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 High-strength concrete (HSC) is becoming popular as a result of its great 
strength and superior durability. Despite the fact that several supplementary 
cementitious materials (SCMs) have been explored in HSC, the use of locust bean 
pod ash (LBPA) as an SCM has not been considered. This study evaluated the use 
of LBPA as an SCM in HSC. The locust bean pod (LBP) underwent a two-hour 
calcination process in a furnace at a temperature of 600 °C. At 5%, 10%, 15%, 
and 20% by weight of cement, LBPA was used in place of cement. The slump, 
strength (compressive: 100 × 100 × 100 mm cubes; flexural: 100 × 100 × 400 
mm beam, and splitting tensile: 100 × 200 mm cylinder at 28 days), water 
absorption, resistance to sulfate and the effects of elevated temperatures were 
assessed. Mechanical properties of the concrete were statistically analyzed and 
optimized using linear Regression. The results showed that 5% LPBA 
replacement improved compressive, flexural and tensile strengths by 13.14%, 
6.42% and 7.08% respectively over the control samples. Additionally, LBPA 
improved the performance of concrete against water absorption, sulphate 
attack, and elevated temperatures. The optimized model of 15% LBPA had the 
highest accuracy with percentage errors of 5.89% and 2.78% for compressive 
and flexural strengths respectively, while 5% had the highest accuracy for tensile 
strength with percentage error of 3.08%. The study concludes that LBPA can be 
successfully used as an SCM in HSC, with a 10% recommended optimum 
replacement amount. 

 
© 2024 MIM Research Group. All rights reserved. 
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1. Introduction 

Due to urbanization, population expansion, and infrastructure development, concrete 
production has steadily increased over the past few decades; thus, concrete remains the 
most extensively utilized building material on the planet [1], [2]. Hence, the manufacturing 
of cement, which is the most crucial component of concrete which has increased to 3,500 
million tons in 2020 and is anticipated to hit 3,700–4,400 million tons by 2050 [3]. This 
increase in cement production has a corresponding negative effect on the environment. 
The production of cement alone produces 1,350 million tons of greenhouse emissions 
annually according to estimates [4]. Also, around 110kWh of energy and 1,500 kg of 
primary ingredients are needed to produce one ton of cement [5]. Moreso, the construction 
industry alone contributes to 50% global CO2 emission [6]. This environmental concern 
coupled with high cost of cement has led to the development of alternative construction 
materials. The shift from conventional to alternative materials is aimed principally at 
conservation of the environment, energy and natural resources associated with cement 
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production as well as cost reduction [7]–[10]. To achieve the above objectives, SCMs have 
been consistently used to reduce cement consumption in concrete production [11], [12]. 
Agricultural wastes and industrial byproducts have been utilized as SCMs in concrete 
production with resultant positive effects [12]–[17]. 

Concrete that has a defined compressive strength of 55 MPa or more is termed high 
strength concrete (HSC) [18]. It is characteristically used in applications where high 
strength and/or durability are required, such as high-rise buildings and bridges. It is 
advantageous over normal concrete due to better workability, greater strength and 
improved durability [19]. Pozzolans, such as fly ash and silica fume, are commonly 
employed as SCMs in HSC. These compounds enhance the strength of concrete by 
interacting with the hydration products of Portland cement, resulting in the production of 
more C-S-H gel, which is the constituent responsible for providing concrete with its 
strength [20]. For instance, in their study, [19] included rice husk ash (RHA) as a 
replacement for cement in HSC. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

 

(e) 

 

(f) 

 

(g) 

Fig. 1. Locust bean tree with ripe fruits (a), harvested locust bean fruit (b), locust bean pod 
(c), locust bean pod ash (d), cast concrete cubes, beams and cylinders (e), ‘demoulded’ 

concrete cubes (f), and a cube on a universal testing machine (g) 
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The varying percentages of rice husk ash used were 0%, 5%, 10%, 15%, and 20%. They 
obtained a cylindrical compressive strength of 56.2 MPa at 28 days of curing and concluded 
that 10% RHA was the optimum replacement level. Also, the effectiveness of Metakaolin 
(MK), Fly Ash (FA), and Silica Fume (SF) as SCMs on HSC was assessed by [21]. Under 
compression, the combinations outperformed the control mix. 

Table 1. Summary of nominated previous studies using LPBA as reported in literature 
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LBPA obtained from calcination of the African Locust Bean (Parkia biglobosa); a perennial 
tree species native to the west African Savannah has been utilized in production of 
concrete and mortar [22]–[24]. Figure 1 shows locust bean tree, ripe locust bean fruit, LBP, 
LBPA, LBPA concrete and Universal Testing Machine. 

The utilization of LBPA as SCM has been examined in numerous studies aimed at ensuring 
effective waste management, construction cost reduction and conservation of the 
environment [22], [24], [25]. Available literature reveals that concrete made with LBPA 
exhibits an appreciable level of strength and durability hence, it can be used to produce 
structural light weight concrete. In their study, [26] observed a progressive rise in strength 
with curing time. They found that the highest compressive strength of 28.44 N/mm2 was 
realized at 28 days when using 5% of LBPA, compared with the control mix which had a 
strength of 22.27 N/mm2. Similarly, [27]  found an increase in strength of LBPA mortar up 
to 15% and thence a decline. In the same vein, [28] also discovered that the tensile 
strengths of 20 and 40% LBPA concrete were higher than that of OPC concrete. The 
observed increase in strength can be attributed to the substantial surface area of LBPA, 
which facilitates the pozzolanic reaction leading to the formation of C-S-H gel. Additionally, 
[29]  reported an improvement in flexural strength as the curing period progressed. Some 
blends had greater strength than the control. Similarly, the utilization of LBPA has been 
demonstrated to enhance the performance of concrete in various aspects, including water 
absorption, sulphate resistance, shrinkage, and chloride permeability [28], [30]–[32]. A 
summary of selected works utilizing LBPA are in Table 1. 

Despite its vast potential and the extensive experimental work carried out to determine 
the properties of LBPA concrete, there is paucity of literature on the performance of LBPA 
in HSC as well as prediction models. This study is an attempt to assess the performance of 
LBPA on the properties of HSC. The impact of LBPA on properties of HSC comprising slump, 
compressive, tensile and flexural strengths as well as water absorption, resistance to 
sulphate attack and elevated temperatures were examined. Furthermore, the mechanical 
properties of the concrete were statistically modelled using Regression analysis. This study 
is expected to cause a reduction in construction cost, greenhouse gases, and cement 
consumption while ensuring efficient agricultural waste management and sustainability. 

