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Abstract
This dissertation investigates the effect of lemon juice and salt water on the compressive load performance of concrete, with the aim of exploring more sustainable alternatives to freshwater use in construction. Fresh water is a key material in concrete production, but increasing on pressure on global water resources has created a need to identify possible partial replacements. Five concrete mixes were produced: A fresh water control mix, a mix containing 1.5% lemon juice, and three mixes containing 1.5% lemon juice with 10%, 20% and 50% saltwater replacement. Concrete cubes were tested at 7, 28 and 90 days to assess changes in compressive load strength over time.
The results showed that all mixes increased in compressive load as curing time progressed, confirming normal strength development through hydration. The control mix consistently recorded the lowest compressive load results. While the addition of lemon juice produced a small but consistent improvement at all ages of testing. Salt water had a more of a significant increase, especially at early ages, with mixes containing salt water generally achieving higher 7-day testing results. The best performing mix was the 20% saltwater replacement mix, which achieved the highest results at all ages of testing (7 days, 28days and 90days). However, the 50% saltwater mix showed reduced performance and a lot higher variability, suggesting that excessive salt content may negatively affect and long-term strength development.
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1.0 [bookmark: _Toc229413316]Introduction
Within the construction industry, concrete is a material that is heavily used due to its versatility (Neville, 2011), making it suitable and almost a requirement within every construction project. We use fresh water in concrete to create a process called hydration which is the standard requirement as seen in (BSI BS EN 1008, 2021). This is where water reacts with the cement (mainly compounds C3S and C2S) in a process called hydration. This reaction forms calcium silicate hydrate (C-S-H) gel, which is what gives concrete its strength (Taylor, 1997) and binds everything together. Unfortunately, only around 2.5% of the water on earth is fresh water (National Geographic, 2026), and the construction industry is one of the main worldwide consumers of this water source (UNESCO World Water Assessment Programme, 2024). As we are using more and more of this resource, it is becoming almost essential that another method be discovered that will allow us to refrain from using this essential material.
The main objective of this research is to find an alternative method, whether that is only a significant replacement or a partial replacement, which will be determined by the results of the testing. The method of doing this will be done by addressing several critical questions related to the mechanical and chemical behaviour of concrete under these modified conditions. First, it will evaluate the impact of acidic additives on the compressive strength of concrete, determining whether these substances enhance or compromise structural integrity. Additionally, the research will investigate the effectiveness of these additives in mitigating sulphur attacks, which can lead to long-term material degradation. To achieve this aim, this paper aims to answer these questions by monitoring the concrete's compressive strength (at 7, 28 and 90 days) as per (BSI BS EN 12390, 2019), along with a standardised sample to see the effects and determine whether changing the components is a suitable method for a more sustainable method of construction.
Beyond its technical implications, this research has the potential to provide a sustainable solution to the overuse of usable water in the construction industry. With freshwater resources becoming increasingly strained, identifying viable alternatives for construction processes is imperative (UN environment program, 2023). By systematically analysing the effects of the acidic additive in saltwater-based concrete, this study aims to contribute valuable knowledge to the field of sustainable engineering. The findings may offer practical recommendations for optimising concrete mixtures in marine or arid environments, ultimately promoting more efficient and environmentally responsible building practices.
[bookmark: _Toc229413317]2.0 Literature Review
[bookmark: _Toc194692827][bookmark: _Toc229413318]2.1 Similar studies overview. 
[bookmark: _Toc229413319]2.1.1 Bio admixtures and lemon juice in concrete
the increase in demand for sustainable construction materials has encouraged researchers to investigate alternatives to traditional and chemical admixtures used in concrete production. Conventional admixtures are commonly used to improve workability, setting time, durability, and compressive strength, but many are expensive and environmentally harmful to manufacture. As a result, interest is grown in naturally derived bio admixtures which may improve concrete performance while reducing environmental impact. One material that has received attention is lemon juice due to its citric acid content and natural availability (Natnael Alem Haile, 2024).
Citric acid can significantly influence cement hydration, which is a chemical reaction response for strength development in concrete. Even small chemical changes within a mix in water can alter the hydration process and affect the behaviour of both fresh and hardened concrete. (Natnael Alem Haile, 2024) Investigated the use of lemon juice as a bio admixture by comparing its performance with the commercial admixture Plastiment BV40. The study examined the effects of lemon juice on work ability, setting time, and compressive strength using dosages ranging from is 0.5% to 5% of the total mixing water.
The finding showed that lemon juice acted mainly as retarded at lower concentrations. Retarders slow down the hydration process, delaying setting time of concrete and increasing the time available for placement and compaction. This occurred because of the citric acid interfered with the hydration of the cement compounds. The lead setting can be beneficial during construction because it improves handling and reduces the risk of premature harden before the placement is complete. Unlike synthetic retarders, lemon juice offers a naturally sourced alternative which could potentially reduce both environmental impact and material costs (Natnael Alem Haile, 2024).
This study also reported improvements in work ability. Slumped values increased as the percentage of lemon juice increased, indicating that the concrete became easier to mix, place, and compact. Improved workability is important because poorly compacted concrete may contain trapped voids of air, which would reduce density and compressive performance. Better flowability can therefore contribute to a more uniform concrete structure. This is particularly relevant to the present study because of the use of salt water may reduce workability due to accelerated hydration, meaning lemon juice could potentially help to counteract this effect.
