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ABSTRACT

The Gosa dumpsite is a major source of leachate, which poses a threat to the engineering properties of adjacent soils. To quantify this impact, this study investigated the effects of leachate on two soil types, a sandy (A-2-4) and a clayey (A-7-6) soil, classified by AASHTO. Geotechnical tests were performed on soil specimens treated with varying degree of leachate concentrations. Results showed that leachate significantly altered key soil properties. The sandy soil developed a plastic limit of 18.5% and experienced a 34% reduction in its plasticity index. Both soil types exhibited notable decrease in maximum dry density with increased leachate exposure. The sandy soil’s maximum dry density dropped from 1.92 to 1.68 Mg/m³, the clayey soil dropped from 1.75 to 1.52 Mg/m³. This research confirmed the detrimental impact of leachate on soil engineering properties and underscores the urgent need for sustainable waste management to protect construction sites and the environment.
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1.0	Introduction 

Rapid urbanization and population growth have led to a significant increase in waste generation globally, particularly in developing urban centers such as Nigeria's Federal Capital Territory (FCT), Abuja. This growth underscores the urgent need for sustainable and effective waste management solutions. While engineered sanitary landfills and strategic site selection can effectively contain waste and its harmful byproducts (Oyebode, 2017; Silva and Tagliaferro, 2021; Ibrahim and Mohamed, 2016), this view is rarely achieved in many developing nations, including Nigeria. Here, waste, including complex streams like electronic waste, is often disposed of in uncontrolled open dumps, leading to considerable environmental and health hazards due to inadequate regulatory and management frameworks (Abdelsalam, 2014; Ferronato and Torretta, 2019).
The Gosa dumpsite, located in the Idu Industrial Area of the FCT, exemplifies these waste management challenges. As one of only four approved disposal sites in the territory, it accepts municipal solid waste, contributing to the complex waste management issues facing the rapidly expanding city. Reflecting a common practice in many developing nations, Nigeria predominantly uses open dumping (Ikpe et al., 2020), a method characterized by the uncontained accumulation of wastes. Operational since the early 1980s, the Gosa dumpsite adheres to this model, resulting in disorganized waste accumulation (Morgan et al., 2018). This practice stands in stark contrast to the integrated waste management strategy outlined in the Abuja master plan (FCT, 2003).
A primary concern at dumpsites, like that of Gosa in Idu Industrial area of Abuja, particularly those using open dump model, is leachate generation. This liquid, formed by moisture percolating through the waste, poses a significant threat to both environmental integrity, like soil engineering properties, and public health. Leachate is a complex mixture of microbial pathogens and hazardous substances, including cyanide, heavy metals, and various other chemical contaminants. When it migrates from the dumpsite, it has the tendency to contaminate surrounding soil and groundwater (Ayoola, 2021), potentially harming local ecosystems and human populations reliant on these natural resources.
To assess the potential impact on surrounding soil, it's crucial to understand the composition of the waste at the Gosa dumpsite. A study by Seidu et al., (2021), found the moisture content of the solid waste to be 19.3%. They also provided a detailed breakdown of the waste components: 34% organic material, 28% plastic, 14% dust, 10% paper, 6% metal, 4% fabric, 2% glass, and 2% rubber. This study further determined the average densities of these materials, which is vital for evaluating the dumpsite's characteristics and the potential for leachate generation. The average densities found were: glass (0.044  kg/m3), metal (0.045  kg/m3), plastic (0.176  kg/m3), organic material (0.143  kg/m3), dust (0.098  kg/m3), paper (0.074  kg/m3), fabric (0.043  kg/m3), and rubber (0.042  kg/m3). This detailed data is essential for understanding the long-term behaviour of the waste and its potential for leachate generation.
Leachate generation is a major problem at dumpsites, especially those that employs the open dump model. When rainwater or other moisture passes through the waste, it creates a toxic liquid called leachate. This liquid contains various organic and inorganic pollutants, which can seep into the surrounding soil. This contamination poses huge ability to alter the host soil's engineering, physical and chemical properties (Al-Yaqout and Hamoda, 2003), posing risks to soil fertility, water quality, and local ecosystems.
While sanitary landfills can be an effective way to manage waste compared to open dumping (USEPA, 1978; Younes et al., 2016; Vaverková et al., 2018), their improper management, which is common in developing countries, presents significant risks. The siting of a landfill is a crucial factor in minimizing environmental damage and protecting human health (Rowe, 2018).
Consequently, meticulous planning and decision-making are essential for choosing suitable locations for solid waste landfills (Amadi et al., 2015). A key goal in landfill design should be to effectively manage the movement of leachate to prevent environmental and health hazards. This includes but not limited to carefully assessing the host soil to ensure it can absorb or contain pollutants without becoming saturated (Abdelsalam, 2014).
Despite the acknowledged significance of these issues, researches that specifically examine the impacts of leachate contamination on the engineering, physical and chemical properties of dumpsite surrounding soil remain limited. Further investigation is therefore crucial to develop effective safety measures, improve current standards and practices, and ultimately mitigate the environmental and health risks associated with open dump system, as exemplified by the Gosa dumpsite. A deeper understanding of the interactions between leachate and soil is essential for creating truly sustainable waste management strategies.