2. Materials and Methods 

2.1. Materials 

The ordinary Portland cement (BUA brand, Nigeria, specific gravity: 3.15) conforming to 
BS EN 197 [36] was used in this research. The LBP was obtained from Makurdi, Benue 
state, Nigeria and thermally processed to ash (LBPA, specific gravity: 2.18, bulk density: 
875 kg/m3 and moisture content: 1.58%) in a furnace (600°C for 2 hours) and allowed to 
cool to room temperature before being sieved (75µm). The chemical compositions of OPC 
and LBPA was determined via XRF analysis (RaynyEDX-700/800, Shimadzu Corporation, 
Tokyo, Japan) at Umaru Musa Yar’Adua University, Katsina, Nigeria (Table 2). Sand 
collected from Benue River in Yola, Nigeria (passing through 4.75mm sieve, specific 
gravity: 2.67, bulk density: 1,626.04kg/m3 and moisture content: 2.48%) was used as fine 
aggregate. Crushed granite (maximum size 12.5 mm, specific gravity: 2.70, moisture 
content: 1.31% and bulk density: 1883.0 kg/m3) was used as coarse aggregate. SIKAMENT 
NNR which conforms to ASTM C494 [37] was the superplasticizer used. 
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Table 2. Chemical composition of OPC and LBPA 

Chemical Composition OPC LBPA 

SiO2 20.05 37.03 
Al2O3 5.27 3.11 
Fe2O3 3.54 2.67 
CaO 61.18 5.10 
MgO 0.93 5.85 
Na2O 1.01 0.00 
K2O 0.07 9.94 
SO3 

P2O5 

TiO2 

1.24 
- 
- 

2.99 
3.53 

- 

2.2. Methods 

Table 3 displays the mix design and slump values for the concrete. The LBPA as cement 
replacement material was evaluated (control mix, L00: 0%, L05: 5%, L10: 10%, L15: 15%, 
L20: 20%). The slump test was conducted on the freshly mixed concrete to determine its 
workability (BS EN 12350) [38]. 

Table 3. Mix design for LBPA concrete 

Mix 
No. 

OPC 
(kg/m3) 

LBPA 
(kg/m3) 

FA 
(kg/m3) 

CA 
(kg/m3) 

Water 
(kg/m3) 

SP 
(kg/m3) 

Slump  
(mm) 

 
L00 350 - 525 875 105 10.5 105 

L05 332.5 17.5 525 875 105 10.5 97 

L10 315 35 525 875 105 10.5 85 

L15 297.5 52.5 525 875 105 10.5 45 

L20 280 70 525 875 105 10.5 26 

2.2.1. Mechanical Properties 

2.2.1.1. Compressive Strength 

An evaluation of the concrete's compressive strength was carried out (BS EN 12390-4) 
[39]. Forty-five samples were cast in 100 mm steel cube moulds and cured in water (3, 7, 
and 28 days). Three samples were crushed at the conclusion of each curing procedure 
using the Civit Test Hydraulic Universal Testing Machine of 1000 kN capacity and at 
constant rate of 15 kN/s and the average taken. 

2.2.1.2. Flexural Strength 

The flexural strength of the concrete was evaluated (BS EN 12390-5) [40]. A total of forty-
five concrete specimens were cast in steel beam moulds (100 x 100 x 400mm long) and 
kept in water (3,7, and 28 days). Three samples were crushed at the conclusion of each 
curing regime. 

2.2.1.3. Splitting Tensile Strength 

Splitting tensile strength was determined (BS EN 12390-2) [41]. Forty-five concrete 
samples were cast in cylindrical moulds of 100mm diameter by 200mm long and cured in 
water (3, 7, and 28 days). 
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2.2.2. Durability of LBPA Concrete 

The durability of concrete is its ability to withstand deterioration caused by physical, 
mechanical or chemical factors during its service life in the form of acid attack, 
carbonation, alkali-aggregate reaction, freezing-thawing, leaching, sulphate attack among 
others [42]. To ensure that the HSC will be able to withstand the environmental conditions 
that it will be exposed to, the durability of the concrete was determined in terms of water 
absorption, resistance to sulfate and elevated temperatures. 

2.2.2.1. Water Absorption 

The standards of ASTM C642 [43]  were followed in order to conduct the water absorption 
test for the concrete. After 28 days at a temperature of 25 ± 2˚C, the concrete cubes (15) 
were cured. After heating the specimens in an oven at 110˚C for twenty-four hours, their 
weights (W1) were determined, and then they were immersed in water for twenty-four 
hours. After the specimens were brought out, the surfaces of the specimens were dried, 
and their weights were measured once more (W2). The formula for calculating the 
proportion of water absorbed was: 

𝑊𝐴 (%) =  |
𝑊2 − 𝑊1

𝑊1
 ×  100%| (1) 

2.2.2.2. Resistance to Sulphate Attack 

The cubes (60) underwent a curing process in water at ambient temperature (28 days). 
The sample cubes were thereafter soaked in 10% Magnesium sulphate (MgSO4) solution, 
adopted from works by [44]–[46]. At 7, 14, 21, and 28 days, samples' compressive strength 
was evaluated. 

2.2.2.3. Effect of Elevated Temperature 

The concrete specimens (90) were cured in water at 25 ± 2˚C (28 days). The samples were 
brought out of water and allowed to dry for 24 hours before being subjected to various 
elevated temperatures. Three concrete cubes were exposed for 2 hours to temperatures of 
100˚C, 200˚C, 300˚C, 400˚C, 500˚C, and 600˚C in a furnace, adopted from previous works by 
[47], [48]. After exposure to the required temperature range, the concrete samples were 
permitted to settle to room temperature before crushing them to determine their residual 
compressive strength. 

