
NIPES-Journal of Science and Technology Research 6(3) 2024 pp. 220-228 ISSN-2682-5821 

220 

 

 
Enhancing the Geotechnical Properties of Oil-Contaminated Soils Using a 

Hybrid Blend of Rice Husk Ash and Charcoal Powder 
 

Uguru, H.1*, Akwenuke, M.O2, Ikoko, O3 
1Department of Agricultural Engineering, Delta State University of Science and Technology, Ozoro, Nigeria 
2Department of Civil and Water Resources Engineering, Delta State University of Science and Technology, Ozoro, Nigeria 
3Department of Agricultural and Bio-Environmental Engineering Technology, Delta State Polytechnic, Ogwashi-Uku, Nigeria 

*corresponding author: erobo2011@gmail.com 

 

Article Info  Abstract 

Keywords: Agricultural products, 

farm structures, road pavement, soil 

properties, waste management 

 Petroleum pollution has become a significant concern for public health 

and infrastructural development. This research was embarked upon to 

assess the remediation potential of sustainable materials on oil-

contaminated lateritic soil. Soil samples contaminated with spent 

vehicle oil (SVO) were treated with combined rice husk ash (RHA) and 

charcoal powder (CP) at various quantities. The geotechnical 

properties (California Bearing Ratio (CBR), permeability, maximum 

dry density (MDD), optimal moisture content (OMC), and consistency 

limits) of the natural, contaminated, and remediated soil samples were 

determined in accordance with ASTM International guidelines. The 

results gotten from the remediated soil specimens revealed that, the 

two agricultural products substantially reduced the impact of the SVO 

on the lateritic soil geotechnical properties. The soil's CBR increased 

from 6.91 to 17.85% (158% improvement), the permeability declined 

from 9.19 x10-8 to 3.11 x10-8 m/s (195% improvement), while the 

plasticity index (PI) decreased from 14 to 8% (75% improvement) as 

the content of the remediating agents increased from 4% to 20%. 

Interestingly, the results depicted that the stabilized soil can be utilized 

as sub-grade material in road construction. Remarkably, this research 

outcome highlights that, in addition to mitigating the SVO effects on 

the soil, the rice husk ash and charcoal powder were able to enhance 

the soil's geotechnical properties, rendering it suitable for road sub-

grade construction. 
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1.0. Introduction 

Soil is one of the fundamental materials used in both infrastructural and agricultural development, 

playing essential roles in the stability of structures and food security. The design and construction 

of civil engineering structures are influenced by the soil's geotechnical properties, while its 

physicochemical properties impact crop yield patterns [1, 2]. Soil organic matter and water content 

influences its mechanical properties, fertility, and microbial activity, which in turn determine the 

soil's suitability for various engineering applications [3, 4]. Soil's load-bearing capacity (LBC) is a 

crucial factor in pavement design, as soils with higher load-bearing capacities allow for thinner 

pavement layers. This reduces the amount of soil needed for road construction, conserves natural 

resources, and helps minimize the environmental impacts associated with climate change [5-7]. 

 

Despite the importance of soil in engineering applications, it presents challenges due to its 

significant variability in physical and geotechnical characteristics. This inherent variability in soil 

properties, which already poses serious challenges in construction and crop production, is further 
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exacerbated by soil contamination, making it a complex and intricate issue to manage effectively 

and accurately [8]. These pollutants alter the soil's physicochemical properties, resulting in a 

reduction in its LBC and fertility levels. Petroleum and its derivatives are major contaminants that 

severely impact soil's engineering properties, leading to multiple issues in construction and land 

use [9,10]. Petroleum and its derivatives have the ability of altering the physical, mechanical and 

chemical properties of soil [11]. This will affect the soil compaction, infiltration and load bearing 

levels by reducing its cohesiveness and altering the frictional properties of soil particles [12-14].  

 

Singh [15] reported that crude oil pollution can disrupt the soil's microscopic structure, resulting in 

a decrease in the velocity of shear waves as they pass through the contaminated soil. According to 

Ref [16], as the volume of oil increases, the permeability of silty loam soil decreases, suggesting 

that the soil's ability to absorb water is impaired as it becomes more heavily contaminated with 

petroleum. Hydrocarbons seriously affect the consolidation characteristics of fine-grained soils, 

causing them to behave unpredictably under load and leading to differential settlement in 

structures [17]. According to Odoh [18] research, oil pollution has a considerable effect on the 

properties of contaminated soil, leading to a notable decrease in soil’s liquid and plastic limits. 