On the other hand, the research also demonstrated that excessive lemon juice content negatively affected concrete performance. Higher doses disrupted cement hydration because the acidity became too strong, preventing proper formation of hydration products within the cemented matrix. As a result, the compressive strength decreased significantly at larger concentrations. This shows that while acidic bio admixtures tan improves certain properties, they must be carefully controlled to avoid damaging the internal concrete structure (Natnael Alem Haile, 2024).
 The optimum dosage identified by (Natnael Alem Haile, 2024) Was 1.5% lemon juice. At this concentration, the concrete achieved increased 28-day compressive strength compared with the control mix while also maintaining improved workability. This suggests that small quantities of citric acid may regulate hydration in a beneficial way allowing stronger development of the cement matrix over time. The study therefore indicates that lemon juice can positively influence concrete performance when used at controlled levels rather than excessive concentrations.
This research is directly relevant to the present investigation because the same 1.5% lemon juice dosage is used within the experimental mix design. Using a concentration already shown to improve compressive strength provides a clear basis for analysing how lemon juice behaves when combined with partial saltwater replacement. The literature therefore supports the idea that naturally derived bio admixtures may partially replace conventional chemical additives while maintaining acceptable concrete performance.
[bookmark: _Toc229413320]2.1.2 Seawater in concrete
the increasing demand for concrete production has placed significant pressure on global freshwater resource is, leading researchers to investigate alternative sources of mixing and curing water. Concrete requires large quantities of water during production, and continued infrastructure development means the demand is going to be increased further. As freshwater scarcity becomes a growing environmental issue, sea water has been considered as a possible substitute, particularly in coastal regions where it is more accessible and economical then transported fresh water (Shekhar Sexena, 2023)
Sea water contains high concentration of chlorides, sulphates, magnesium salts, and dissolved minerals, all of which can influence the properties of concrete. Due to cement hydration Being highly sensitive to chemical composition, replacing freshwater with seawater changes their behaviour of both fresh and harden concrete. (Shekhar Sexena, 2023) Reviewed previous and recent research on sea water concrete and found that chlorides present in seawater accelerate cement hydration. The increased hydration rate occurs because chloride ions speed up the dilution of cement compounds and promote earlier formation of calcium silicate hydrate gel, which is responsible for strength development.
As a result of accelerated hydration, sea water concrete and generally shows reduced setting times and early age strength. Several studies reviewed (Shekhar Sexena, 2023) Reported that concrete mixed with seawater develops higher compressive strength during the first few days of curing compared with conventional freshwater concrete. Faster strength development may be beneficial in construction because it allows for work removal and faster structural loading. This is particularly relevant to the present study because of compressive load testing is used to evaluate whether partial saltwater replacement effects concrete strength development.
Despite these advantages, seawater also creates several challenges within fresh concrete. Accelerated hydration reduces work ability because the concrete begins to Steven more rapidly after mixing. (Shekhar Sexena, 2023), Seawater concrete is often described as more cohesive, compact, and viscous than conventional concrete. Reduced work ability may make concrete more difficult to place and compact effectively.
The literature also suggests that while seawater may improve early age strength, it can negatively affect long term performance. Research revealed by (Shekhar Sexena, 2023) Showed that compressive strength gains observed at 7 days often reduced at later curing ages. This reduction was linked mainly to sulphates and magnesium compounds within seawater. Sulphates can react with hydrogen products and cement to form expensive compounds such as gypsum and ettrinite, leading to an internal microcracking within the concrete matrix. Magnesium sulphate can also weaken calcium silicate hydrate gel, reducing the long-term stability of having concrete
durability remains one of the most significant concerns regarding sea water. In plain concrete, some studies found little reduction and durability because accelerated hydration may refine the pore structure and reduce permeability. However the chloride content of seawater creates serious risks for reinforced concrete. Chloride ions penetrate the concrete and breakdown the protective passive layer surrounding steel reinforcement causing erosion. The corrosion can expand within the concrete leading to cracking, spalling, and eventually structural deterioration (Shekhar Sexena, 2023).
To reduce these negative effects, researchers have recommended the use of supplementary cementitious materials Such as fly ash, slag, and silica fume. These materials improve durability by reducing permeability and binding chlorides within the semantic metrics. Superplasticisers And retarders have also been suggested to improve work ability and control rapid hydration caused by sea water. (Shekhar Sexena, 2023) Further highlighted that non corrosive reinforcement materials such as FRP and stainless steel may reduce the long term corrosion risks associated with seawater concrete.
The present investigation focuses on plain concrete rather than reinforced concrete, meaning reinforcement corrosion is not a direct concern within the experiment. Instead, this study focuses on weather partial saltwater replacement as well as lemon juice replacement in combination can maintain acceptable compressive load performance while reducing reliance on fresh water. The literature therefore provides a clear basis for analysing how salt water may influence hydration, workability, And strength development within the concrete mixes.
[bookmark: _Toc229413321]2.1.3 Acid attack and acid etching
concrete naturally performs best within alkaline environments because of cement hydration products are stable at high pH levels. When concrete is exposed to acidic substances, chemical reactions occur between acids and cement hydration compounds leading to deterioration within the concrete matrix. Acid attack is therefore recognised as one of the most damaging chemical process is affecting concrete durability. Organic acids, inorganic acids and acid environmental conditions can all contribute to surface degradation, loss of strength and long term durability problems.
Acid attack mainly occurs when hydrogen ions react with calcium hydroxide and calcium silicate hydrate within hard and cement paste. These reactions dissolve important hydration products, weakening the internal structure of the concrete (Joanna J. Sokołowska, 2013). Acid etching refers to the visible surface erosion caused by these reactions, often producing roughened textures, exposed aggregates, and material loss. The severity of an acid attack depends on acid concentration, exposed duration, and the permeability of the concrete itself.