2.3. Model Optimization 

Concrete's compressive strength is regarded as the foremost significant mechanical 
characteristic, typically ascertained subsequent to a curing period of 28 days [49]–[51]. 
Because the widely used compressive strength factor is only available after 28 days, 
determining the strength of concrete requires time, preparation, and resources [52]. The 
development of a strength prediction model was based on the experimental findings 
depicted in Figure 2, utilizing the Statistical Package for Social Sciences (SPSS) Version 29. 
Multiple regression analysis is a statistical technique used to predict the value of a 
dependent variable based on a set of known independent variables. Multiple regression 
analysis provides evidence that the dependent variable Y is influenced by one or more 
independent variables (x1, x2, xk) [53]. The association between the anticipated dependent 
variable (Y) and the independent predictor variables (x1, x2, ..., xk) is expressed as: 

Y= α + β1x1 + β2x2 +……… βkxk + E……… (2) 

Where:  

α = constant on Y axis 
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Y = dependent variable 

x1 and x2 = independent variables 

α is the intercept, representing the value of Y on the regression plane when are both zero. 
β1, β2, and βk are the regression coefficients representing marginal change in Y associated 
with a unit change in the corresponding x variable, if the other x variable remains 
unchanged. For validation of the models, the percentages of error between experimental 
and predicted values of response variables were evaluated using Equation 3. 

𝐸𝑟𝑟𝑜𝑟 (%) =  |
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑉𝑎𝑙𝑢𝑒−𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑉𝑎𝑙𝑢𝑒
 ×  100%|  (3) 

3. Results and Discussion 

3.1.1. Slump 

The slump values of the LBPA concrete exhibited a decline as the LBPA content increased. 
This finding is consistent with [22]. Because LBPA particles have a wide surface area, it is 
possible that their absorption of some water contributed to the decrease in workability. 
The decrease in workability can also be ascribed to the permeable characteristics of LBPA 
resulting from the existence of macro and meso-pores situated both internally and 
externally on the material, hence contributing to its substantial specific surface area [27]. 
During the process of mixing, the LBPA undergoes water absorption on its surface, 
resulting in a decrease in the amount of free water and a corresponding decrease in the 
slump value [54]. This is not only attributed to the particle size distribution of the LBPA, 
but also to its mean particle size and geometric shape. 

3.1.2. Compressive Strength 

The result presented in Figure 2 illustrates the compressive strength of LBPA HSC. The 
compressive strength improved with inclusion of LBPA and curing age. Concrete 
containing 5% LBPA was the strongest at 3-, 7- and 28-days having strength of 7.8%, 
11.1%, and 13.1% better than the control respectively. 

 

Fig. 2. Compressive strength of LBPA concrete 

The aforementioned outcome aligns with the discoveries made by [55] and [56] who stated 
that pozzolan mixes develop higher strength with curing age. The change in strength gains 
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between the LBPA concrete and the control is due to the pozzolanic interaction between 
LBPA and Ca (OH)2, which results in the creation of more C-S-H gel [42]. The strength 
declined beyond 10% replacement. The 28-day compressive strength of L15 and L20 were 
5.7 and 10.8 % lower than that of the OPC concrete with L20 having the lowest strength. 
The reduction in compressive strength at higher level of LBPA may be as a result of clinker 
dilution effect [57]. The optimum replacement level is 10% in agreement with [19] and 
[58] who utilized RHA and (MK) in HSC respectively. 

3.1.3. Flexural Strength 

The flexural strength behavior of LBPA HSC is similar to that of compressive strength 
(Figure 3). The result indicates that flexural strength increased with curing age consistent 
with [24], [29]. The flexural strength of L05 and L10 were 6.4 and 5.2% higher than control 
concrete at 28 days with L05 showing the best performance. The observed improvement 
in low-level LBPA substitution can perhaps be attributed to the heightened pozzolanic 
reaction and enhanced particle packing capacity of LBPA particles [59]. Beyond 10% 
substitution, the flexural strength declined. The lower flexural strength at higher LBPA 
content could be attributed to low pozzolanic reaction of LBPA. The observed reduction in 
flexural strength as the LBPA content increases can be attributed to two factors: the 
diluting effect of OPC and the poorer formation of C-S-H gel due to the pozzolanic reaction 
of LBPA [60]. 

 

Fig. 3. Flexural Strength of LBPA concrete 

3.1.4. Splitting Tensile Strength 

Both the curing age and the LBPA content contributed to an increase in the splitting tensile 
strength. It was observed that at 28 days, the tensile strength of L05 and L10 were 7.1 and 
5.9% higher than the control concrete. [28] obtained similar result. The 28-day tensile 
strength of the reference sample was 4.24 N/mm2 whereas that of LBPA concrete ranged 
between 94 and 106% of the control with concrete containing 5% and 20% LBPA content 
having the highest and least strengths, respectively. The observed improvement in low-
level LBPA substitution can perhaps be attributed to the heightened pozzolanic reaction 
and enhanced particle packing capacity of LBPA particles [59]. The optimum substitution 
was found to be 10%, same reported by [58] using MK blended mix. 
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Fig. 4. Tensile Strength of LBPA Concrete 

3.2. Durability Properties 

3.2.1. Water Absorption 

The water uptake of LBPA concrete is between 2.2% and 3.8% with 5% LBPA contributing 
to the lowest water absorption (Table 4). The rise in LBPA level was accompanied by an 
increase in the water absorption. However, given that the quantity of water consumed is 
less than 10%, all of the concretes fall within the category of high-quality concrete [2]. The 
inclusion of LBPA content led to a reduction in water migration into the concrete, resulting 
in a decrease in porosity and an increase in impermeability compared to the control 
sample. This was accomplished by the process of infilling the spaces, resulting in a decrease 
in potential pathways for the intrusion of water [28]. The resistance to water intrusion is 
due to the secondary C-S-H gel that develops during the pozzolanic reaction and covers the 
gaps within the LBPA structure, resulting in denser and more impermeable concrete. The 
decreased water absorption value reflects the diminished porosity and restricted pore 
connectivity of the LBPA concrete [61]. [62] also reported less water absorption in ternary 
concrete containing MK and FA. Similarly, [63] found that concrete made from palm oil fuel 
ash (POFA) and MK concrete absorbs less water than OPC concrete. Thus, inclusion of 
pozzolans reduces the water uptake of concrete. 