The presence of petroleum contaminants in soil can considerably reduce its shear strength. This 

situation can cause foundations, embankments, and other structures built on or with this 

contaminated soil to become unstable and susceptible to failure [19]. 

 

Scientists are actively working to minimize the adverse effects of oil pollution on soil's 

engineering characteristics. Soil stabilization and remediation are vital methods for enhancing the 

physicochemical and geotechnical properties of oil-contaminated soils. These techniques 

effectively degrade the pollutant(s) concentrations and mitigate the associated risks [20-22]. The 

efficiency of bioremediation in contaminated soils is influenced by the nature of the microbes and 

their ability to degrade petroleum pollutants [23]. Petroleum-degrading microorganisms have been 

found to enhance (increase) the shear strength of soils impacted with oil, in an investigation 

conducted by Ref [9]. Mekkiyah [16] reported that cement helps to increase the permeability rate 

and specific gravity of soil polluted with crude oil. Adebayo [24] observed in their research that 

utilization of charcoal powder, as filter medium during electrokinetic remediation of petroleum 

polluted soil, substantially increases the compaction level and California bearing ratio (CBR) 

values of the various soil samples used for the experiment. 

 

Although numerous scientific investigations have been conducted on the remediation of 

hydrocarbons polluted soils, a review of related literature reveals limited information on the use of 

a hybrid approach combining agricultural sustainable materials as remediation agents for 

petroleum hydrocarbons contaminated soils. Therefore the major goal of this present study is to 

evaluate the remediation potential of eggshell powder and charcoal powder in enhancing the 

geotechnical properties of spent vehicle oil-contaminated lateritic soil. The information obtained 

from this research will help to design and develop a sustainable remediation solution for 

contaminated soil bodies. 
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2.0 Materials and methods 

2.1 Materials  

2.1.1 Soil specimen  

The lateritic soil was dug (sampled) from the flood plains of Niger Delta and air-dried for two 

weeks.   

 

2.1.2 Spent vehicle oil (SVO), charcoal powder and rice hush ash (RHA) 

The Spent vehicle oil (SVO) was obtained from automobile workshop in Ughelli, Delta State, 

while the charcoal powder (CP) and rice hush ash (RHA) were obtained from the bio-materials 

laboratory of the Delta State University of Science and Technology, Ozoro, Nigeria.  

2.2 Methods  

2.2.1 Soil contamination and remediation plans  

One hundred kilogram of the dried lateritic soil was contaminated with 10 L of SVO and left to 

acclimatize for two weeks.  The contaminated soil (CS) was thoroughly mixed and filled into 

stainless steel containers at the rate specified in Table 1. This blending ratio of rice husk ash 

(RHA) and charcoal powder (CP) was adopted based on the ratios used in previous research 

studies for similar agricultural byproducts [33]. The experimental setups were left to stand for 

eight weeks in a shaded environment, where they were exposed to the same environmental 

conditions throughout the duration of the bioremediation program. This study was conducted 

between March 2024 and May 2024, with temperatures averaging 29±6°C.  

 

Table 1: Remediation set-ups 
Sample code  Constituents  

Control  100% contaminated soil (CS) 
Treatment 1 (SAM 1) 2% RHA + 2% CP + 96% CS  
Treatment 2 (SAM 2) 4% RHA + 4% CP + 92% CS 
Treatment 3 (SAM 3) 6% RHA + 6% CP + 88% CS 
Treatment 4 (SAM 4) 8% RHA + 8% CP + 84% CS 
Treatment 5 (SAM 5) 10% RHA + 10% CP + 80% CS 

 

2.2.2 Geotechnical properties determination 

Geotechnical characteristics of the lateritic soil were investigated prior to contamination, after 

contamination, and at the end of the remediation program. This was done to ascertain the impact 

of the spent vegetable oil (SVO) and remediating agents on the soil samples. The tests were 

conducted in triplicate and the mean value recorded.  