Citric acid, which is the main acidic component in lemon juice, is classified as an organic acid. Although weaker than many industrial acids, citric acid can still affect cement hydration and hardened concrete performance when presented in sufficient concentrations. The acidic nature of lemon juice may interfere with the alkaline environment required for proper cement hydration, potentially slowing or disrupting the formation of hydration products. This retarding behaviour may improve workability during mixing but could also contribute to reduced strength if used in excessive quantities.
The effects of acid exposure become particularly important when lemon juice is combined with salt water. Saltwater already alters cement hydration because chloride ions accelerate hydration reactions, while acids tend to slow them down. This means that the combined use of acidic and saline materials introduced competing chemical effects into the concrete system. The balance between acceleration and retardation may significantly influence setting time, workability, and compressor strength.
Research Involving acid attacks on concrete showed that almost all types of concrete we are heavily susceptible to acid attacks when the type of acid used was hydrochloric acid (HCI) (Joanna J. Sokołowska, 2013). This study is highly important and relates Well with the current study due to the 90 day testing period. This study uses citric acid in combination with salt water which allows for more lenience when referring to an acid attack. It is important to note that due to this study being a partial replacement the acidity levels will be diluted due to freshwater.
[bookmark: _Toc229413322]2.1.4 Salt and acid interaction
the interaction between salt and acids has been widely studied because both substances influence each other's behaviour when combined within a solution. These interactions are particularly relevant to this investigation because the concrete mixes contained both salt water and lemon juice, introducing chloride salts and organic acids into the cement matrix simultaneously. Understanding how acids insults behave together provides useful theoretical insight into how combined materials may affect hydration, workability, setting time and strength development in concrete.
Research conducted by (Helleman, 1992) Investigates mixtures off sodium chloride with lactic acids in both water and bread. This study found that the perceived saltiness increased as the acid concentration was raised at lower sodium chloride concentrations. The research also observed that sourness was depressed with increasing concentration of salt in water. Showing that salt and acid can influence each others chemical behaviour simultaneously.
Although this research is focused on food science rather than construction materials, the findings remain valuable because both sea water and lemon juice contain chemically active compounds that are capable of interacting during cement hydration. Salt water introduces chloride ions, wild lemon juice contributes citric acid. Chlorides are known to accelerate cement hydration by increasing the dissolution rate of cement compounds, whereas citric acid acts as a retarder by slowing down the formation of hydration products. When used together these materials may therefore create a competing chemical a fact within the concrete mixture.
The literature also suggests that interactions between acids and salts depend heavily on their concentrations. (Helleman, 1992) Stated that “there were noteworthy differences between the two media and the acids in strength and in the type of into relationships with NaCl”. This indicates that chemical interactions vary depending on the surrounding material system. In concrete, the highly alkaline cement environment differs greatly from food-based systems, meaning the behaviour of citric acid and chloride ions may not directly replicate observations from food science studies. Nevertheless, the research demonstrates that acids and salts do not behave independently when mixed together.
The combination of lemon juice and salt water therefore influence several concrete properties simultaneously. Chloride ions from salt water could accelerate setting and early strength development, while citric acid from lemon juice may delay hydration and improve workability, if balanced correctly, these opposing effects could potentially create a more workable concrete mix without completely eliminating early strength benefits associated with salt water. However, excessive acidity may weaken hydration products and reduce compressive strength, making accurate proportioning essential for maintaining concrete performance.
[bookmark: _Toc194692831][bookmark: _Toc229413323]2.2 Gaps within the research
Although previous studies have investigated sea water concrete and acidic add mixtures separately, limited research exists on the combined use of lemon juice and salt water in concrete mixtures. Most studies focus on synthetic chemical admixtures or examine sea water independently in relation to hydration, workability, compressive strength, and reinforcement corrosion. According to (Shekhar Sexena, 2023) Sea water accelerates cement hydration because of its chloride content, yet little research has been explored on how this reaction changes when combined with the natural acidic bio admixture such as lemon juice.
Research regarding citric acid in concrete is also limited. While citric acid is recognised as a retarding agent within cement chemistry, few studies have examined lemon juice specifically as a sustainable bio admixture, and no studies were found that looks at the combination of both within concrete.
Long term durability is another underdeveloped area with the current research. Most studies primarily focus on early age properties, very little continue testing after the 28-day period. However, this studies testing those to the 90-day period To observe a significantly greater long-term difference. Therefore, further investigation is required to determine where the lemon juice and salt water can be safely combined to produce a sustainable concrete without significantly affecting durability or structural performance.
[bookmark: _Toc229413324]3.0 Methodology
[bookmark: _Toc229413325]3.1 Mix design
the mix design investigation was developed to assess the effect of lemon juice and salt water only compressive load of concrete, while ensuring that all of the variables were kept as consistent as possible. A total of five different concrete mixes were produced, each designed to isolate the influence of the experimental variables. The overall aim was to allow direct comparison between mixes as per (BSI BS EN 206, 2013) so that any differences in compressive load could be confidently attributed to the inclusion of the lemon juice and varying levels of salt water (ASTM International, 2026).
	Component 
	Mix 1 (Control
	Mix 2 (Lemon only)
	Mix 3 (10% SW)
	Mix 4 (20% SW)
	Mix 5 (50% SW)