Table 4. Water Absorption of LBPA Concrete 

Mix Designation Water Absorption (%) 

L00 3.2 

L05 2.2 

L10 2.6 

L15 3.3 

L20 3.8 

3.2.2. Resistance to Sulphate Attack 

The LBPA concrete showed better resistance to MgSO4 than the control concrete (Figure 
5) with LB05 demonstrating the highest resistance. The compressive strength decreased 
by 18.12%, 11.46%, 14.45%, 13.94%, and 16.53 % for L00, L05, L10, L15 and L20 
respectively after 28 days’ immersion MgSO4 solution. The resistance may be attributed to 
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the silicate gel produced during hydration processes which coats and binds the matrix 
together and prevents the detrimental effects of sulphate on the concrete construction 
[28]. Another reason could be that the pozzolanic reaction caused by LBPA results in the 
production of extra binding gel, which leads to the formation of concrete that is more 
compact. The pozzolanic reaction may have been responsible for the consumption of 
calcium hydroxide, which may have led to the formation of ettringite, which ultimately had 
an effect on the concrete [64]. This is because pozzolans are known to enhance concrete’s 
resistance against Sulphate attack [65]. 

 

Fig. 5. Compressive strength of LBPA Concrete after Immersion in MgSO4. 

3.2.3. Performance Against Elevated Temperature 

The correlation between compressive strength and temperature is illustrated in Figure 6. 
There was a variable change in the compressive strength of LBPA concrete as the 
temperature increased. The study observed a sharp decline in compressive strength at 
100˚C, thence an increase at 200 ˚C. As temperatures rise, water in the concrete dissipates, 
exposing a greater proportion of the cementitious components and resulting in a decrease 
in binding strength between the binder and aggregates.  

 

Fig. 6. Compressive Strength of LBPA concrete at elevated temperature 
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During the dehydrating process, there is an initial decrease in compressive strength 
followed by an increase [66]. Generally, it was observed that the specimens had better 
performance at 200 and 400˚C with increase in strength while the worst performance was 
recorded at 600˚C. L05 had the best performance at temperature of 400˚C with a 68.21% 
increase in compressive strength from 300˚C. This observation is consistent with the one 
made by [47] who had the best performance at 200˚C and 400˚C with a drastic strength 
loss at 800˚C when they subjected MK blended cement paste to elevated temperatures. The 
low content of the LBPA was responsible for the thermal stability of the composite. This 
may be attributed to the chemical decomposition of the already depleted C-S-H in the 
blends [67]. The specimens recorded lower compressive strength at 100˚C and 600˚C. 
Therefore, the thermal stability of LBPA concrete could be achieved at 10% replacement 
respectively. 

3.3.1. Evaluation of Statistical Model 

Equations 4, 5, and 6 show the regression equations for the compressive, flexural, and 
splitting tensile strengths of LBPA concrete models. 

FCS = 36.665 – 0.329 (x1) + 0.875 (x2) (4) 

FFS = 4.774 – 0.020 (x1) + 0.051 (x2) (5) 

FTS = 3.345 – 0.015 (x1) + 0.040(x2) (6) 

Where: 

Fcs= concrete compressive strength the concrete 

FFS = flexural strength 

FTS = concrete splitting tensile strength 

x1 = percentage replacement of cement by LBPA 

x2 = curing age 

The multiple regression analysis findings are presented in Table 5. According to the 
coefficient of determination (R2) values of 82.2, 80.1, and 80.6% for the compressive, 
flexural, and tensile strengths, respectively, the differences in LBPA content and curing age 
have a considerable impact on the variation in concrete strengths indicating a strong 
correlation. 

Table 5. Results of the multiple regression analysis. 

Strength 
Property 

Model R R-squared 
Adjusted R-

squared 
Std. error of 
the estimate 

      
Compressive 1 0.907 0.822 0.792 5.1376 

      
Flexural 2 0.895 0.801 0.768 0.32256 

      
Tensile 3 0.898 0.806 0.773 0.24814 

 

The p-value presented in Table 6 provides an assessment of the overall statistical 
significance of the model. At a significance level of 0.05, the P-value is less than 0.001 for 
both LBPA content and age of curing of concrete. This indicates that both variables are 
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highly significant (P < 0.05), suggesting that the variation in the concrete compressive, 
splitting tensile, and flexural strengths can be attributed to the LBPA content and age of 
curing. The emerged model indicates that 82.2, 80.1, and 80.6% of the variation in 
compressive, flexural and tensile strengths of LBPA concrete can be explained by the two 
variables (LBPA content and curing age). 

Table 6. Analysis of variance (ANOVA) showing the significance of the regression model. 

 Model  Sum of 
squares 

df Mean 
Square 

F  Sig. 

Compressive 1 Regression 1461.314 2 730.657 27.681 < 0.01 
  Residual 316.742 12 26.395   
  Total 1778.056 14    
        

Flexural 2 Regression 5.021 2 2.511 24.130 < 
0.001 

  Residual 1.249 12 0.104   
  Total 6.270 14    
        

Tensile 3 Regression 3.064 2 1.532 24.883 < 
0.001 

  Residual 0.739 12 0.062   
  Total 3.803 14    

 

The coefficients of the independent variables in the regression equation are shown in the 
B-column of Table 7. The statistical analysis of the Table reveals that both the LBPA content 
and curing age have a substantial impact on the anticipated strengths. This is supported by 
the fact that the p-value for curing age is less than 0.001. The t-values quantify the degree 
of influence that each variable has on the projected strengths. Hence, the t-values and 
corresponding p-values provide evidence about the statistical significance of the effects of 
LBPA content and curing age on the predictive capability of LBPA concrete strength. 

Table 7. Coefficients of the independent variables in the regression equation. 

   B 
Std. 

error 
Beta T 

p-
value 

Compressive 1 Constant 36.665 2.762  13.276 
< 

0.001 

  
% 

Replacement 
-0.329 0.188 -0.23 -1.752 0.105 

  Curing Age 0.875 0.121 0.881 7.231 
< 

0.001 
        

Flexural 2 Constant 4.774 0.173  27.532 
< 

0.001 

  
% 

Replacement 
-0.020 0.012 -0.219 -1.698 0.115 

  Curing Age 0.051 0.008 0.868 6.736 
< 

0.001 
        

Tensile 3 Constant 3.345 0.133  25.080 
< 

0.001 

  
% 

Replacement 
-0.015 0.009 -0.217 -1.707 0.114 

  Curing Age 0.040 0.006 0.871 6.845 
< 

0.001 
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Fig. 7. Normal probability plot for a. Compressive strength b. Flexural strength c. 