 

Sieve analysis and Consistency limits test 

The soil’s sieve analysis was conducted in harmony with ASTM standards, using 0.5 kg of the 

dried soil sample (Figure 1). Also, the soil sample consistency limits (liquid limit “LL”, plastic 

limit “PL”, and plasticity index “PI”) test was determined in agreement with ASTM D4318 

procedures [25]. 
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Figure 1: The dried uncontaminated soil sample 

Proctor compaction test   

The compaction characteristics (maximum dry density (MDD) and optimal moisture content 

(OMC)) of the soil specimens were determined by, employing the proctor compaction technique, 

in harmony with the approved ASTM D698-12 guidelines [26]. 

 

Soaked California Bearing Ratio (CBR) and Permeability tests 

The soaked CBR values of the laboratory compacted soil were measured in accordance with 

ASTM D1883 standards [27]. The permeability of the soil specimens was evaluated using the 

standard procedures outlined in ASTM D2434-22 [28]. 

 

3.0 Results and discussion  

 

3.1 Results 

3.1.1 Sieve analysis  

The sieve analysis results presented in Figure 2, depicted that the soil had fine content of 20.14%, 

Coefficient of Uniformity (Cu) of 1.59 and Coefficient of Curvature (Cc) of 0.69. Using the 

American Association of State Highway and Transportation Officials (AASHTO) guidelines, this 

soil can be classified as A-2-6 soil [29]. 
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Figure 2: The particle size grading chart 

 

3.1.2 Uncontaminated and contaminated soil samples geotechnical parameters 

The results of the geotechnical properties of the uncontaminated and contaminated lateritic soil 

samples are presented in Table 2. It was noted that the LL, PI, CBR, permeability, MDD and 

OMC of the natural laterite were 35%, 16%, 4.71%, 2.24 x10-7 m/s, 1.45 g/cm3 and 15.49%, 

respectively; while the soil impacted with SVO had LL, PI, CBR, permeability, MDD and OMC 

values were 43%, 21%, 2.04%, 2.53 x10-7 m/s, 1.21 g/cm3 and 19.37%, respectively. The results 

indicated that SVO has a substantial impact on the engineering properties of the soil. Oil 

contamination disrupts the soil's intricate microstructure, subsequently affecting its mechanical 

properties [15]. The results showed that SVO increased the soil’s LL, PI, and OMC, while 

decreasing the California Bearing Ratio, permeability, and MDD of the soil. Similar to the 

findings of Iloeje [30], which examined the impact of SVO contamination on soil permeability, 

our study observes that as the volume of oil increases, the soil permeability rate decreases in a 

non-uniform manner.  

 

Table 2: The geotechnical properties of the lateritic soils samples   
S/No Parameter  Uncontaminated  Contaminated  

1 Liquid limit 35% 43% 
2 Plasticity index 16% 21% 
3 CBR 4.71% 2.04% 
4 Permeability  2.24 x10-7 m/s 2.53 x10-7 m/s 
5 Maximum dry density  1.45 g/cm3 1.21 g/cm3 
6 Optimal moisture content  15.49 % 19.37% 

 

3.1.3 Remediated contaminated soil (CS) geotechnical properties  

The results of the geotechnical properties of the soil after the remediation are presented in Table 3 

and Figure 2. It was observed that the MDD values of the Control, Treatments 1 - 5 remediated 

soil specimens were 12.14, 14.03, 15.67, 14.93, 13.45 and 12.66 g/cm3, respectively; while the 

OMC values were 17.27, 15.93, 15.04, 16.72, 17.54 and 18.38%, respectively. Similarly, the LL 
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and PI values of the various treated specimens of SAMs 1 - 5, were 40, 43, 44, 46 and 49%, 

respectively, and 14, 12, 11, 9 and 8%, respectively. The soaked CBR values of the various 

remediated soil samples inclined from 6.91 to 17.85% as the quantity of the hybrid RHA and CP 

increased from 4 to 20% (Figure 2). Additionally, the permeability values of the remediated soil 

samples - SAM 1, SAM 2, SAM 3, SAM 4 and SAM 5 – were 9.19 x10-8, 7.06 x10-8, 6.22 x10-8, 

4.49 x10-8 and 3.11 x10-8 m/s, respectively. These results underscore the ability of sustainable 

materials to remediate petroleum, mitigating the harmful effects of hydrocarbons. This finding is 

consistent with the observations of Ref [9] regarding crude oil-polluted soils.  