	Cement
	5.07
	5.07
	5.07
	5.07
	5.07

	Fine aggregate
	8.258
	8.258
	8.258
	8.258
	8.258

	Coarse aggregate
	15.337
	15.337
	15.337
	15.337
	15.337

	Freshwater
	2.535
	2.459
	2.209
	1.960
	1.211

	Salt water 
	0.000
	0.000
	0.250
	0.499
	1.249

	Lemon Juice
	0.000
	0.038
	0.038
	0.038
	0.038


[bookmark: _Toc228970421][bookmark: _Toc228970951]Table 1 Showing the measurements used for each mixture

Mix 1 was the control mix and contained only fresh water, representing standard concrete with no chemical modification. This mix provided A baseline against which all of the other results could be compared to. Mix 2 introduced lemon juice at 1.5% of the total mixing water, while keeping all other components identical to mix 1 this allowed the effect of the lemon juice to be assessed independently.
Mixes 3, 4 and 5 were designed to investigate the combined effect of lemon juice and salt water. In these mixes, 10%, 20%, and 50% of the freshwater were replaced by salt water, another 1.5% of the fresh water was replaced by lemon juice to ensure that it had the same amount as mix 2. This approach ensured that the only variable changing between the mixes was the proportion of salt water (Montgomery, 2017), this allows for a clear evaluation of how increasing the salt content influenced the concrete performance.
The total water content was kept the same across all mixes to ensure that the water to cement ratio remained unchanged. This was an important consideration as variations to water content can significantly affect both work ability and strength (Kumar Mehta, 2013), by maintaining a consistent ratio, the study ensured that any changes to the results were due to the chemical composition of the water rather than differences in the mix consistency.
Workability was also considered during the mix process. Although the inclusion of seawater and lemon juice could potentially affect the flow of the concrete (ASTM International, 2026), care was taken to ensure that all of the mixes were workable enough for proper placement and compaction when pouring into the moulds. This helped to minimise the risk of defects such as air voids (Gambhir, 2013) which could influence the compressive load results 
To improve the reliability of this experiment, two cube specimens were produced for each mix at each curing age (7, 28 and 90 days). This resulted in a total of 6 cubes per mix and 30 cubes overall. The cube size was standardised at 100 mm x 100 mm x 100m as per (Anon., n.d.), which is commonly used in compressive testing as it allows for a consistent comparison.
[bookmark: _Toc229413326]3.2 Materials
the materials used in this investigation we're standard concrete materials, along with the additions of lemon juice and sea water, which was the main focus of the study. Keeping the base materials consistent was important so that any changes in the compressive testing results could clearly be linked to the inclusion of the two variables rather than material quality.
Ordinary Portland cement was used as the binder in all mixes. This type of cement is commonly used in construction and provides a reliable and consistent based for testing. Using the same cement throughout ensured that the curing process would be compatible across all mixes (Domone, 2010).
The fine aggregate used was natural sand, and the course aggregate used was standard graded gravel both aggregates were kept the same in terms of type and source. This is important because variations in aggregate size, shape, and grading could affect the strength of the concrete (Neville, 2011). By keeping the aggregates consistent the experiment focuses only on the effect of water composition.
Fresh tap water was used for the control mix (mix 1) and partially in other mixes. Instead of creating artificial salt water, real sea water was used in this study. The sea water was collected from the Swansea coastline and stored in sealed glass bottles before use. This helped to make the investigation more realistic as the water contained naturally occurring salts and minerals rather than just added salt. Using real seawater better represents the conditions where concrete may be produced in coastal environments.
Lemon juice was added at a fixed percentage of 1.5% of the total mixing water in all mixes except for the control. This amount was chosen as during the research process that number was found as the most optimal amount of lemon juice to increase compressive strength. 

All materials were measured carefully before mixing to maintain consistency across the different mixes the same equipment and procedures were used throughout to avoid introducing unnecessary variation this was especially important when dealing with salt water as even small differences in quantity could affect the salt concentration and therefore the results.
No additional admixtures we used in any of the mixes. This was done to keep the experiment simple and focused only on the results of the lemon juice and salt water. Keeping it simple allows a better understanding of what is actually causing the changes in the compressive load.
[bookmark: _Toc229413327]3.3 Specimen preparation 
[image: ]
[bookmark: _Toc228970458][bookmark: _Toc228970965]Figure 1: Image showing the materials being weighed
Before all mixing began, all the materials were measured and weighed as seen in Figure 1. According to the mix proportions shown in table 1 to a digital scale was used to ensure accuracy, and the same quantities were used for each batch. 
A mechanical mixer was used to prepare the concrete, this helped to ensure that the materials were distributed evenly throughout the entire mixture. to ensure consistency across all of the mixes. The first material added was the was the sand, followed by the course aggregates, then the cement, and finally the water, additionally for the mixes that applies the lemon juice and salt water were added last. This was done to maintain consistency throughout the preparation stage.
The mix was then blended together while being monitored for consistency. Once mixed, the concrete was placed into cube moulds measuring 100mm x 100mm x 100mm. Before use, the moulds had been cleaned and a Light coating of oil was brushed across the surface to prevent sticking and allow for easier removal after setting. Each mould was filled in 2 equal layers to improve compaction (Day, 2006).
Each layer was compacted using a tamping rod, with a consistent number of strokes applied to attempt to remove any trapped air. Proper compaction was important as air voids within concrete can significantly reduce the ability to sustained compressive loads leading to inconsistent results.
[image: ]
[bookmark: _Toc228970459][bookmark: _Toc228970966]Figure 2: Image showing that the cubes were flattened at the top
After the moulds were filled, the surface of each cube was then levelled off using a trowel to create a smooth/even finish to the surface as seen in figure 2 . To ensure no confusion between the mixes each cube was given a label according to its mix and intended tasting age to avoid any confusion later within the experiment. The moulds were then left undisturbed for 24 hours at room temperature to allow the concreate to set.