Tensile strength 
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Figure 7 is the Normal Probability plot for the strength (compressive, flexural and tensile) 
models of LBPA concrete. The data points exhibit a close proximity to the linear regression 
line, suggesting that the residuals follow an approximated normal distribution. 

3.3.2. Validation of the Model 

The optimized model's validity is displayed in Table 8. In engineering contexts, a 20% 
margin of error is considered to be acceptable  [68], [69].  From the table, all the response 
variable are within the acceptable limits with L15 having the best accuracy for compressive 
and flexural strengths respectively while L05 had the highest accuracy for tensile strength. 
This shows that all the optimized prediction models in relation to percentages of LBPA are 
adequate for design prediction. 

Table 8. Validation of optimized models. 

Replace
ment 
Level 

Compressive 
Strength 
(N/mm2) 

Perce
ntage 
Error 
(%) 

Flexural 
Strength 
(N/mm2) 

Perce
ntage 
Error 
(%) 

Tensile Strength 
(N/mm2) 

Perce
ntage 
Error 
(%) Experi

mental 
Predi
cted 

Experi
mental 

Predi
cted 

Experi
mental 

Predi
cted 

0 56.3 61.17 8.65 5.92 6.20 4.73 4.24 4.47 5.42 

5 63.7 59.52 6.56 6.30 6.10 3.17 4.54 4.40 3.08 

10 62.3 57.88 7.10 6.23 6.00 3.69 4.49 4.32 3.77 

15 53.1 56.23 5.89 5.75 5.91 2.78 4.11 4.24 3.16 

20 50.2 54.59 8.75 5.58 5.80 3.94 3.98 4.17 4.77 

4. Conclusions 

The performance of HSC containing LBPA as cement replacement was investigated in this 
study. The LBPA was obtained by thermal digestion of LBP at 600°C for 2 hours. The slump, 
strengths, water absorption, resistance to sulphate, and the effects of elevated 
temperatures were assessed, after initial curing in water for 28 days. Results from the 
study revealed that slump values decrease with increase in LBPA content in the HSC with 
the lowest value of 26mm for the 20% replacement. The strength (compressive, flexural 
and tensile) of concrete improved by 13.14%, 6.42% and 7.08% respectively over the 
control samples at 5% replacement level. Additionally, LBPA improved the durability of 
concrete in terms of water absorption, resistance to sulphate action and elevated 
temperatures. Water absorption decreased with increase in LBPA content recording the 
lowest value of 2.2% over control samples at 5% replacement level. The compressive 
strength decreased by 18.12%, 11.46%, 14.45%, 13.94%, and 16.53% for L00, L05, L10, 
L15, and L20 respectively after 28 days’ immersion in MgSO4; implying that LBPA 
improves the resistance of concrete against MgSO4. The compressive strength of LBPA 
concrete fluctuated with increase in temperature; providing a better resistance at 
temperatures of 200°C and 400°C compared to OPC concrete as a result of low pozzolanic 
activity. The optimized model of L15 had the highest accuracy with percentage errors of 
5.89% and 2.78% for compressive and flexural strengths respectively while L05 had the 
highest accuracy for tensile strength with percentage error of 3.08%. The study concludes 
that LBPA can be used successfully as an SCM in HSC. Thus, 10% optimum replacement 
amount is recommended. The findings of the study are comparable with previous work 
carried out by [70], [71] utilizing POFA and bamboo leaf ash in HSC respectively. The study 
further recommends that the effect of the use of additional pozzolans together with LBPA 
in HSC be studied. Additionally, the performance of LBPA in geopolymer and self-
compacting concrete should be studied. Finally, the environmental impacts and the 
economic aspects of using LBPA should be investigated. 



Isa et al. / Research on Engineering Structures & Materials 10(1) (2024) 71-89 

 

85 

Acknowledgement 

The authors gratefully acknowledge the Petroleum Technology Development Fund (PTDF) 
under the Federal Ministry of Petroleum, Nigeria, for funding the work in collaboration 
with Universiti Sains Malaysia as part of a PhD research programme. 

References 

[1] Faraj RH, Mohammed AA, Omer KM. Self-compacting concrete composites modified 
with nanoparticles: A comprehensive review, analysis and modeling. Journal of 
Building Engineering. 2022; 50:104170. https://doi.org/10.1016/j.jobe.2022.104170  

[2] Neville AM. Properties of Concrete. Prentice Hall; 2012. 
[3] Madeleine R. Emissions from the Cement Industry. Earth Institute, Columbia University, 

Columbia. 2012. 
[4] Cleetus A, Shibu R, Kurian Paul V, Jacob B. Analysis and Study of the Effect of GGBFS on 

Concrete Structures. International Research Journal of Engineering and Technology. 
2018. 5(3):3033-7. 

[5] Ahmad W, Ahmad A, Ostrowski KA, Aslam F, Joyklad P, Zajdel P. Sustainable approach 
of using sugarcane bagasse ash in cement-based composites: A systematic review. Case 
Studies in Construction Materials. 2021 Dec 1;15. 
https://doi.org/10.1016/j.cscm.2021.e00698  

[6] Arrigoni A, Panesar DK, Duhamel M, Opher T, Saxe S, Posen ID, et al. Life cycle 
greenhouse gas emissions of concrete containing supplementary cementitious 
materials: cut-off vs. substitution. J Clean Prod. 2020; 263:121465. 
https://doi.org/10.1016/j.jclepro.2020.121465  

[7] Alabadan B, Olutoye M, Abolarin MS. Partial replacement of ordinary Portland cement 
(OPC) with bambara groundnut shell ash (BGSA) in concrete. Leonardo Electronic 
Journal of Practices and Technologies. 2005; (6):43-8. 