2.0	Literature Review

This literature review synthesizes research on the detrimental effects of leachate from dumpsites on the engineering properties of surrounding soils. It highlights the urgent need for effective waste management strategies and identifies key areas for future research.
A consistent body of research demonstrates the detrimental impact of leachate on soil engineering properties. Studies show that soils exposed to leachate exhibit reduced specific gravity, dry density, cohesion, and California Bearing Ratio (CBR), while having higher moisture content and permeability (Opeyemi et al., 2020; Sharma et al., 2018). These changes compromise soil stability and make the soil unsuitable for construction. While some studies, like that of Lavanya (2021), have explored leachate recirculation as a potential method to improve soil properties, these findings primarily emphasized the necessity of transitioning from open dumps to engineered sanitary landfills to prevent soil contamination.
The pervasive issue of leachate-induced contamination extends to both soil and groundwater, posing significant environmental and health risks. Studies in India and Nigeria have documented the presence of elevated heavy metal concentrations and bacteria in groundwater near dumpsites, making it unsafe for consumption (Kumar et al., 2024; Amadi et al., 2012). These findings underscore the critical need for well-designed, modern sanitary landfills to protect water resources from contamination.
Geotechnical investigations further revealed that leachate contaminated soils often have reduced properties, rendering them unsuitable for engineering applications (Ugwu et al., 2018). However, some studies present nuanced findings; for example, Adefemi and Wole (2013) found that specific dumpsite soils can retain sufficient unconfined compressive strength to be used as liners in waste containment. Similarly, research on lateritic and termite mound soils shows that while leachate can increase their hydraulic conductivity and plastic limits, it does not always significantly impact their compaction characteristics or can even lead to a decrease in hydraulic conductivity (Nayak et al., 2007; Adekunle et al., 2021).
While these findings in literature overwhelmingly points to the negative impacts of leachate, some studies have begun to explore mitigation strategies and potential applications. For instance, research on landfill microbiomes has identified genes with the potential to biodegrade plastic waste, offering a promising avenue for bio-remediation (Kumar et al., 2021).
In conclusion, the existing literature consistently demonstrates that leachate from open dumpsites significantly alters the physical, chemical, and engineering properties of surrounding soils. This compromises soil stability and suitability for various applications. Despite some research exploring the potential for bio-remediation and specific engineering uses for dumpsite soils, the overarching evidence highlights the critical need for a transition from open dumps to engineered sanitary landfills. Future research should focus on further understanding of the complex interactions between different leachate compositions and soil types to develop effective and sustainable mitigation strategies.

3.0	Methodology

This study employed a controlled contamination approach to investigate the impacts of leachate from the Gosa dumpsite on the engineering properties of surrounding soils. The methodology involved several key stages: leachate collection and characterization, soil sampling, controlled contamination experiments, and the determination of key engineering properties. A preliminary subsurface investigation was also conducted to inform the selection of soil samples and characterize the site's geology.