 

Table 3: Remediated lateritic soil geotechnical properties  
 MDD (g/cm3) OMC (%) LL(%) PI (%) Permeability (m/s) 

Control  12.14±0.59 17.27±0.42 36±1.52 17±1.83 2.67 x10-7±1.10 x10-8 
SAM 1 14.03±0.26 15.93±0.51 40±1.21 14±1.52 9.19 x10-8±2.01 x10-9 
SAM 2 15.67±0.72 15.04±0.34 43±1.48 12±0.70 7.06 x10-8±2.13 x10-9 
SAM 3 14.93±0.44 16.72±0.51 44±1.09 11±0.75 6.22 x10-8±2.07 x10-9 
SAM 4 13.45±0.31 17.54±0.57 46±1.16 9±0.72 4.49 x10-8±1.61 x10-9 
SAM 5 12.66±0.46 18.38±0.49 49±1.74 8±0.41 3.11 x10-8±4.93 x10-10 

Mean ±standard deviation, n = 3 

 
Figure 2: The soaked CBR values of the remediated SVO contaminated soil 

 

3.2 Discussion  

The results revealed that the combination of RHA and CP were able to improve the geotechnical 

properties of the soil impacted with hydrocarbons. This can be attributed to the dual functionality 

of rice husk ash (RHA) and charcoal powder (CP), which act both as stabilizing agents and as 

remediation agents. Being hygroscopic, charcoal and ash have the ability to absorb hydrocarbons 

from the soil and improve its fertility level, thereby reducing the harmful effects associated with 

diesel pollution [31]. During the experimental process (bioremediation), the RHA supplies 

nutrients that enhance the activity of indigenous hydrocarbons degrading microbes, thereby reduce 

the impact of the spent oil in the soil [32, 33]. This study’s findings gave depicted that that a 

combination of rice husk ash and charcoal powder can be effectively used to remediate petroleum 



Uguru, H et al. / NIPES - Journal of Science and Technology Research 

6(3) 2024 pp. 220 -228 

226 

 

hydrocarbons contaminated ecosystems. This further supports the findings of Zahed [41], whose 

research concluded that biochar has the capability to remediate petroleum-contaminated soils.  

 

The significant improvement observed in the geotechnical properties of the control unit, after the 

experimental duration can be linked to the vaporization of the volatile hydrocarbons from the soil, 

as well as the degradation of petroleum by natural remediating agents [22]. The hydrophobic 

nature of oil reduces water absorption, which can potentially increase the soil’s PI value. The 

observed increment in PI values of soil samples as ash and charcoal quantities increase can be 

associated to the higher oil absorption rate by the soil particles. This enhances the soil's water 

absorption capacity and porosity, ultimately leading to a reduction in soil plasticity [22]. 

According to Li [34], ash particles function as fillers within the soil matrix, reducing the voids 

between fine soil particles. This, in turn, decreases the soil's capacity to exhibit plastic behavior, 

thereby lowering its plasticity index. RHA has high pozzolanic properties; therefore, apart from 

degrading the oil content in the soil, it will also react with the soil moisture to produce 

cementitious compounds, leading to increment in the soil’s resistance to deformation and CBR 

value. In addition to the charcoal's adsorptive properties for absorbing hydrocarbons from the CS, 

the fine charcoal powder also acts as a buffer material within the soil. This slows down the 

movement of water through the soil, effectively reducing its permeability [35]. 

 

The decrease in MDD observed in the soil samples as the volume of rice husk ash (RHA) and 

charcoal powder (CP) increases, despite the reduction in hydrocarbon content, can be attributed to 

the lower densities of these two remediating agents, and their ability to increase soil porosity. 