[8] Ramlochan T, Thomas M, Gruber KA. Effect of metakaolin on alkali-silica reaction in 
concrete. Cem Concr Res. 2000; 30(3):339-44. https://doi.org/10.1016/S0008-
8846(99)00261-6  

[9] Ahsan MB, Hossain Z. Supplemental use of rice husk ash (RHA) as a cementitious 
material in concrete industry. Constr Build Mater. 2018; 178:1-9. 
https://doi.org/10.1016/j.conbuildmat.2018.05.101  

[10] Rashad AM. An exploratory study on high-volume fly ash concrete incorporating silica 
fume subjected to thermal loads. J Clean Prod. 2015; 87(1):735-44. 
https://doi.org/10.1016/j.jclepro.2014.09.018  

[11] Pacewska B, Wilińska I. Usage of supplementary cementitious materials: advantages 
and limitations: Part I. C-S-H, C-A-S-H and other products formed in different binding 
mixtures. J Therm Anal Calorim. 2020; 142(1):371-93. 
https://doi.org/10.1007/s10973-020-09907-1  

[12] Patil S, Patel TH. Performance of rice husk ash, silica fume, and quarry dust-based 
glass fibre reinforced concrete subjected to acid attack. Mater Today Proc. 2022; 
66:2315-21. https://doi.org/10.1016/j.matpr.2022.06.231  

[13] Zeyad AM, Khan AH, Tayeh BA. Durability and strength characteristics of high-
strength concrete incorporated with volcanic pumice powder and polypropylene 
fibers. Journal of Materials Research and Technology. 2020; 9(1):806-18. 
https://doi.org/10.1016/j.jmrt.2019.11.021 

[14] Tayeh BA, Alyousef R, Alabduljabbar H, Alaskar A. Recycling of rice husk waste for a 
sustainable concrete: A critical review. J Clean Prod. 2021; 312:127734. 
https://doi.org/10.1016/j.jclepro.2021.127734  

[15] Nwofor T, Sule S. Stability of groundnut shell ash (GSA)/ordinary Portland cement 
(OPC) concrete in Nigeria. Advances in Applied Science Research. 2012; 3(4):2283-7. 

https://doi.org/10.1016/j.jobe.2022.104170
https://doi.org/10.1016/j.cscm.2021.e00698
https://doi.org/10.1016/j.jclepro.2020.121465
https://doi.org/10.1016/S0008-8846(99)00261-6
https://doi.org/10.1016/S0008-8846(99)00261-6
https://doi.org/10.1016/j.conbuildmat.2018.05.101
https://doi.org/10.1016/j.jclepro.2014.09.018
https://doi.org/10.1007/s10973-020-09907-1
https://doi.org/10.1016/j.matpr.2022.06.231
https://doi.org/10.1016/j.jclepro.2021.127734


Isa et al. / Research on Engineering Structures & Materials 10(1) (2024) 71-89 

 

86 

[16] Ochola AB, Ahmadu AM, Balarabe Bala A. Sugarcane Bagasse Ash and Locust Beans 
Waste Ash as a Replacement for Cement in Concrete. International Journal of African 
Sustainable Development. 2021;16(2):301-8. 

[17] V. M. Malhotra, V. S. Ramachandran, R. F. Feldman, and P. C. A'itcin, Condensed silica 
fume in concrete. CRC Press, 2018. https://doi.org/10.1201/9781351070843  

[18] ACI Committee (ACI 363R). High-Strength Concrete. Special Publication. 2010; 
228:79-80. 

[19] Nursyamsi N, Aruan AF. Application of rice husk ash in high strength concrete. IOP 
Conf Ser Mater Sci Eng. 2021; 1122(1):012013. https://doi.org/10.1088/1757-
899X/1122/1/012013  

[20] Fernando A, Selvaranjan K, Srikanth G, Gamage JCPH. Development of high strength 
recycled aggregate concrete-composite effects of fly ash, silica fume and rice husk ash 
as pozzolans. Materials and Structures/Materiaux et Constructions. 2022; 55(7):1-22. 
https://doi.org/10.1617/s11527-022-02026-3  

[21] Banjare A, Jaiswal SK. Influence of Supplementary Cementitious Materials on High 
Strength Concrete. IJSRD-International Journal for Scientific Research & Development. 
2017; 5:2321-0613. 

[22] Afolayan JO, Oriola FOP, Sani JE. Experimental Investigation of the Effect of Partial 
Replacement of Cement in Concrete with Locust Bean Waste Ash. International Journal 
of Engineering and Applied Sciences. 2018; 5(12):42-7. 

[23] Akpenpuun TD, Akinyemi B, Olawale O, Aladegboye OJ, Adesina OI. Mechanical and 
Structural Characteristics of Cement Mortars Blended with Locust Bean Pod Ash. 
Agricultural Engineering International: CIGR Journal. 2019; 21(4):48-55. 

[24] Auta SM, Anthony AI, Amadi AA. Flexural Strength of Reinforced and Revibrated 
Concrete Beams Using Locust Bean Pod Epicarp Ash as Replacement for Cement. 
Journal of Civil Engineering, A Publication of NICE. 2020;12(2). 

[25] Aliyu SD, Ma'aruf A, Farouq MM, Dawusu SU. Stabilization of Lateritic Soil Using 
Powdered Locust Bean Pod 'Makuba". In: International Journal of Engineering & 
Science Research. 2018; 249-55. 

[26] Auta SM, Kabiru A. Effect of Locust Bean Pod Epicarp Ash (Lbpea) on the Compressive 
Strength of Revibrated Concrete. Construction of Unique Buildings and Structures. 
2020; 90(9002). 

[27] Akpenpuun TD, Akinyemi BA, Olawale O, Aladegboye OJ, Adesina OI. Physical, 
mechanical and microstructural characteristics of cement-locust bean pod ash mortar 
blend. Journal of Applied Sciences and Environmental Management. 2019; 21(4):377. 
https://doi.org/10.4314/jasem.v23i3.1  

[28] Yalley PP. Mechanical and Durability Properties of Engineered Cementitious 
Composite Containing High Volume of Pozzolanic admixture. American Journal of 
Engineering Research. 2019; 8(4):229-35. 

[29] Olubajo OO, Jibril A, Osha OA. Effect of Locust Bean Pod Ash and Eggshell Ash on the 
Mortar Compressive and Flexural Strengths of Cement Blends. Path of Science. 2020; 
6(3):4001-16. https://doi.org/10.22178/pos.56-2  

[30] Ikumapayi C. Optimisation of Selected Pozzolanic Concrete Mixes for Improved 
Strength and Durability of Concrete. Federal University of Technology Akure 
Information Repository. 2016. 