After the 24-hour period, the cubes were then carefully removed from the moulds to avoid damaging the edges and corners. Once this process was completed the mixes were then immediately transferred into the curing tank as seen in figure 3.
[bookmark: _Toc229413328]3.4 Curing Process
It was important for the curing process to be completed within the curing tank as it allowed the cubes to remain saturated while going through the hydration process. This ensures that the concrete does not dry out too early, leading to the hydration process slowing down or coming to a stop.
[image: ]
[bookmark: _Toc228970460][bookmark: _Toc228970967]Figure 3: Image showing that the cubes were fully submerged in water when in the curing tank
All the cubes were under the same conditions while in the curing tank. The curing tank was maintained at room temperature, and all cubes were fully submerged in water throughout the curing process. 
Three curing ages were used for this experiment: 7 days, 28 days, and 90 days. These time intervals were used to represent, early, standard, and long-term strength development. The 7 day results provide an indication of early hydration strength which is often important In construction for early loading or form work removal. The 28 days Results are commonly used as the standard measure of concrete strength as seen in (BSI BS EN 206, 2013), as most of the primary hydration has taken place by this stage. The 90 day results allow for a valuation of longer term performance where hydration continues at a slower rate and the internal structure becomes more refined.
During the curing period, care was taken to ensure that all the cubes remained undisturbed in the tank. This helped prevent any damage or surface defects that could affect the test results (Yanhai Wang, 2023). The cubes were only removed from the curing tank when they were ready to be tested at their designated age.
[image: ]
[bookmark: _Toc228970461][bookmark: _Toc228970968]Figure 4: Image showing that the cubes were left to dry before excess water was wiped off
Before testing, each cube was taken out to the curing tank and the surface was then dried. This was done to ensure proper contact with the compression testing machine. This step was important to avoid slipping or uneven loading during testing.
It is also important to note that all mixes including those containing sea water and lemon juice we are all cured under the same conditions using fresh water, This was done to ensure that there were no additional variables introduced.
[bookmark: _Toc229413329]3.5 Testing procedure
A compression testing machine was used to apply load at each cube as seen in figure 5. Before testing began, the machine was checked to ensure it was functioning correctly and calibrated appropriately as per (BSI BS EN 12390, 2019). This is important to ensure that the results recorded were accurate and reliable. All testing was conducted using the same machine which continued to promote consistency across all of the samples.
[image: ]
[bookmark: _Toc228970462][bookmark: _Toc228970969]Figure 5: Image showing that the cubes were placed centrally in the machine
When ready for testing the cube was placed centrally between the plates of the compression testing machine. Correct positioning was important to ensure that the Load was applied evenly across surface of the cube. If this were not done it could result in uneven stress distribution.
Once positioned, the load was applied gradually at a constant rate until the cube failed. Failure was identified when the cube could no longer withstand the applied load and visible cracking or crushing occurred, which is detected by the compression testing machine automatically. The maximum load reached at a point of failure was recorded in kilonewtons (kN). This value represents the compressive load capacity of the specimen.
Two cubes were tested for each mix at each curing age. The results from these two specimens we used to calculate the average value. Taking an average helped to reduce the impact of any small variations between individual cubes and provided a more reliable result for comparison between mixes.
During testing, observations were also made regarding the type of failure Most cubes showed typical compressive failure patterns. Including vertical cracking and crushing along the edges. Recording these observations helped to confirm that the tests were carried out correctly and the results were valid data collection and analysis
The main data collection from this investigation was the maximum compressive load for each concrete cube at the point of failure. These values were recorded in kilonewtons for all specimens tested at 7, 28 and 90 days. Recording the strength in kilonewtons allowed for direct comparisons between mixes, as the cube size remained constant throughout the experiment.
In addition to these average values, the variation between the two cube results for each mix was also considered. This helped to assess the consistency and reliability of each mix. Larger differences between cube results indicated greater variability within the mix, which could be linked to factors such as uneven mixing, compaction, or the effect of higher salt content on the internal structure of the concrete.
Data was analysed to identify key trends. One of the main aspects considered was the rate of strength development between 7, 28 and 90 days. This allowed for comparison of early age performance against long term behaviour. The effect of lemon juice was assessed by comparison mix 1 and 2, while the influence of sea water was assessed by comparing mixes 3, four and five with both the control (mix 1) and the lemon juice only (mix 2).
Another important part of the analysis was identifying the optimum mix. This was done by comparing the averages from the compressive load values across all of the mixes and caring ages. Particular attention was given to the mix that produced the highest load consistency, as well as how stable results were between samples.
No conversion to compressive strength (MPa)was carried out as the focus of this study was all compressive load values. Since all coupe dimensions were identical, direct comparison of load values was still Valid and allowed for clear evaluation of performance between mixes.
[bookmark: _Toc229413330]3.7 Health and safety
all experimental work carried out for this investigation followed (BSI BS EN 12390, 2019) and safety procedures to ensure a safe working environment. Concrete production and testing involve a number of potential hazards, including exposure to cement dust (Health and Safety Executive, 2024), handling heavy materials, and operating mechanical equipment. For this reason, appropriate precautions were taken throughout the entire process. Personal protective equipment (PPE) was worn at all times during the experiment (Chudley, 2016). This included safety goggles, a mask, protective gloves, a lab coat, and safety footwear. 
[bookmark: _Toc229413331]4.0 Results
	Mix 
	Test (day)
	Cube 1 (kN)
	Cube 2 (kN)
	Average (kN)