High-porosity materials with lower densities tend to influence soil compaction behavior, resulting 

in reduced MDD and increased OMC respectively, which can caused significant alteration in the  

compaction characteristics of soil mass [36]. Remarkably, this research finding demonstrates that 

in addition to remediating the harmful effects of the SVO on the environment, the RHA and CP 

also improved the soil's geotechnical properties, making it suitable subgrade materials during road 

design and construction. Based on Federal Ministry of Works and Housing recommendations, soil 

required for subgrade and sub-base materials should have minimum soaked CBR of 5 and 25%, 

respectively. Similarly, FMWH stated that soils suitable for sub-grade and base course materials 

should have maximum PI value of 16 and 13%, respectively [29]. 

 

Interestingly, beyond remediating the oil’s consequences on the soil, this study has demonstrated 

that agricultural waste can be effectively utilized to address environmental pollution problems. 

Rice husk is a significant byproduct of rice mills and can have detrimental environmental impacts 

if not managed properly. When rice husk is burned or left to decompose, it releases particulate 

matter, volatile organic compounds (VOCs), and other pollutants into the air, contributing to air 

pollution and respiratory problems [40]. This approach can significantly aid in addressing the 

waste management challenges faced by many developing and underdeveloped nations, effectively 

turning agricultural waste into valuable resources. 

 

The variations observed in this study’s outcome, compared to other researchers' findings could be 

attributed to differences in fuel properties, as well as the concentration and quantity of petroleum 

products used by the various authors. Additionally, the mechanical and biochemical properties of 

the organic remediating agents play a decisive part in any remediation process [22,37]. Plant 

variety, maturity stage, processing methods, storage techniques, and environmental factors 

significantly influence the suitability of agricultural products for engineering applications [38, 39]. 
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4.0 Conclusion  

This study was undertaken to explore the prospects of utilizing agricultural waste materials as 

remediating agents for petroleum-contaminated soil. The geotechnical properties of lateritic soil 

contaminated with petroleum product (spent vehicle oil), and remediated using a combination of 

rice husk ash (RHA) and charcoal powder (CP), were determined in accordance with approved 

ASTM International approved guidelines. This study’s results depicted that the hybridized RHA 

and CP effectively reduced the impact of hydrocarbons on the soil, by enhancing its geotechnical 

properties. It was observed that as the volume of remediating materials increased from 0% to 20%, 

the soil's plasticity index decreased, while the California Bearing Ratio increased, though not 

uniformly. Interestingly, this study outcome depicted that, in addition to alleviating the impacts of 

the spent vehicle oil on the soil engineering properties, the RHA and CP were able to improve the 

lateritic soil's geotechnical properties, making it suitable as a subgrade construction material. 

Remarkably, in addition to modifying the influence of the spent vehicle engine oil on the soil’s 

engineering behaviors; this study has demonstrated that agricultural waste can be effectively 

utilized to tackle environmental pollution problems. 

 

References  
[1] Ganiyu, S. A., Are, K. S., & Olurin, O. T. (2020). Assessment of geotechnical and physico-chemical properties of age-long 

greywater-contaminated soils in basement complex areas, southwest Nigeria. Applied Water Science, 10(5). 

https://doi.org/10.1007/s13201-020-01201-7  

[2] John, P. N., Udom, G. J., & Tse, A. C. (2023). Geotechnical Considerations for Foundation Design in Parts of Yenagoa, 

Bayelsa State, Niger Delta Nigeria. British Journal of Earth Sciences Research, 11(4), 50–62. 

https://doi.org/10.37745/bjesr.2013/vol11n45062  

[3] Akpokodje, O.I., Agbi, G.G. & Uguru, H. (2021). Statistical evaluation of the effect of organic admixture on the mechanical 

properties of wood shavings-concrete for building construction. Saudi J Civ Eng, 5(7), 183-191.  

[4] Gupta, A., Singh, U. B., Sahu, P. K., Paul, S., Kumar, A., Malviya, D., Singh, S., Kuppusamy, P., Singh, P., Paul, D., Rai, J. 