[31] Ikumapayi CM, Akingbomire SL. Effects of Bamboo Leaf and Locust Beans Pod Ashes 
on Autogenous Shrinkage Strain and Compressive Strength of Mortar. FUTA Journal of 
Engineering and Engineering Technology. 2018; 12(1):49-53. 

[32] Ikumapayi CM, Akingbonmire SL, Oni O. The Influence of Partial Replacement of Some 
Selected Pozzolans on the Drying Shrinkage of Concrete. Guigoz Sci Rev. 2019; 
(511):189-97. https://doi.org/10.32861/sr.511.189.197  

https://doi.org/10.1201/9781351070843
https://doi.org/10.1088/1757-899X/1122/1/012013
https://doi.org/10.1088/1757-899X/1122/1/012013
https://doi.org/10.1617/s11527-022-02026-3
https://doi.org/10.4314/jasem.v23i3.1
https://doi.org/10.22178/pos.56-2
https://doi.org/10.32861/sr.511.189.197


Isa et al. / Research on Engineering Structures & Materials 10(1) (2024) 71-89 

 

87 

[33] Ja'e IA, Sulaiman TA, Abdurrahman AA. Evaluation of Pozzolanic Materials and Their 
Influence Cement and Workability Retention of Concrete. Nigerian Journal of Scientific 
Research. 2019; 18. 

[34] Ali H, Babatunde RI, Adejoh BO. Investigation of Locus Beans Waste Ash as Partial 
Replacement for Cement in Concrete Structures. International Journal of Advances in 
Scientific Research and Engineering. 2019; 5(4):149-53. 
https://doi.org/10.31695/IJASRE.2019.33133  

[35] Olu OO, Osha OA, Jibril A. Setting Times of Portland Cement Blended with Locust Bean 
Pod and Eggshell Ashes. American Journal of Chemical Engineering. 2020; 8(5):103. 
https://doi.org/10.11648/j.ajche.20200805.11  

[36] BS EN 197-1. Cement. Composition, specifications and conformity criteria for common 
cements. British Standards Institution. 2019; 56. 

[37] ASTM C494/C494M. Standard Specification for Chemical Admixtures for Concrete. 
American Society for Testing and Materials. 2022 

[38] BS EN 12350. Testing fresh concrete. British Standards Institution. 2019. 
[39] BS EN 12390-4. Testing hardened concrete Compressive strength. Specification for 

testing machines. European Standards; 2019. 
[40] BS EN 12390-5. Testing hardened concrete. Flexural strength of test specimens. 

British Standards Institution. 2019. 
[41] BS EN 12390-6. Testing hardened concrete. Tensile splitting strength of test 

specimens. British Standards Institution. 2019. 
[42] Neville AM, Brooks JJ. Concrete technology. 2nd ed. London: Prentice Hall; 2010. 
[43] ASTM C642. Standard Test Method for Density, Absorption, and Voids in Hardened 

Concrete. American Society of Testing and Materials. 2021. 
[44] Ambrose EE, Ogirigbo OR, Ekop IE. Compressive Strength and Resistance to Sodium 

Sulphate Attack of Concrete Incorporated with Fine Aggregate Recycled Ceramic Tiles. 
Journal of Applied Sciences and Environmental Management. 2023 ;27(3):465-72. 
https://doi.org/10.4314/jasem.v27i3.9  

[45] Tang Z, Li W, Ke G, Zhou JL, Tam VWY. Sulfate attack resistance of sustainable concrete 
incorporating various industrial solid wastes. J Clean Prod. 2019; 218:810-22. 
https://doi.org/10.1016/j.jclepro.2019.01.337  

[46] Mohammadhosseini H, Lim NHAS, Tahir MM, Alyousef R, Samadi M, Alabduljabbar H, 
et al. Effects of Waste Ceramic as Cement and Fine Aggregate on Durability 
Performance of Sustainable Mortar. Arab J Sci Eng. 2020; 45(5):3623-34. 
https://doi.org/10.1007/s13369-019-04198-7  

[47] Wang W, Liu X, Guo L, Duan P. Evaluation of Properties and Microstructure of Cement 
Paste Blended with Metakaolin Subjected to High Temperatures. Materials. 2019; 
12(6):941. https://doi.org/10.3390/ma12060941  

[48] Tanyildizi H, Şahin M. Application of Taguchi method for optimization of concrete 
strengthened with polymer after high temperature. Constr Build Mater. 2015; 79:97-
103. https://doi.org/10.1016/j.conbuildmat.2015.01.039  

[49] Krishnya S, Yoda Y, Elakneswaran Y. A two-stage model for the prediction of 
mechanical properties of cement paste. Cem Concr Compos. 2021; 115:103853. 
https://doi.org/10.1016/j.cemconcomp.2020.103853  

[50] Nithurshan M, Elakneswaran Y. A systematic review and assessment of concrete 
strength prediction models. Case Studies in Construction Materials. 2023;18. 
https://doi.org/10.1016/j.cscm.2023.e01830 

[51] Saloma, Nasution A, Imran I, Abdullah M. Improvement of Concrete Durability by 
Nanomaterials. Procedia Eng. 2015; 125:608-12. 
https://doi.org/10.1016/j.proeng.2015.11.078  

[52] Ma S, Shi X, Yu C, Wang W, Ren Y, Tian X. Research on Improved BP Neural Network 
Gangue Powder Concrete Compressive Strength Prediction Model. 2020;419-23. 
https://doi.org/10.1109/ITAIC49862.2020.9339112  

https://doi.org/10.31695/IJASRE.2019.33133
https://doi.org/10.11648/j.ajche.20200805.11
https://doi.org/10.4314/jasem.v27i3.9
https://doi.org/10.1016/j.jclepro.2019.01.337
https://doi.org/10.1007/s13369-019-04198-7
https://doi.org/10.3390/ma12060941
https://doi.org/10.1016/j.conbuildmat.2015.01.039
https://doi.org/10.1016/j.cemconcomp.2020.103853
https://doi.org/10.1016/j.proeng.2015.11.078
https://doi.org/10.1109/ITAIC49862.2020.9339112


Isa et al. / Research on Engineering Structures & Materials 10(1) (2024) 71-89 

 

