


[bookmark: _Toc146209550]Original Research Article
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Abstract 
The resilience of palm kernel based concrete to environments containing sodium chloride (NaCl) and sulphric acid (H2SO4) solutions is evaluated in this study. These solutions when in contact with concrete may compromise the performance of the concrete. Therefore in the bid to include palm kernel shell based concrete as a sustainable alternative material to traditional concrete material, it is essential to assess its durability in different exposure conditions. Palm kernel shells aggregates replaced 0 to 20 % of natural coarse aggregates and the fresh and hardened properties of the resulting concrete was evaluated. Additionally, the different concrete specimens produced were exposed to 5% NaCl and 5% H2SO4 solutions for a period of 7, 14 and 28 days. The change in mass and compressive strength after these periods were evaluated. Experimental results indicated that when exposed to the solutions, the PKS-based concrete experienced mass loss, with sulfuric acid causing greater deterioration (6.13% to 26.65% ) mass loss) than sodium chloride (0.22% to 0.54%). Compressive strength reductions followed a similar trend, with the H₂SO₄-exposed samples showing more significant strength degradation.
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Research studies in concrete technology advancement seeks to investigate the use of alternative sustainable materials for production of concrete while evaluating its suitability for diverse concrete applications. Many research studies have considered the use of varying sustainable materials which includes Palm kernel shells (PKS) (Fapohunda et al., 2021; Hamada et al., 2018; Okina et al., 2024). PKS have been used to particularly replace natural coarse aggregates in concrete production (Chinnu et al., 2021; Zawawi et al., 2020). Interestingly, coarse aggregates account for about 70 – 80% of the total volume of concrete (Alqarni et al., 2022; Kim et al., 2019). In the bid to safeguard the environment from the depletion of natural resources, their replacement with PKS as coarse aggregates in concrete production serves as a sustainable solution. Additionally, the use of PKS which is a waste material resolves the challenges related to the disposal of waste materials (Hamada et al., 2018; Okina et al., 2024). These challenges includes finding suitable location for waste storage and managing and reducing the total volume of waste generated (Kalisha & Munthali, 2024; Kumar et al., 2017). 	Comment by Reviewer K: author must add suggested articles because the literature and introduction is not strong enough.
Many research studies on the use of PKS in concrete production have explored its use for varying components of concrete as fine and coarse aggregates, supplementary cementitious material when ground into fine powder and many other uses (Azunna, 2019; Bediako et al., 2016; Boateng et al., 2023; Gibigaye et al., 2017; Olutoge et al., 2020) . For these research studies, the fresh properties, which includes workability and setting time, have been explored. In terms of the physical and hardened property evaluation, there has been studies on the density, porosity, water absorption, compressive strength, modulus of elasticity, split tensile strength, and modulus of rupture of palm kernel based concrete (Alqarni et al., 2022; Kim et al., 2019; Okina et al., 2024).  Most research studies have shown that the density of PKS based concrete is classified as lightweight with values between 1450 kg/m3 to 2042 kg/m3 depending on the replacement level of the PKS (Alsalami et al., 2018; Armah et al., 2019; Ogundipe et al., 2021). Alsalami, Harith and Dhahir (2018), reported that PKS, PKS ash used to produce concrete resulted in compressive strengths which were about 28 – 40 % lower than traditional concrete. For replacement levels which results in the optimum mechanical strength, past researchers have indicated that replacement levels beyond 20% is accompanied with reduced mechanical strength (Fanijo et al., 2020; Serge et al., 2020). There is the limitation of the evaluation of the durability of PKS based concrete materials. This is in terms of its resistance to different aggressive environments such as exposure to chlorides and acids.
Marine systems, ground, drainage systems and other structures that are made from concrete materials  may be exposed to aggressive environments such as chlorides and acids (Balestra, 2020; Kadam et al., 2017; Qu et al., 2021). Therefore, there is the need to investigate the resilience of concrete materials particular non – traditional  concrete such as the PKS based concrete. Even when subjected to harsh environmental conditions, traditional concrete materials have been found to deteriorate, leading to a compromise in their mechanical and physio-chemical properties. This degradation can ultimately result in a diminished resilience over their lifespan (Chikhi, 2024; Kurpińska & Haustein, 2021; Pernicová & Dobiáš, 2016). It is therefore critical to ascertain the durability of PKS based concrete to the NaCl and H2SO4. Interestingly, other researchers have explored the durability of PKS in concrete, however, these studies used PKS concrete other than coarse aggregates. For instance, Bamaga et al. (2010) examined the chloride resistance of PKS  fuel ash as cementitious material, while  Philip et al. (2019) studied the sulphate  attack of PKS fuel ash based concrete. Additionally, Muthusamy et al. (2018) investigated the sulphate resistance in concrete using PKS as coarse aggregate within a fly ash based concrete matrix. Both  Muthusamy et al. (2015) and Oti et al. (2015) further explored the sulphate resistance of concrete incorporating palm kernel shell and palm kernel shell ash. Also,  Muthusamy et al. (2015) found the acid resistance of palm kernel ash based concrete to be superior incorporating 20% of the ash. 
There is a gap with regards to the performance of palm kernel shell based concrete exposed to conditions other than ambient and water cured environments, particularly NaCl and H2SO4 containing surroundings. Therefore, this study seeks to address this gap and contribute to knowledge by expanding the application of this sustainable concrete type to include its durability and resilience in NaCl and H2SO4 containing conditions. With insights into the longevity and mechanical behavior of PKS concrete, these findings could facilitate wider adoption by industry.
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[bookmark: _GoBack]Commercially available Ordinary Portland Cement with 28th day compressive strength of 42.5 MPa that conforms to the requirements of BS EN 197-1  (British Standards Institution, 2011) was used as cement. River Sand and crushed granite were used as fine and coarse aggregates, respectively. Palm kernel shells used in this study was obtained from a local oil palm production industry in the Bono Region of Ghana. Palm kernel shells were used to replace the coarse aggregates at 0%, 10% and 20% only. Based on past studies and trial mixes where replacement levels varied from 0% to 100%, it was observed that increasing the replacement levels with PKS was accompanied with decrease in strength. Therefore, this research limited the replacement levels to only 20%. The physical properties of all the aggregates uses is presented in Table 1. Before usuage the palm kernel shells were thoroughly clean and crushed into different sizes. Commercially available Sodium Chloride (NaCl) and sulphric acid (H2SO4) were used to prepare NaCl and H2SO4 at 5% concentration each. Figure 1 shows the different solutions prepared for exposure of the concrete specimens. The nomenclature of the concrete mixes consisted of letters and numbers, C0 was for the control concrete with zero PKS aggregates. The PK was for the palm kernel based concrete, followed with numbers 10 and 20 for the 10% and 20% replacement of natural coarse aggregates with PKS aggregates. For example, PK10 represented the PKS based concrete with 10% replacement of natural coarse aggregates with PKS aggregates. 	Comment by Reviewer K: There are some grammatical error in the whole manuscript. Please check and remove all errors.
[image: ]
Figure 1: Prepared NaCl and H2SO4 solutions 