P., Singh, H. V., Manna, M. C., Crusberg, T. C., Kumar, A., & Saxena, A. K. (2022). Linking Soil Microbial Diversity to 

Modern Agriculture Practices: A Review. International journal of environmental research and public health, 19(5), 3141. 

https://doi.org/10.3390/ijerph19053141  

[5] Vaitkus, A., Gražulytė, J., Kravcovas, I., & Mickevič, R. (2021). Comparison of the Bearing Capacity of Pavement Structures 

with Unbound and Cold Central-Plant Recycled Base Courses Based on FWD Data. Sustainability, 13(11), 6310. 

https://doi.org/10.3390/su13116310. 

[6] Barman, D., & Dash, S. K. (2022). Stabilization of expansive soils using chemical additives: A review. Journal of Rock 

Mechanics and Geotechnical Engineering, 14(4), 1319–1342. https://doi.org/10.1016/j.jrmge.2022.02.011 

[7] Malkawi, D. A., Rabab’ah, S. R., AlSyouf, M. M., & Aldeeky, H. (2023). Utilizing expansive soil treated with 

phosphogypsum and lime in pavement construction. Results in Engineering, 19, 101256. 

https://doi.org/10.1016/j.rineng.2023.101256  

[8] Zhao, S., Zhang, B., Zhang, W., Su, X., & Sun, B. (2023). Impacts of Contaminants from Different Sources on Geotechnical 

Properties of Soils. Sustainability, 15(16), 12586. https://doi.org/10.3390/su151612586 

[9] Salimnezhad, A., Soltani-Jigheh, H., & Soorki, A. A. (2021). Effects of oil contamination and bioremediation on geotechnical 

properties of highly plastic clayey soil. Journal of Rock Mechanics and Geotechnical Engineering, 13(3), 653–670. 

https://doi.org/10.1016/j.jrmge.2020.11.011 

[10] Akpokodje, O. I., Juwah, H. O. & Uguru, H. (2022). Impacts of petroleum spills on geotechnical properties of soils: A review. 

Journal of Engineering Innovations and Applications. 1(1), 1-6 

[11] Akpomrere O.R. & Uguru, H. (2020). Uptake of heavy metals by native plants growing around an abandon crude oil refining 

site in southern Nigeria: A case study of African stargrass. Direct Research Journal of Public Health and Environmental 

Technology, 5 (2), 19-27. 

[12] Yazdi, A., & Sharifi Teshnizi, E. (2021). Effects of contamination with gasoline on engineering properties of fine-grained silty 

soils with an emphasis on the duration of exposure. SN Applied Sciences, 3(7). https://doi.org/10.1007/s42452-021-04637-x  

[13] Azam, M. S., Xiao, Z., Mia, M. R., Rahman, M. M., & Zaman, T. (2022). Effects of Oil Contamination on the Geotechnical 

Properties of Clayey Soil. Journal of ICT, Design, Engineering and Technological Science, 6(2). 

https://doi.org/10.33150/jitdets-6.2.2 

[14] Daâssi, D., & Qabil Almaghribi, F. (2022). Petroleum-contaminated soil: environmental occurrence and remediation 

strategies. 3 Biotech, 12(6), 139. https://doi.org/10.1007/s13205-022-03198-z  

[15] Singh, A., Paramkusam, B. R., & Maiti, P. R. (2021). Impact of petroleum hydrocarbon on shear wave velocity of 

Brahmaputra river sand. Environmental Earth Sciences, 80(13). https://doi.org/10.1007/s12665-021-09748-7  

[16] Mekkiyah, H., Al-Hamadani, Y., Abdulhameed, A., Resheq, A., & Mohammed, Z. (2023). Effect of Crude Oil on the 

Geotechnical Properties of Various Soils and the Developed Remediation Methods. Applied Sciences, 13(16), 9103. 

https://doi.org/10.3390/app13169103 

https://doi.org/10.1007/s13201-020-01201-7
https://doi.org/10.37745/bjesr.2013/vol11n45062
https://doi.org/10.3390/ijerph19053141
https://doi.org/10.3390/su13116310
https://doi.org/10.1016/j.jrmge.2022.02.011
https://doi.org/10.1016/j.rineng.2023.101256
https://doi.org/10.3390/su151612586
https://doi.org/10.1016/j.jrmge.2020.11.011
https://doi.org/10.1007/s42452-021-04637-x
https://doi.org/10.33150/jitdets-6.2.2
https://doi.org/10.1007/s13205-022-03198-z
https://doi.org/10.1007/s12665-021-09748-7
https://doi.org/10.3390/app13169103


Uguru, H et al. / NIPES - Journal of Science and Technology Research 

6(3) 2024 pp. 220 -228 

228 

 

[17] Rajabi, H., & Sharifipour, M. (2018). Geotechnical properties of hydrocarbon-contaminated soils: a comprehensive review. 