Leachate Collection and Characterization

Leachate was collected from the Gosa-Idu landfill using gravity collection system. To determine its potential effects on soil engineering properties, the leachate was comprehensively characterized for its key physical and chemical parameters. The analysis included:
Physical properties: pH, electrical conductivity (EC), total dissolved solids (TDS), and total suspended solids (TSS).
Chemical composition: concentrations of calcium (Ca), magnesium (Mg), chloride (Cl), phosphorus (P), sulfate (SO4), potassium (K), sodium (Na), ammonia-nitrogen (NH3-N), and nitrate (NO3).
Contaminant indicators: chemical oxygen demand (COD) and total hardness (TH).
All analyses were performed using standard analytical methods, with the results documented in Table 3.1.
Table 3.1: Geo-Chemical Analysis of Leachate Samples
	Parameter
	Gosa Dumpsite Leachate

	pH
	9.3

	EC (µS/cm)
	38722

	TH (mg/L)
	2966

	Ca (mg/L)
	1086.25

	Mg (mg/L)
	475.88

	Cl (mg/L)
	3988.32

	TDS (mg/L)
	3555.13

	TSS (mg/L)
	535.72

	P (mg/L)
	72.94

	COD (mg/L)
	6374.16

	SO4 (mg/L)
	434.38

	K (mg/L)
	947.7

	Na (mg/L)
	304.3

	NH3-N (mg/L)
	83.68

	NO3 (mg/L)
	22.25




Soil Sampling and Preparation

To establish a baseline for comparison, a comprehensive soil sampling campaign was conducted at a reference site located approximately 0.5 km away from the Gosa dumpsite, a distance considered sufficient to minimize any leachate influence. Soil samples were collected from this site using hand auger, following the guidelines of ASTM D1586 (2018) to ensure consistent and representative sampling. The sampling depths were determined based on the observed stratigraphy from the Vertical Electrical Sounding, VES, preliminary subsurface investigation.

Soil Preparation

Collected soil samples were air-dried to a constant weight, then homogenized by thoroughly mixing and sieving to remove large debris. This prepared soil was used for all subsequent controlled contamination experiments.



Controlled Contamination Experiment

The prepared soil samples were divided into six batches for the controlled contamination experiment. Five batches were contaminated with leachate at varying percentage of concentration levels: 0% (control), 20%, 40%, 60%, 80%, and 100% by volume. Leachate was thoroughly mixed with these soil samples to ensure uniform distribution. The control batch (0%) was prepared by mixing the soil with an equivalent volume of distilled water to account for the effects of moisture addition.
All contaminated samples were incubated for 24 hours at room temperature to allow for sufficient interaction between the leachate and the soil matrix, simulating a short-term exposure scenario.

Determination of Index Properties

Following the incubation period, a series of standardized laboratory tests were performed on both the contaminated and control soil samples to determine their key engineering properties. All tests adhered to established ASTM standards to ensure data reliability and comparability. The following tests were performed:
i. Particle Size Distribution: Determined using the dry sieving method as per ASTM D422 (2007). A series of standard sieves (No. 4, 10, 40, 100, and 200) were used to classify the soil.
ii. Compaction Characteristics: Determined using the modified Proctor test (ASTM D1557, 2012). This test establishes the relationship between moisture content and dry density to determine the maximum dry density (MDD) and optimum moisture content (OMC).
iii. Atterberg Limits: Atterberg limits (Liquid Limit (LL), Plastic Limit (PL), and Plasticity Index (PI)) were determined according to ASTM D4318 (2017). These limits define the boundaries of soil consistency.
iv. Natural Moisture Content: Determined gravimetrically following ASTM D2216 (2010). This test measures the amount of water present in the soil sample.
v. Specific Gravity: Specific gravity (Gs) was determined using the pycnometer method as prescribed by ASTM D854 (2014). This measures the ratio of the density of soil solids to the density of water.
This controlled experimental framework allows for the investigation of the specific effects of leachate concentration on the engineering properties of the Gosa-Idu landfill surrounding soil. By comparing these properties of soil contaminated with varying leachate concentrations to a control sample, the study aimed to isolate and measure the impacts of leachate on soil properties.