88 

[53] Blaikie NWH. Analyzing quantitative data: from description to explanation. SAGE 
Publications; 2003. https://doi.org/10.4135/9781849208604  

[54] Cordeiro GC, Toledo Filho RD, Tavares LM, Fairbairn EMR. Experimental 
characterization of binary and ternary blended-cement concretes containing ultrafine 
residual rice husk and sugar cane bagasse ashes. Constr Build Mater. 2012; 29:641-6. 
https://doi.org/10.1016/j.conbuildmat.2011.08.095  

[55] Aquino W, Lange DA, Olek J. The influence of metakaolin and silica fume on the 
chemistry of alkali-silica reaction products. Cem Concr Compos. 2001; 23(6):485-93. 
https://doi.org/10.1016/S0958-9465(00)00096-2  

[56] Ahmadi M, Alidoust O, Sadrinejad I, Nayeri MD. Development of Mechanical Properties 
of Self Compacting Concrete Contain Rice Husk Ash. International Journal of Computer, 
Information, and Systems Science and Engineering. 2007;1(4):259-262. 

[57] Ramezanianpour AA, Bahrami JH. Influence of metakaolin as supplementary 
cementing material on strength and durability of concretes. Constr Build Mater. 2012; 
30:470-9. https://doi.org/10.1016/j.conbuildmat.2011.12.050 

[58] Dinakar P, Sahoo PK, Sriram G. Effect of Metakaolin Content on the Properties of High 
Strength Concrete. Int J Concr Struct Mater. 2013;7(3):215-23. 
https://doi.org/10.1007/s40069-013-0045-0  

[59] Siddique R, Klaus J. Influence of metakaolin on the properties of mortar and concrete: 
A review. Appl Clay Sci. 2009; 43(3-4):392-400. 
https://doi.org/10.1016/j.clay.2008.11.007 

[60] Prasanphan S, Sanguanpak S, Wansom S, Panyathanmaporn T. Effects of ash content 
and curing time on compressive strength of cement paste with rice husk ash. 
thaiscience. 2010; 7(3). 

[61] Jindal BB, Jangra P, Garg A. Effects of ultra fine slag as mineral admixture on the 
compressive strength, water absorption and permeability of rice husk ash based 
geopolymer concrete. Mater Today Proc. 2020; 32:871-7. 
https://doi.org/10.1016/j.matpr.2020.04.219  

[62] Güneyisi E, Gesoǧlu M, Algin Z, Mermerdaş K. Optimization of concrete mixture with 
hybrid blends of metakaolin and fly ash using response surface method. Compos B Eng. 
2014; 60:707-15. https://doi.org/10.1016/j.compositesb.2014.01.017  

[63] Ismail MH, Megat Johari MA, Ariffin KS, Jaya RP, Wan Ibrahim MH, Yugashini Y. 
Performance of High Strength Concrete Containing Palm Oil Fuel Ash and Metakaolin 
as Cement Replacement Material. Advances in Civil Engineering. 2022; 2022:1-11. 
https://doi.org/10.1155/2022/6454789  

[64] Muthusamy K, Wan Ahmad S, Hashim MH, Mohamad N, Kirgiz MS, Kamarudin MAA, 
et al. Sulphate resistance of lightweight aggregate concrete comprising sieved palm oil 
fuel ash as fine aggregate replacement. Mater Today Proc. 2022; 66:2536-40. 
https://doi.org/10.1016/j.matpr.2022.07.077  

[65] Ahmad Zawawi MNA, Muthusamy K, P.P. Abdul Majeed A, Muazu Musa R, Mokhtar 
Albshir Budiea A. Mechanical properties of oil palm waste lightweight aggregate 
concrete with fly ash as fine aggregate replacement. Journal of Building Engineering. 
2020; 27. https://doi.org/10.1016/j.jobe.2019.100924  

[66] Shen J, Xu Q. Effect of elevated temperatures on compressive strength of concrete. 
Constr Build Mater. 2019; 229:116846. 
https://doi.org/10.1016/j.conbuildmat.2019.116846  

[67] Nwankwo PO, Achuenu E. Effects of Fibre Treatment on the Properties of Sisal Fibre 
Reinforced Ternary Concrete. Int J Sci Eng Res. 2014; 5(8). 

[68] Manan TSBA, Kamal NLM, Beddu S, Khan T, Mohamad D, Syamsir A, et al. Strength 
enhancement of concrete using incinerated agricultural waste as supplementary 
cement materials. Sci Rep [Internet]. 2021; 11(1). https://doi.org/10.1038/s41598-
021-92017-1  

https://doi.org/10.4135/9781849208604
https://doi.org/10.1016/j.conbuildmat.2011.08.095
https://doi.org/10.1016/S0958-9465(00)00096-2
https://doi.org/10.1007/s40069-013-0045-0
https://doi.org/10.1016/j.matpr.2020.04.219
https://doi.org/10.1016/j.compositesb.2014.01.017
https://doi.org/10.1155/2022/6454789
https://doi.org/10.1016/j.matpr.2022.07.077
https://doi.org/10.1016/j.jobe.2019.100924
https://doi.org/10.1016/j.conbuildmat.2019.116846
https://doi.org/10.1038/s41598-021-92017-1
https://doi.org/10.1038/s41598-021-92017-1


Isa et al. / Research on Engineering Structures & Materials 10(1) (2024) 71-89 

 

89 

[69] Baji H. The effect of uncertainty in material properties and model error on the 
reliability of strength and ductility of reinforced concrete members. Material Science. 
2014. 

[70] Tangchirapat W, Jaturapitakkul C, Chindaprasirt P. Use of palm oil fuel ash as a 
supplementary cementitious material for producing high-strength concrete. Constr 
Build Mater. 2009; 23(7):2641-6. https://doi.org/10.1016/j.conbuildmat.2009.01.008  

[71] Odeyemi SO, Atoyebi OD, Kegbeyale OS, Anifowose MA, Odeyemi OT, Adeniyi AG, et al. 
Mechanical properties and microstructure of High-Performance Concrete with bamboo 
leaf ash as additive. Clean Eng Technol. 2022; 6. 
https://doi.org/10.1016/j.clet.2021.100352  

https://doi.org/10.1016/j.conbuildmat.2009.01.008
https://doi.org/10.1016/j.clet.2021.100352

	cover
	resm2023.837ma0802m