Bulletin of Engineering Geology and the Environment, 78(5), 3685–3717. https://doi.org/10.1007/s10064-018-1343-1  

[18] Odoh, F.E., Asibeluo, U.N. and Akpokodje, O.I. (2023). Electrical and geotechnical properties of soils around electrical power 

transformers. International Journal of Advanced Academic Research, 9(4), 1-13. 

[19] Karkush, M. O., & Jihad, A. G. (2020). Studying the Geotechnical Properties of Clayey Soil Contaminated by Kerosene. Key 

Engineering Materials, 857, 383–393. https://doi.org/10.4028/www.scientific.net/kem.857.383  

[20] Sui, X., Wang, X., Li, Y., & Ji, H. (2021). Remediation of Petroleum-Contaminated Soils with Microbial and Microbial 

Combined Methods: Advances, Mechanisms, and Challenges. Sustainability, 13(16), 9267. 

https://doi.org/10.3390/su13169267  

[21] Ambaye, T. G., Chebbi, A., Formicola, F., Prasad, S., Gomez, F. H., Franzetti, A., & Vaccari, M. (2022). Remediation of soil 

polluted with petroleum hydrocarbons and its reuse for agriculture: Recent progress, challenges, and perspectives. 

Chemosphere, 293, 133572. https://doi.org/10.1016/j.chemosphere.2022.133572 

[22] Akpokodje, O.I. & Uguru, H. (2019). Bioremediation of hydrocarbon contaminated soil: assessment of compost manure and 

organic soap. Transactions on Machine Learning and Artificial Intelligence, 7(5): 13-23. 

[23] Kong, F., Sun, G., & Liu, Z. (2018). Degradation of polycyclic aromatic hydrocarbons in soil mesocosms by microbial/plant 

bioaugmentation: Performance and mechanism. Chemosphere, 198, 83–91. 

https://doi.org/10.1016/j.chemosphere.2018.01.097 

[24] Adebayo, K., Moses, G., Engbonye, J. S., Ibrahim, B. H., & Balarabe, F. (2023). Filter media enhanced electrokinetic 

remediated crude oil contaminated soil: investigation of its engineering properties and its suitability for road construction. 

Nigerian Journal of Technology, 42(2), 175–184. https://doi.org/10.4314/njt.v42i2.3  

[25] ASTM D4318 (2018). Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils. 

https://www.astm.org/d4318-17e01.html  

[26] ASTM D698-12(2021) Standard Test Methods for Laboratory Compaction Characteristics of Soil Using Standard Effort 

(12,400 ft-lbf/ft3 (600 kN-m/m3)). https://www.astm.org/d0698-12r21.html 

[27] ASTM D1883 (2021). Standard Test Method for California Bearing Ratio (CBR) of Laboratory-Compacted Soils. 

https://www.astm.org/d1883-21.html  

[28] ASTM D2434 (2022). Standard Test Method for Permeability of Granular Soils (Constant Head). 

https://www.astm.org/d2434-19.html  

[29] Federal Ministry of Works and Housing – FMWH - (1997). General Specification for Roads and Bridges, Volume II, Federal 

Highway Department, FMWH: Lagos, Nigeria. 

[30] Iloeje A. F. & Aniago V.A. (2016). Effect of Crude Oil on Permeability Properties of the Soil. International Journal of Trend 

in Scientific Research and Development, 1(1), 39–43. https://doi.org/10.31142/ijtsrd5724 

[31] Hamidi, N. H., Ahmed, O. H., Omar, L., & Ch’ng, H. Y. (2021). Soil Nitrogen Sorption Using Charcoal and Wood Ash. 

Agronomy, 11(9), 1801. https://doi.org/10.3390/agronomy11091801  

[32] Ausma, S., Edwards, G. C., Fitzgerald-Hubble, C. R., Halfpenny-Mitchell, L., Gillespie, T. J., & Mortimer, W. P. (2002). 