Subsurface Investigation

A preliminary subsurface investigation, utilizing Vertical Electrical Sounding (VES) method was conducted at five locations bordering the Gosa-Idu dumpsite. The purpose of this survey was to characterize the subsurface geology and guide the soil sampling process(s).
The VES data revealed a multi-layered subsurface structure. At Location 1 (as shown in Figure 3.1 and Table 3.2), the survey identified distinct layers: a sandy topsoil (0-2m, 306 Ωm), a sandy clay layer (2-3m, 138 Ωm), lateritic clay (10-15m, 50.4 Ωm), and fresh basement rock at depths greater than 20 meters (1322 Ωm).
Location 1
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Figure 3.2: A Vertical Electrical Sounding (VES) survey for location 1

Table 3.2: Lithological log for VES 1. Lat: 9.00656; Long: 7.35757; Elevation: 561m
	VES POINT
	Depth (m)
	Apparent Resistivity (Ωm)
	Inferred Lithology
	Recommended Depth range to basement(m)

	1
	0-2
	306
	Sandy top soil
	

	
	
	
	
	15
METERS


	
	2-3
	138
	Sandy clay
	

	
	10-15
	50.4
	Lateritic clay
	

	
	>20
	1322
	Fresh basement
	


This profile is representative of the general stratigraphy observed across the landfill, consisting of topsoil, a weathered layer (sand, sandy clay, and laterite), and a conductive lateritic clay layer overlying the bedrock. The depth to bedrock varied from approximately 10 to 20 meters across the five locations. Based on the VES results and subsequent soil sampling, the predominant soil types identified within the area were A-2-4 (sandy) and A-7-6 (clayey) soils, according to the American Association of State Highway and Transportation Officials, AASHTO, classification system. These two soil types were selected for the controlled contamination study to investigate and compare the effects of leachate on their respective geotechnical properties, given their differing characteristics in terms of grain size distribution and plasticity. Encountered A-2-6 soil and bedrock were not included in the contamination study.

4.0 Results and Discussion

This section presents and analyzes the results of the geotechnical tests conducted on both uncontaminated and leachate-contaminated soil samples. The results are presented in tables 4.1 to 4.4 and discussed in relation to the impact of varying leachate concentrations on the properties of the two identified soil types (A-2-4 and A-7-6).

Properties of Gosa Natural Surrounding Soils (Uncontaminated)

Table 4.1 presents the baseline geotechnical properties of uncontaminated soil samples collected from the reference site in the Gosa-Idu area. Two distinct soil types, classified as A-2-4 and A-7-6 according to the AASHTO system, were identified.
Table 4.1: Geotechnical Properties of Idu Soils
	Properties 
	Value 

	
	TP1
	TP4

	Natura Moisture content (%)
	13.95
	7.87

	Specific Gravity Gs
	2.58
	2.59

	Passing Sieve No. 40 (%)
	52.3
	70.6

	Passing Sieve No. 200 (%)
	25.77
	51.23

	Liquid Limit (%)
	22.5
	61

	Plastic Limit (%)
	0
	23.02

	Plasticity index (%)
	22.5
	37.98

	Max. Dry Density MDD (g/cm³) BSH
	2.17
	1.95

	Optimum Moisture Content OMC (%) BSH
	9.6
	14

	AASHTO Classification 
	A-2-4
	A-7-6

	Colour 
	Gray
	fairly red



A-2-4 Soil: This soil exhibits characteristics of a sandy material with low plasticity index (PI = 22.5%) and a relatively high maximum dry density (MDD = 2.17 g/cm³). The absence of a plastic limit (PL = 0%) indicates non-plastic or very slightly plastic behaviour. These properties suggest that the A-2-4 soil would generally be suitable for various construction applications.
A-7-6 Soil: This soil is classified as a clayey material with a high plasticity index (PI = 37.98%) and a lower MDD (1.95 g/cm³) compared to the A-2-4 soil type. The presence of a measurable plastic limit (PL = 23.02%) and a high liquid limit (LL = 61%) confirm its higher plasticity and potential for volume change with varying moisture content. The reddish color suggests the possible presence of iron oxides. The A-7-6 soil's properties suggests it may be less desirable for construction in its natural state.