Table 1: Physical Properties of aggregates
	
	Fine Aggregates
	Coarse Aggregates
	PKS

	Maximum Aggregate Size (mm)
	
	14
	12

	Specific Gravity 
	2.59
	2.67
	1.37

	24-hr Water Absorption (%)
	1
	0.64
	18.86



Concrete mixes and casting
[bookmark: _Toc146209554]A constant concrete mix of 1:2:3 at water cement ratio of 0.6 was used to prepare the concrete. The concrete mix proportion is presented in Table 2. The cement, fine aggregates and water were kept constant while varying the coarse aggregate proportions to fulfill the partial replacement of conventional coarse aggregates with PKS. In this study, the coarse aggregates were used under saturated surface conditions. Concrete was mixed manually. After pouring concrete into the cubes and prism, the specimens were demolded after 24 hours and cured in water until the day of testing. Concrete specimens were exposed to the 5% NaCl solution and 5% H2SO4 solution. After demolding, the specimens were immersed in these solutions for periods of 7, 14, and 28 days, respectively.  Additionally, the compressive strength tests and flexural tensile strength tests were conducted in 100 × 100× 100 mm cube moulds and 100×100×300 mm prisms, respectively. Three specimens were prepared for each characteristic that was evaluated. A total of  81 cubes and 27 prisms were tested in this study. 
Table 2: Concrete Mix Proportions and Slump Values
	
	Cement
	Fine 
	Coarse
	PKS
	Water 
	Slump 
	Slump 

	
	
	Aggregate
	Aggregate
	
	
	Value
	Class

	
	
	(kg/m3)
	(kg/m3)
	(kg/m3)
	(kg/m3)
	(mm)
	