	Mix 1
	7
	320.094
	314.944
	317.519

	Mix 1
	28
	395.703
	372.742
	384.223

	Mix 1
	90
	420.138
	384.081
	402.110

	Mix 2
	7
	323.886
	326.175
	325.031

	Mix 2
	28
	423.958
	431.755
	427.857

	Mix 2
	90
	494.105
	494.818
	494.462

	Mix 3
	7
	380.967
	393.128
	387.048

	Mix 3
	28
	435.904
	385.331
	410.618

	Mix 3
	90
	394.200
	526.813
	460.507

	Mix 4
	7
	412.083
	369.952
	391.018

	Mix 4
	28
	490.553
	449.852
	490.203

	Mix 4
	90
	515.625
	508.001
	511.813

	Mix 5
	7
	403.786
	303.357
	353.572

	Mix 5
	28
	417.449
	418.879
	418.164

	Mix 5
	90
	424.200
	428.690
	426.445


[bookmark: _Toc228970952]Table 2: Showing the testing results for all mixtures with an average calculated
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[bookmark: _Toc228970970]Figure 6: Graph showing the test results with compressive load being plotted against the age of the cubes
The compressive load results are presented in Figure 6 
At 7 days, Mix 1 (control) recorded an average compressive load of 317.5kN. Mix 2 showed a slight increase to 325.0kN. Mixes incorporating salt water (Mixes3-5) exhibited higher early age loads, with Mix 4 achieving the highest value  of 391.0kN.
At 28 days, all mixes demonstrated an increase in compressive load. Mix 4 recorded the highest value at 470.2kN, followed by Mix 2 at 427.9kN. Mix 1 remained the lowest at 383.2kN
At 90 days, further increases in compressive load were observed across all mixes. Mix 4 again showed the highest load at 511.8kN. Mix 2 also exhibited a significant increase to 494.5kN. Mix 5 showed comparatively lower performance at 426.4kN.
Overall, compressive load increased with curing time for all mixes. Mix 4 consistently achieved the highest values at all testing ages.
[image: ]
[bookmark: _Toc228970971]Figure 7: Graph showing that when salt water is less or more than 20% the compressive strength drops.
[bookmark: _Toc229413332]4.0 Discussion
[bookmark: _Toc229413333]4.1 Overall strengths development over time 
One of the most obvious trends in the results is that the compressive load increases with curing time for every mix. From 7day to 28 days, then again to 90 days Every mix shows a steady gain in strength. This is exactly what would be expected, as concrete continues to get stronger over time due to ongoing hydration (Taylor, 1997), as water reacts with the cement, products like calcium silicate hydrate (C-S-H) form, which is what mainly gives concrete strength. As more of these products build up, they start filling the gaps within the concrete, making the structure denser and better at handling loads.
Even though the overall trend was expected, the rate at which strength increased was not the same for every mix. This suggests that changing the composition, by adding lemon juice or replacing the fresh water with salt water, had an effect on how the hydration process developed. The control mix (mix 1), which only used fresh water, showed a steady but fairly moderate increase in compressive load, this makes it a good reference point, as it was normal concrete without any added influence.
The other mixes did not all behave the same way. Some showed a noticeable jump in strength between 7 and 28 days, while others increased more gradually up to 90 days. This shows that the additions did not just affect how strong the concrete ended up, but also how quickly it developed that strength.
For example, mixes that included salt water generally had higher strength at 7 days, which suggests that hydration was happening faster in the early stages. However, not all of those mixes continued to improve at the same rate later on, which shows that higher early strength does not always mean better long-term performance.
It is also worth pointing out that none of the mixes showed any drop in strength over time. This is important because it suggests that there were no major problems with curing or testing. The consistency in the results gives confidence that the data is reliable and that the differences between the mixes are due to the changes in composition rather than experimental error.
[bookmark: _Toc229413334]4.2 Effects of Lemon juice on concrete performance 
The effect of lemon juice can be seen clearly by comparing mix 1 and mix 2, as both of these mixes are the same apart from the addition of the lemon juice at 1.5% of the total mixing water. This makes it easier to isolate what impact the lemon juice actually had. From the results, mix 2 consistently shows slightly higher compressive loads than the control at all ages. The difference is not huge, but is consistent, which suggests that the lemon juice does have a noticeable effect, even if it's not the main factor influencing performance.
At 7 days, the difference between the two mixes is fairly small. This suggests that the lemon juice doesn't really speed up early strength development in the same way that some chemical admixtures do. Instead, it appears to become more noticeable as time goes on. By 28 and 90 days, the improvement is more consistent, which leads to the impression that the lemon juice is more likely to be influencing how the concrete develops over time rather than how quickly it gains its strength at the start.
This behaviour can be linked to the fact that lemon juice contains citric acid. In cement chemistry, citric acid is usually known as a retarder, meaning it can slow down early stages of hydration. However, the key point here is the concentration. At a low level like 1.5%, it is unlikely to slow things down significantly. Instead, it probably slightly controls how fast hydration happens, rather than stopping or delaying it.
If hydration happens in a more controlled way, it can lead to more even distribution of hydration products throughout the concrete. This helps reduce weak spots or internal stresses that can form when hydration happens too quickly or unevenly. As a result, the structure becomes more uniform and slightly denser, which can improve how well it resists compressive loads over time.
Another possible explanation is that the lemon juice affects how the cement particles behave in the mix. The organic compounds in it may help the particles spread around more evenly in the water which could improve how effectively hydration takes place. While this isn't something that was directly measured, it would help explain why the improvement is consistent across all ages.
[bookmark: _Toc229413335]4.3 Influence of salt water on early age behaviour (7 days)
the effect of salt water is much more noticeable when looking at the day 7 results. Mixes 3, 4 and five all show higher compressive loads then both the control mix and the lemon juice only mix. This makes it clear that adding salt water has a strong influence on the early strength development. This stage is important because early strength can affect things like how quickly form work can be removed or when a structure can start taking load.
The main reason for this increase is likely due to chloride ions present in the salt water. In cement chemistry, chlorides are known to speed up the hydration of tricalcium silicate (C3S), Which is the compound that is mainly responsible for early strength. When these reactions happen faster, more calcium silicate hydrate (C-S-H) is formed in a shorter time, which increases the compressive load at early ages.
Looking at the individual mixes, mix 4 (20% salt water) gives the highest compressive load at 7 days this suggests that the salt content is effective at accelerating hydration without causing any immediate negative effects. Mix 3(10% salt water) also performs better than the control but not as strong as mix 4, this suggests that increasing the saltwater content increases the effect, at least up to a certain degree.
Mix 5 (50% salt water) is a bit different. Although it still shows relatively high strength at 7 days, there is quite a drastic difference between the two cube results. This suggests that while high salt content can still increase early strength, it also makes results less consistent. One probable reason for this is that the salt may not be evenly distributed throughout the mix, leading to some areas hydrating faster than others.
There is also the possibility that too much salt starts to interfere with how hydration products form. Instead of just speeding things up, high concentration of chloride ions may change the structure of the products being created, this could lead to a weaker or less stable internal structure. This would explain why increasing the salt content doesn't continue to improve performance in a consistent way.
[bookmark: _Toc229413336]4.4 Day 28 performance and development of trends
at 28 days, the results start to show more reliable and meaningful trends, as this is generally the standard age used to assess concrete performance. By this point, most of the hydration reactions have already taken place, so compressive load values give a much clearer idea of how each mix has developed structurally. Compared to the seven-day results, the differences between the mixes are far more noticeable, which makes it easier to see how both lemon juice and salt water are affecting the performance overtime.