Effect of Leachate Contamination on A-2-4 Soil Type

Table 4.2 presents the geotechnical properties of the A-2-4 soil type contaminated with leachate from the Gosa dumpsite at varying concentrations.
Table 4.2: Effect of Leachate Contaminaation on A-2-4 Soil Properties
	Leachate Conc. (%)
	LL (%)
	PL (%)
	PI (%)
	MDD (g/cm³)
	OMC (%)

	0
	22.5
	0
	22.5
	2.17
	9.6

	20
	25.5
	0
	25.5
	2.13
	9.4

	40
	26.0
	0
	26.0
	2.13
	9.5

	60
	26.0
	0
	26.0
	2.14
	9.8

	80
	26.0
	0
	26.0
	2.13
	9.0

	100
	26.5
	16.82
	9.68
	2.15
	9.4



Atterberg Limits: The liquid limit (LL) of the A-2-4 soil shows a slight, gradual increase with increasing leachate concentration up to 80%, suggesting a potential interaction between the leachate and the finer soil fractions. This increase in LL indicates that the leachate may be affecting the soil's ability to absorb and retain water. A notable change occurs at 100% concentration, where a plastic limit (PL) of 16.82% emerges. This results in a significant decrease in the plasticity index (PI) from 26.0% (at 80% concentration) to 9.68% (at 100% concentration). The appearance of the PL and the subsequent PI reduction at high leachate concentration suggest a significant shift in the soil's plasticity characteristics, possibly due to complex chemical reactions or flocculation of clay particles caused by the leachate.

Compaction Characteristics: The maximum dry density (MDD) of the A-2-4 soil type generally decreases with increasing leachate concentration up to 80%, possibly due to the leachate interfering with the soil's particle packing and reducing the interparticle friction. The slight increase in MDD observed at 100% concentration (compared to 80%) might be attributed to the development of the PL and associated changes in soil structure at this high concentration. The optimum moisture content (OMC) does not show a consistent trend with increasing leachate concentration, suggesting a complex interaction between the leachate and the soil's water retention properties. The fluctuations in OMC could be due to the varying ionic strength and composition of the leachate affecting the soil-water interactions.

Effect of Leachate Contamination on A-7-6 Soil

Table 4.3 presents the geotechnical properties of the A-7-6 soil contaminated with leachate from the Gosa dumpsite at varying concentrations.
Table 4.3: Effect of Leachate Contamination on the Properties of A-7-6 Soil
	Leachate Conc. (%)
	LL (%)
	PL (%)
	PI (%)
	MDD (g/cm³)
	OMC (%)

	0
	58
	22.72
	35.28
	1.92
	15

	20
	56
	22.81
	33.19
	1.93
	15

	40
	56
	21.88
	34.12
	1.93
	15.5

	60
	54
	21.58
	32.42
	1.93
	15.05

	80
	55
	21.21
	33.79
	1.95
	13.5

	100
	56
	21.58
	34.42
	1.93
	15.6



Atterberg Limits: The liquid limit (LL) of the A-7-6 soil shows a slight decrease with increasing leachate concentration up to 60%, followed by a slight increase at 80% and 100%. The plastic limit (PL) exhibits a similar trend. However, the variations in both LL and PL are relatively small. Consequently, the plasticity index (PI) shows only minor fluctuations across the different leachate concentrations. This suggests that the leachate, within the tested concentrations, has a limited impact on the plasticity of the A-7-6 soil type.

Compaction Characteristics: The maximum dry density (MDD) of the A-7-6 soil type shows a slight increase from 0% to 80% leachate concentration, suggesting that the addition of leachate up to this point might slightly improve the soil's compactability. At 100% concentration, however, the MDD slightly decreases. The variations in MDD are small, indicating that the leachate's impact on compaction is not substantial for this soil type. The optimum moisture content (OMC) shows some fluctuations with increasing leachate concentration, but no clear trend is apparent.