	C0
	402
	804
	1206
	0
	241.2
	40
	S1

	PK10
	402
	804
	1085.4
	120.6
	241.2
	28
	S1

	PK20
	402
	804
	964.8
	241.2
	241.2
	12
	S1



Testing of physical and mechanical properties
The slump test was conducted in accordance to BS EN 12350-2 (British Standards Institution, 2009) to evaluate the workability of the concrete mixes prepared. Physical property such as the density of the concrete was determined after exposure of the concrete mixes to the different conditions, which was calculated as per BS EN 12390-7 (British Standards Institute, 2000). The compressive and flexural tensile strength tests, were conducted on the procedure given by  BS EN 12390-3 standard (British Standards Institution, 2001) and BS EN 12390-5 (British Standards Institution, 2019), respectively. The density, compressive strength and flexural tensile strength were recorded after 7, 14 and 28 days of curing and exposure to different solutions.
[bookmark: _Toc146209555]Results and Discussion 
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[bookmark: _Toc146209557]The slump values of the concrete mixes are presented in Table 2. Based on the test results as shown in Table 2, the slump values were between 10 mm to 40 mm which is classified as low workability according to  BS EN 12350-2 (British Standards Institution, 2009). Among the values obtained the control concrete (C0), is more workable than the other PKS containing concrete mixes (PK10 and PK20). This is because the PKS materials had higher water absorption rate than the natural granitic coarse aggregates (see table with physical properties). The high porous nature of PKS aggregates as revealed by (Alengaram et al., 2011) through SEM results, is responsible for its high water absorption rate and hence its lower workability compared to the control (name) concrete. Additionally, with the increase in the PKS aggregates content from 10% to 20%, the concrete mixes became less workable. 
Physical and Mechanical Properties
The density, compressive strength and flexural tensile strength of the concrete materials is presented in Figure 2. For the density of the different concrete mixes as shown in Figure 2a, it can be observed that the generally the density of the PKS based concrete was lower than the control concrete without PKS aggregates. Interestingly, the PK10 concrete had higher density values than the PK20 even with the variation in the curing days. Due to the lower specific gravity of the PKS aggregates, the resulting density of the PKS based concrete reduced in comparison to C0 concrete. This is similar to other studies (Acheampong et al., 2018; Ahmad & Yahya, 2016; Philips et al., 2017), which reported lower densities with the replacement of natural aggregates with PKS aggregates. The lower density of PKS-based concrete makes them appropriate for use in lightweight concrete applications where the lower density of concrete is a benefit. 
The compressive strength of the different concrete types are presented in Figure 2b. From the experimental results, the control concrete C0 recorded the highest compressive strength of 20.7MPa, 21.3MPa and 25 MPa for the curing period of 7. 14 and 28 days, respectively. These values were higher than the PK10 and PK20 concrete. Among all the varying concrete types, the highest compressive strength was obtained after 28 days of curing. Notably, the C0 specimen was 5.22 % and 30.68% higher than the PK10 and PK20, respectively. Among the PKS based concrete, it is important to note that the PK10 was the optimum concrete for the best compressive strength (23.76MPa) since it had a much lower strength decrease in comparison to the control concrete. Increasing the PKS aggregates content in the concrete was accompanied with a reduction in compressive strength in comparison to the control concrete with no PKS aggregates. Based on experimental results from the slump and density, the reduction in the compressive strength as the PKS aggregates replace the natural aggregates can be related to the low workability and low density in reference to the control concrete. Furthermore, Fanijo et al. (2020) indicates that the physical properties such as the specific gravity and water absorption of the PKS aggregates compromises their mechanical strength when used in concrete production. Although the PKS based concrete specimens recorded lower compressive strength than the control concrete which is the traditional concrete, it strength was higher than the minimum required strength for concrete which is 17 MPa as per  BS 6073-1 (British Standards Institute, 2002)
For the flexural tensile strength as shown in Figure 2c, the experimental values were taken only after 28 days as curing. The experimental results showed that similar to the compressive strength, the control concrete specimen C0 was the highest followed by the PK10 and then PK20 recorded the least flexural tensile strength. Among the PKS based concrete specimens, the PK10 which had the highest 28th day flexural tensile strength was 9.08% lower than the C0 and 77.08% higher than PK20. As mentioned earlier , the decreasing flexural tensile strength of the PKS based concrete specimens is as a result of their physical properties which influences their mechanical properties and hence their flexural tensile strength. 
	