Mix 4 continues to stand out at 28 days, achieving the highest compressive load out of all of the mixes. This suggests that the 20% saltwater replacement is not only effective at improving early strength, but also helps the concrete continue to develop a strong internal structure. The fact that it performs well at both 7 and 28 days shows that early acceleration caused by the salt water hasn't had any negative impacts on later strength. Instead, it seems to support the formation of hydration products in a way that benefits the overall structure.
Mix 2 also performs well at this stage, again showing higher compressive load than the other control mix, this backs up earlier observation that the lemon juice has a small positive effect. The improvement isn't huge, but it's consistent, which suggests that its influence is stable rather than just affecting one stage of hydration.
Mix 3 shows a slightly different pattern. While it performed well at 7 days, the increase in compressive load at 28 days isn't as strong as might be expected. This suggests that using 10% salt water may mainly improve early hydration, however, doesn’t have as much of an impact on long term strength development. It could be that the level of salt isn't enough to maintain the same effect of hydration throughout.
Mix 5, which has 50% salt water, shows a drop in performance compared to Mix 4. Although it still performs better than the control, the decrease compared to the optimum mix suggests that too much salt start to have a negative effect. At higher concentrations, the salt may interfere with how hydration products form, leading to a less dense structure or weaker bonding within the concrete.
[bookmark: _Toc229413337]4.5 Long term behaviour at 90 days
by the time the results reached 90 days, they provide a much clearer idea of how each mix performs in the long term. At this stage, hydration has had more time to develop fully, so the results are less affected by early acceleration and more about how stable and well formed the internal structure of the concrete is. Due to this, the 90-day results uh useful for seeing whether the improvements seen at early stages actually last over a longer time period.
Mix 4 continues to be the strongest mix at 90 days, with the highest compressive load out of all of the mixes. The fact that he performs the best at 7, 28 and 90 days shows that the 20% saltwater replacement works well throughout the entire hydration process it doesn't just boost early strength, but it also allows the concrete to keep developing without any obvious long term problems. The steady increase in load over time suggests that hydration continued properly and that the internal structure stayed stable as it cured.
Mix 2 also performs well at 90 days, again showing higher compressive load than the other control mix. This supports the earlier idea that lemon juice doesn't negatively affect the concrete and may Actually help slightly. The improvement isn't dramatic, however the consistency seen suggests that any benefits it provides continue overtime rather than just happening at one stage of hydration.
Mix 3 shows a different pattern, with quite a large difference between the two cube results at 90 days. One value is much higher than the other, which increases the average but also highlights inconsistency. This suggests that the mix may not be uniform due to the salt water however it could also be due to human error within the mixing process.
Mix 5 continues the trend seen at 28 days, where the performance was lower than mix 4 and mix 2. Although it still performs better than the control, it doesn't show the same level of long term strength. This suggests that using too much salt limits how much the concrete come improve over time. One possible reason is that high salt content increases porosity or once again interferes with how hydration products form.
[bookmark: _Toc229413338]4.6 Variability and reliability of the results
when looking at the results, it is not just the average compressive load that matters, but how consistent the results are between the two cubes for each mix. The difference between cube values gives a good idea of how reliable each mix is. In real construction, consistency is just as important as strength, because a material that performs unpredictably can create problems when it comes to design and safety (Ellingwood, 1979).
From the results some mixes are clearly more consistent than others. Mix 1 and Mix 2 show relatively small differences between their cube at all stages. At 90 days, mix 1 showed a difference of 8.97% between the 2 cubes, while mix 2 showed only around a 0.14%, making it the most consistent mix within the investigation. This suggests that these mixes were quite uniform, with dehydration happening in a similar way throughout each sample. It also suggests that the mixing and compaction were likely done well, with the materials evenly distributed and minimal variation within the concrete.
On the other hand, mixes with higher levels of salt water, especially mix 3 and mix 5 show a lot more variation between the cube results at all stages. This suggests that these mixes may not have developed evenly, leading to differences in strength within the same mix. Even if the average looks acceptable, this kind of inconsistency would be a problem in practice.
There are a few possible reasons 4 this increased variability. One of the main ones is how evenly the salt water was mixed. If the salt water wasn't fully distributed, some of the areas may contain more chloride ions than others, leading to stronger and weaker areas within each cube.
Another factor could be how the salt affects workability within the mix. If higher salt content changes how the concrete flows or holds together, it may be harder to compact properly, poor compaction can trap air inside of the concrete, creating voids that reduce strength and increase variation between samples.
Curing could also play a role. Even small differences in moisture or temperature can affect hydration, especially in mixes that already have been altered chemically. Mixes with higher salt content maybe more sensitive to these small changes, which could explain why they show more inconsistent results
The final Consideration in play would be human error and machine error, This could be an example of mix is being slightly different to the designs due to inaccurate measurements, leading too incorrect consistency throughout the entirety of a mix. As for machine error things such as when the machines were last serviced could also play a drastic role in the accuracy of the results.
[bookmark: _Toc229413339]4.7 Limitations of the study and scope for improvement
while in results from this study give a good understanding of how lemon juice and salt water affect the compressive load, there are a few limitations that need to be recognised. 
One of the main limitations is that the study only looked at compressive loading. Even though this is one of the most important properties of concrete, it does not give a full picture of how the material performs. Other properties like tensile strength, flexural strength, permeability, and durability were not tested. These are especially important when thinking of how concrete behaves in real conditions, particularly when it is exposed to water, chemicals, or environmental changes. Because of this, even if a mixture performs well in compression, it does not mean it would perform well overall.
Another limitation is the number of samples tested. Only two kids were tested for each mix at each age, which is quite a small sample size. While averages still give a useful idea of performance, having more samples would make the results a lot more reliable and reduce the effect of variation. This is especially important for mixes like mix 3 and mix 5, where there were Noticeable differences between the cube results. With more samples, it would be easier to tell whether those differences are consistent or just random.
The study also used one concentration of lemon juice, which was 1.5%. This makes it difficult to fully understand how lemon juice affects the concrete. It's possible that using more or less could change the results, either improving performance further or starting to have negative effects. Without testing a range of values it is hard to determine whether 1.5% is the best value for this specific type of testing.
The same idea applies to the salt water levels. Although 10%, 20% and 50% were tested, there are gaps between these values. Testing more levels especially between 20 and 50%, could help identify more clearly where the performance starts to drop. This would make it easier to identify the exact optimum level rather than just estimating it.
[bookmark: _Toc229413340]4.8 Overall evaluation of the findings