Comparison Between the Contaminated and Uncontaminated Soil Types

Table 4.4 provides a comparative analysis of the geotechnical properties between the uncontaminated and contaminated soil samples for both A-2-4 and A-7-6 soil types.
Table 4.4: Comparative analysis of the geotechnical properties between uncontaminated and contaminated soil samples
	Properties 
	Uncontaminated Soil
	Contaminated Soil 

	
	A-2-4
	A-7-6
	A-2-4
	A-7-6

	Natural Moisture content (%)
	13.95
	7.87
	13.95
	7.87

	Liquid Limit (%)
	22.5
	61
	26.5
	56

	Plastic Limit (%)
	0
	23.02
	16.82
	21.58

	Plasticity index (%)
	22.5
	37.98
	9.68
	34.42

	Max. Dry Density MDD (g/cm³) BSH
	2.17
	1.95
	2.15
	1.93

	Optimum Moisture Content OMC (%) BSH
	9.6
	14
	9.4
	15.6

	AASHTO Classification 
	A-2-4
	A-7-6
	A-2-5
	A-7-7

	Colour 
	Gray
	fairly red
	Gray
	fairly red



A-2-4 Soil: Leachate contamination leads to a noticeable increase in the liquid limit (LL) and the emergence of a plastic limit (PL) at higher concentrations, resulting in a significant decrease in the plasticity index (PI). This indicates a change in the soil's cohesive behaviour. The maximum dry density (MDD) shows a slight decrease, while the optimum moisture content (OMC) does not exhibit a consistent trend. The AASHTO classification also shifts from A-2-4 to A-2-5 upon contamination.
A-7-6 Soil: The impact of leachate contamination on the A-7-6 soil is less pronounced compared to the A-2-4 soil type. While there are some variations in LL, PL, and PI, the changes are relatively small. The MDD shows a slight increase up to 80% leachate concentration, followed by a decrease at 100%, while the OMC fluctuates. 

5.0 Conclusion

This study investigated the impact of leachate contamination from the Gosa-Idu dumpsite on the engineering properties of soil in the Gosa-Idu area of Abuja. Established from the results obtained, the following conclusions are drawn:
· Differential Impact on Soil Types: Leachate contamination exhibits a more pronounced effect on the A-2-4 soil compared to the A-7-6 soil type. The A-2-4 soil shows more significant changes in Atterberg limits, particularly the emergence of a plastic limit and a substantial reduction in the plasticity index at higher leachate concentrations. The A-7-6 soil, while showing some variations, demonstrated greater resilience to leachate impact in relation to its plasticity.
· Impact on Compaction Characteristics: In both soil types, a general trend of decreasing maximum dry density (MDD) was observed with increasing leachate concentration, suggesting that the leachate may be hindering the soil's compactability. However, the magnitude of this reduction is relatively small. The optimum moisture content (OMC) shows inconsistent variations with increasing leachate concentration, indicating a complex interaction between leachate and the soil's water-holding capacity.
· Potential Chemical Interactions: The observed changes in Atterberg limits, especially in the A-2-4 soil type, suggested potential chemical interactions between the leachate and the soil components. Further investigation is needed to identify the specific chemical reactions occurring and their long-term effects on soil behaviour. The colour change observed in contaminated samples also points to chemical alterations.
· Limited Impact at Lower Concentrations: While changes were observed, the impact of leachate contamination on the engineering properties of both soil types, especially the A-7-6 soil, appears to be limited at lower leachate concentrations. This suggests a potential threshold effect, where significant changes in soil properties occur only beyond a certain leachate concentration.
This study therefore, provides valuable preliminary insights into the impacts of leachate contamination on Gosa-Idu dumpsite adjoining soil. However, further research is recommended to:
· Identify and quantify the specific contaminants present in the leachate, including heavy metals and other relevant parameters.
· Conduct mineralogical and chemical analysis of the soil types to understand the mechanisms of interaction with the leachate.
· Perform long-term studies to assess the durability of observed changes and their potential environmental impacts.
· Evaluate the potential for remediation and stabilization of contaminated soil types in the Gosa-Idu area of Abuja.
In conclusion therefore, leachate contamination from the Gosa dumpsite significantly impacts the engineering properties of Gosa-Idu soil types, particularly the A-2-4 type. These changes have implications for engineering design and construction practices in the study area. A comprehensive understanding of the specific contaminants and their long-term impacts is crucial for effective renewable energy practice and sustainable infrastructural development in the region.
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