters, the ANN model can predict the compressive
strength of high-strength concrete modified with palm oil fuel ash with an error margin of + 20%, whereas
other models exhibited errors within £25%. Although ANN-based models are highly effective for construc-
tion applications, a significant drawback is their opaque nature, limiting users' ability to interpret the mod-

el's internal mechanisms without conducting numerous trials.
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Figure 20. Correlation between measured compressive strength and predicted compressive strength using

5.4 Models Assessment

ANN

According to the findings outlined in Table 2, the ANN model stands out as the most effective and

trustworthy among the tested models. It exhibits a notably high coefficient of determination (R2) compared

to others and demonstrates lower root mean square and lower mean absolute error. Furthermore, the range

of values for the S falls between 0 and 0.1 for both training and testing datasets, indicating the exceptional

performance of the proposed model.

Table 2. Assessment tools value for proposed models

LR NLR ANN
Models

Training Testing  Training Testing  Training Testing
R? 0.467 0.44 0.817 0.806 0.98 0.93
RMSE (MPa) 15.01 17.371 8.789 10.217 4.88 6.5
MAE (MPa) 12.146 13.219 6.958 8.606 311 5.01
Sl 0.19 0.23 0.112 0.136 0.06 0.09
OBJ 23.09 - 992 - 621 -
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6. Conclusions

Following an extensive examination of 105 data points on the integration of palm oil fuel ash in High
Strength Concrete (HSC) as a cement alternative and the development of three distinct models, several
conclusions were drawn: The Artificial Neural Network (ANN) model outperformed the Linear Regression
(LR) and Non-linear Regression (NLR) models in predicting the compressive strength of high-strength
concrete. The ANN model showed superiority with higher values of the coefficient of determination (R2)
and lower values of Root Mean Square Error (RMSE), Objective Function (OBJ), Scatter Index (Sl), and
Mean Absolute Error (MAE). Using statistical assessment tools, the models were ranked from least to most
suitable: the LR model, due to its highest scatter index and lowest R2 values; the NLR model; and the ANN
model as the most suitable and superior performer. Analysis indicated that the water-to-binder ratio is the
most significant factor influencing the compressive strength of high-strength concrete. Incorporating palm
oil fuel ash as a partial cement replacement reduces the heat of hydration and extends the setting time. The
optimal percentage of palm oil fuel ash for use in concrete, without compromising mechanical properties,
is determined to be 30%.
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