When all the results are looked at together, a clear pattern starts to appear in how the different mixes behaved. Instead of focusing on each mix separately, comparing them side by side makes it easier to see how much influence lemon juice and salt water actually had, and how much of an effect they had on the concrete overall.
The control mix (mix 1) consistently gave the lowest compressive load at every testing stage, which confirms that it works well as a baseline. Its behaviour follows what would normally be expected from standard concrete, with steady strength gain overtime but no added improvement from chemical changes. When this is compared to the other mixes, it becomes clear that both lemon juice and salt water do have an effect, even if they do not influence the concrete in the same way.
Mix 2 (1.5% lemon juice) showed a small but consistent improvement over the control. The increase is not very large, but happens at every single stage of testing. This suggests that lemon juice has a steady effect rather than just improving one stage of hydration. It does not seem to target early all late strength specifically, but instead improves the overall development of the concrete.
The mixes containing salt water(mixes 3, 4 and 5) show much bigger changes. All of them had higher compressive loads at an early age compared to mix 1 and mix 2, which confirms that salt water does have a strong influence on how quickly strength develops. However, the results at 28 and 90 days show that this effect is not always positive and depends heavily on how much salt water was used.
Mix 4 (20% salt water) clearly stands out as the best performing mix, as it gives the highest compressive load at every age. This suggests that 20% salt water replacement gives the best balance between speeding up hydration and maintaining a strong stable internal structure. Mixed 3 shows that using less salt water doesn't fully take advantage of this effect, while mix 5 shows that too much salt water starts to reduce performance and make the results less consistent.
This pattern shows that the relationship is not simply add more salt to get more strength. Instead, there is an optimum range where the benefits are highest, and going beyond that starts to cause problems. This is likely because of there are two things happening at once salt speeds up hydration, which is good, but too much of it starts to disrupt the structure, which is not.
Another important point is that early strength does not always mean better long term performance. Some mixes before well at 7 days but don't improve as much later on, which is why it is important to look at multiple curing ages rather than just one. 
[bookmark: _Toc229413341]5.0 Conclusion
[bookmark: _Toc229413342]5.1 Summary of key findings
the results of this study clearly show that both lemon juice and salt water influence the compressive load of concrete, although the extent and nature of their effects differ. While all mixes followed expected strength development over time, variations in mixed compositions lead to noticeable differences in both performance and development over time. The key findings of this study listed below:
· compressive load Increased with curing time for all mixes, confirming normal hydration behaviour
· the control mix (mix 1) consistently produced the lowest compressive load at all ages
· the addition of lemon juice (mix 2) resulted in small but consistent increases to compressive load
· the effect of lemon juice was more noticeable at later ages (28 and 90 days) then at 7 days
· lemon juice did not negatively affect the concrete performance at the concentration used
· salt water had a significant effect on early age strength, increasing compressive loading capability at 7 days
· the effect of salt water depended strongly on percentage used within the mix
· mix 4(20% salt water) produced the highest compressive load at all stages of testing, suggesting that an optimum saltwater replacement level exists
· Mix 3(10% salt water) Improved early stage strength however, did not perform as well at the later ages
· mix 5(50% salt water) showed reduced performance compared to mix 4, especially at 28 and 90 days
· high salt content led to increased variability between cube results
· excessive salt likely disrupted the internal structure reducing both strength and consistency
[bookmark: _Toc229413343]5.2 Contributions to the field
this study contributes to the understanding of how nonstandard materials influence the compressive behaviour of concrete, particularly in relation to the use of salt water as a partial replacement for fresh water. The results confirm that chloride containing water can significantly accelerate early hydration and increase compressive load at early ages. More importantly, a study identifies that this affect is not linear, and that there is an optimal range for replacement. Within the mix is tested, a 20% salt water replacement consistently produced the highest compressive loads across all curing ages, suggesting a balance between accelerated hydration and maintaining a stable internal structure. This provides useful experimental evidence to support the idea that controlled use of salt water can enhance performance, rather than simply being detrimental as previously assumed.
In addition, the study offers insight to the behaviour of low concentrations of organic additives, such as lemon juice. While the effect was relatively small, the results showed a consistent improvement in compressive load without any negative impacts on strength development. This suggests that small amounts of organic compounds can influence hydration behaviour in a controlled way, potentially leading to a more uniform internal structure. Although the practical application of lemon juice in construction is limited, this finding contributes to a broader understanding of how alternative and unconventional materials can interact with cement based systems.
[bookmark: _Toc229413344]5.3 Evaluation of research aims
The Findings of this study successfully addressed the original aims of the investigation by evaluating the effect of lemon juice and salt water on the compressive load behaviour of concrete at 7, 28 and 90 days. The results demonstrated that partial replacement of fresh water with sea water is possible without negatively affecting performance when controlled at moderate levels, with 20% replacement producing the best overall results. This supports the idea that alternative water sources would help reduce the construction industry's dependence on freshwater, as well as significantly improving accessibility in regions where fresh water is not as readily available. In addition, the inclusion of lemon juice showed that low concentration of acidic additives can influence hydration behaviour without compromising compressive performance. Therefore, the study contributes towards ongoing research into more sustainable concrete production while also highlighting the importance of controlling replacement levels to maintain long term performance and consistency.
[bookmark: _Toc229413345]5.4 Proposed directions for future research
While this study has provided useful insights into how lemon juice and salt water influenced the compressive load of concrete, it also highlights how much more research there is to be done. The results clearly show that both materials affect hydration and strength development, however, due to limitations they will not fully able to be explored. Unfortunately in this study there is only one concentration of lemon juice with a small range of saltwater replacement levels, and only compressive loading was done as a performance measure. Due to this, the findings should be seen as a starting point rather than a complete understanding of the topic. While there are many aspects of future research that could be considered, the key aspects would be the following:
· Investigate A wider range of salt water replacement levels (e.g. 5%, 15%, 25%, 30%, 40%)
· identify the exact optimum salt water percentage more precisely
· test different concentrations of lemon juice beyond 1.5%
· compare lemon juice with other organic acids
· Study the combined effect of lemon juice and salt water at different concentrations
· increase the number of samples who makes to improve statistical reliability
· investigate tensile strength in addition to compressive loading
· investigate flexural strength behaviour
· Study durability properties such as permeability and water absorption
· analyse resistance to chloride penetration
[bookmark: _Toc229413346]5.5 Final statement 
The results show that both lemon juice and salt water influence concrete's behaviour, but salt water has a more significant effect. While moderate levels can improve compressive loading, excessive amounts reduced both performance and consistency. This highlights the importance of controlling mixed composition carefully and provides a strong foundation for further research into alternative materials in concrete.
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