Volatile Hydrocarbon Emissions from a Diesel Fuel-Contaminated Soil Bioremediation Facility. Journal of the Air &amp; 

Waste Management Association, 52(7), 769–780. https://doi.org/10.1080/10473289.2002.10470819  

[33] Uguru, H., Akpokodje, O.I., & Esegbuyota, D. (2020). Remediation potency of charcoal block and sawdust in petroleum 

products contaminated soil. Trends in Technical &amp; Scientific Research, 4(4), 107 – 115  

[34] Li, B., Luo, F., Li, X., & Liu, J. (2024). Mechanical properties evolution of clays treated with rice husk ash subjected to 

freezing-thawing cycles. Case Studies in Construction Materials, 20, e02712. https://doi.org/10.1016/j.cscm.2023.e02712 

[35] Paramisparam, P., Ahmed, O. H., Omar, L., Ch’ng, H. Y., Johan, P. D., & Hamidi, N. H. (2021). Co-Application of Charcoal 

and Wood Ash to Improve Potassium Availability in Tropical Mineral Acid Soils. Agronomy, 11(10), 2081. 

https://doi.org/10.3390/agronomy11102081 

[36] Spagnoli, G., & Shimobe, S. (2020). An overview on the compaction characteristics of soils by laboratory tests. Engineering 

Geology, 278, 105830. https://doi.org/10.1016/j.enggeo.2020.105830  

[37] Azubuike, C. C., Chikere, C. B., & Okpokwasili, G. C. (2016). Bioremediation techniques-classification based on site of 

application: principles, advantages, limitations and prospects. World journal of microbiology & biotechnology, 32(11), 180. 

https://doi.org/10.1007/s11274-016-2137-x  

[38] Tolesa, G. N., & Workneh, T. S. (2017). Influence of storage environment, maturity stage and pre-storage disinfection 

treatments on tomato fruit quality during winter in KwaZulu-Natal, South Africa. Journal of food science and technology, 

54(10), 3230–3242. https://doi.org/10.1007/s13197-017-2766-6  

[39] Jenkins, T., Pliakoni, E. D., Rivard, C., Aslanidou, M., & Katsoulas, N. (2024). Effect of system, grafting, and harvest 

maturity stage on the quality of tomatoes grown in greenhouses. Acta Horticulturae, 1396, 465–470. 

https://doi.org/10.17660/actahortic.2024.1396.61  

[40] Abdurrahman, M. I., Chaki, S., & Saini, G. (2020). Stubble burning: Effects on health &amp; environment, regulations and 

management practices. Environmental Advances, 2, 100011. https://doi.org/10.1016/j.envadv.2020.100011 

[41] Zahed, M. A., Salehi, S., Madadi, R., & Hejabi, F. (2021). Biochar as a sustainable product for remediation of petroleum 

contaminated soil. Current Research in Green and Sustainable Chemistry, 4, 100055. 

https://doi.org/10.1016/j.crgsc.2021.100055  

https://doi.org/10.1007/s10064-018-1343-1
https://doi.org/10.4028/www.scientific.net/kem.857.383
https://doi.org/10.3390/su13169267
https://doi.org/10.1016/j.chemosphere.2022.133572
https://doi.org/10.1016/j.chemosphere.2018.01.097
https://doi.org/10.4314/njt.v42i2.3
https://www.astm.org/d4318-17e01.html
https://www.astm.org/d0698-12r21.html
https://www.astm.org/d1883-21.html
https://www.astm.org/d2434-19.html
https://doi.org/10.31142/ijtsrd5724
https://doi.org/10.3390/agronomy11091801
https://doi.org/10.1080/10473289.2002.10470819
https://doi.org/10.1016/j.cscm.2023.e02712
https://doi.org/10.3390/agronomy11102081
https://doi.org/10.1016/j.enggeo.2020.105830
https://doi.org/10.1007/s11274-016-2137-x
https://doi.org/10.1007/s13197-017-2766-6
https://doi.org/10.17660/actahortic.2024.1396.61
https://doi.org/10.1016/j.crgsc.2021.100055