[bookmark: _Toc141259504][bookmark: _Toc141271253][bookmark: _Toc148947341]Figure 2: Physical and Mechanical Properties of different concrete types: (a) cube density; (b) compressive strength; (c) flexural strength

Influence of Concrete to the Varying Exposure Conditions
Experimental results presented in Figure 3 shows the change in mass and compressive strength after exposure of the specimens to 5% of NaCl and 5% H2SO4 solutions for 7 days, 14 days and 28 days. From the results presented it can be observed that the for the mass change considering the specimens exposed in the 5% NaCl, there was an increase in mass only for the control specimen at 7 days of exposure compared to the water cured specimens. The other specimens exposed to the 5% NaCl recorded a loss in mass. For the specimens which were immersed in the 5% H2SO4 solution on the other hand showed a significant loss in mass. The rate of change in mass is presented in Figure 4a as the percentage change in mass. The degree to which these changes in mass occur is presented, and it can be seen that the mass loss of the specimens in the 5% NaCl was lowest at 0.22% and highest at 0.54%. The specimens immersed in the 5% H2SO4 solutions recorded higher mass losses than those immersed in 5% NaCl. These mass losses was up to 26.65% as the highest mass loss particularly in the palm kernel based concrete. 
For the variations in the compressive strengths as depicted in Figures 3b and 4b, there was a general loss in compressive strength regardless of the type of solution that the specimens were immersed in. It is interesting to note that the specimens immersed in the 5% H2SO4 solution recorded higher compressive strength losses compared to those immersed in the 5% NaCl solution. For example, after 28 days of immersion in different solutions, the compressive strength of C0, PK10, and PK20 reduced by 12.8 %, 15.57 %, and 15.28 %, respectively, in 5% NaCl solution compared to the water cured specimens. In comparison, the compressive strength loss was 55.8 %, 58.42 %, and 59.38 % for the C0, PK10, and PK20 specimens in a 5% H2SO4 solution.
In the absence of chemical investigations to determine the chemical reactions between NaCl and H2SO4 solutions and calcium in concrete materials that cause structural weakness, as indicated by previous research studies (Mahmoodian & Alani, 2017; Wanna et al., 2021), this study relates mass losses to compressive strength loss. It is also widely known from previous studies (Zhang et al., 2022) that reducing the mass (weight) of concrete compromises its mechanical strength properties, as a result of pore formation and weakened strength bonds within the concrete caused by a variety of causative actions. Among the causative action is the exposure of the concrete specimens to NaCl and H2SO4 solutions. The results reveal that when the two distinct types of solutions are at the same concentration, the H2SO4 solution has greater negative effects than the sodium chloride solution. In terms of the influence of the solutions on the various concrete types, the experimental results in Figures 3 and 4 show that the control concrete is more resilient than the palm kernel-based concrete kinds. The findings show that when the two different types of solutions are at the same concentration, the H2SO4 solution has a stronger detrimental impact than the NaCl solution. In terms of how the solutions affect the various concrete types, the experimental results from Figures 3 and 4 show that the control concrete (C0) is more resilient than the palm kernel-based concrete types. This is due to the PKS aggregates' lower physical strength properties compared to natural aggregates, which reduces the mechanical strength of the final concrete. Among the PKS-based concrete specimens, the PK10 was more resilient than the PK20, as shown by the somewhat higher compressive strength drop in the PK20 (59.38%) than the PK10 (58.42 %).  According to (Dousti et al., 2024; Joorabchian, 2010), adding pozzolanic ingredients like metakaolin and fly ash might increase the concrete's resilience to solutions.


 (b)

Figure 3: Effect of NaCl and H2SO4 solutions on the different  concrete types: (a) mass ; (b) compressive strength

(a)


(b)

Figure 4: Changes in Physical and Mechanical Properties of different concrete types after exposure to NaCl and H2SO4 solutions: (a) mass ; (b) compressive strength 

[bookmark: _Toc146209559]Conclusion	Comment by Reviewer K: Before conclusion add a section names limitation and future studies
The study investigated the effect of palm kernel based concrete exposed to 5% NaCl and 5% H2SO4 solutions for 7 days, 14 days and 28 days, and compared to the traditional OPC based concrete as control specimen.  Based on experimental results the following conclusions can be made:
1. The traditional concrete exhibited higher density, compressive strength, and flexural strength. However, among the palm kernel-based concrete, the best performing mix was the one with 10% replacement of natural coarse aggregates.
2. All the concrete specimens experienced mass loss when exposed to the solutions. 
3. H2SO4 solution caused greater mass loss (6.13% to 26.65%) compared to NaCl solution (0.22% to 0.54%)
4. The H2SO4 exposure led to a more significant reduction in compressive strength compared to NaCl exposure.	Comment by Reviewer K: Conclusion need to expand a bit.
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