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1.0  Introduction 

Oil contamination is widespread in the Niger Delta of Nigeria 

as well as other countries of the world that are endowed with crude 

oil resulting in devastating effects in the environment [1-3]. It has 

been documented in the literature that oil contamination has 

negative effects on the geotechnical properties of soils such as the 

Atterberg limits, hydraulic conductivity, shear strength and volume 

change [4-6]. There are several methods of removing crude oil 

contaminants from soils such as the electro-kinetic technique, 

stabilization/solidification, oxidation and incineration methods etc. 

However, these methods are very expensive and environmentally 

unfriendly [7-9].The limitations of the physico-chemical and 

thermal methods led to the use of biological methods also known as 

bioremediation which is a sustainable remediation technique that 

utilizes microbial species in hydrocarbon removal from soils [10 and 

11]. 

Bioremediation is achievable through either bio-stimulation or 

bio-augmentation strategies. It is a widely accepted method because 

of its ability to improve the biological, physical and chemical 

properties of soils. It is simple, cheap, easy to maintain, totally  

 

 

destroys contaminants, environmentally friendly as well as the 

possibility of up-scaling. Several authors have studied the 

bioremediation of crude oil contaminated soil using chicken 

droppings [12-14]. However, there is no documented literature 

where bio-remediated soil was subjected to microbial induced 

calcite precipitation (MICP) with a view to improving its 

engineering properties. MICP is a technology that uses 

microorganisms in conjunction with nutrients in the formation of 

calcite (CaCO3) which can bind soil particles together [15]. Thus, it 

is applied in geotechnical engineering for improving the engineering 

properties of soils for use in engineering application. MICP is 

preferred to other conventional methods of soil improvement like 

lime and cement stabilization, because they tend to change the soil 

pH level and introduce harmful chemicals (toxins) into the soil [16]. 

Researchers have shown the possibilities of using MICP in reducing 

hydraulic conductivity and increased in stiffness and strength of 

soils [17-19]. 

Standard regulatory agencies have recommended that the maximum 

permissible value of hydraulic conductivity of the material to be  
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ABSTRACT 
The effect of Bacillus licheniformis (B. licheniformis) on crude oil contaminated soil was evaluated. B. 
licheniformis was identified as the predominant bacteria in the soil. The soil was hydrated with chicken 
droppings (CD) extract in concentrations of 10, 20, 30 and 40% by dry weight of soil as a source of 
nutrient for the bacteria and kept in microcosms (plastic containers) for 3 months during the 
bioremediation process. Similarly the B. licheniformis was isolated and used in concentrations of 0, 1.5 
×108, 6.0 ×108, 1.2 ×109, 1.8 ×109and 2.4 ×109cell/ml, along with cementation reagent in the bio-
cementation of the soil sample using microbial induced calcite precipitation (MICP) technique. Bio-
remediated and bio-cemented specimens were prepared at optimum moisture content (OMC), 
compacted using the British standard light (BSL) compaction energy. Samples were subjected to Total 
Petroleum Hydrocarbon (TPH), index, compaction and hydraulic conductivity tests. Results showed 
that the sample treated with 30% CD produced the optimum removal efficiency of 89.87% of the 
crude oil during the bioremediation process. The liquid and plastic limits increased from 42.2 and 
35.44 to 46.7 and 38.69 respectively, when B. licheniformis dosage of 2.4 ×109cell/ml was added. The 
plasticity index decreased from 6.76 to 6.31% when the bacterial concentration was increased to 2.4 
×109cell/ml. The hydraulic conductivity value reduced from 5.86 × 10-10m/s to 9.92 ×10-11m/s for 
samples treated with 2.4 ×109cell/ml of B. licheniformis suspension compacted using BSL energy. This 
indicated that high dosage of microbes led to higher microbial activity. Therefore, 2.4×109cell/ml of B. 
licheniformis could be used in biocementation of treated crude oil contaminated soil for use in waste 
containment applications. 
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used as a hydraulic barrier in waste containment systems should be 

≤ 1× 10-9 m/s [20]. Previous researchers have investigated the 

suitability of materials for use as engineered liner to mitigate the 

egress of leachate from the landfill into underground water. Various 

materials suitable for use as landfill liner in waste containment 

applications have been studied by other researchers [21-27]. The 

choice of liner materials depends on some basic engineering 

properties such as hydraulic conductivity, unconfined compressive 

strength and volumetric shrinkage strain. Therefore, this research 

aimed at evaluating the hydraulic conductivity of crude oil 

contaminated soil bio-remediated and bio-cemented using B. 

licheniformis for use as liner material in waste containment 

application. 

 

2.0  Materials and Methods 

2.1  Materials 

The soil used in this study was dark in colour because of the 

presence of crude oil which was collected by the method of 

disturbed sampling at a depth 0.5 m below the ground surface from 

the premises of the Kaduna Petrochemical Refinery Cooperation 

(latitude 10°27`16.85`` N and Longitude 7°24`46.58``E). The 

collection of soil samples was in accordance with the relevant 

standards [28].  

The chicken dropping (CD) used in the crude oil contaminated 

soil treatment in this study was a battery caged chicken manure 

collected in an unsterilized polyethelene bag from Al-Amin Farms 

along Jos road in Zaria Local Government Area, Kaduna State- 

Nigeria. The function of chicken droppings in this study was to 

supply the indigenous microorganism residing in the soil with the 

necessary nutrients (N P K) only, so that the microorganisms could 

digest the hydrocarbons in the oil contaminated soil [29 and 30]. 

Bacillus licheniformis was identified and cultured (isolated) from 

the crude oil contaminated soil. It is classified according to 

American Type Culture Collection as ATCC 14580. 

Cementation solution serves as the raw materials for calcite 

formation in the MICP process. The cementation reagents employed 

in this study comprised of 20 g of urea (CO (NH2)2) and 2.8 g of 

calcium chloride (CaCl2). The cementation reagents also contained 

3 g nutrient broth, 10 g ammonium chloride (NH4Cl), and 2.12 g 

sodium bicarbonate (NaHCO3) per litre of distilled water as 

described by [31-33]. Distilled water was obtained from the 

Nitrogen laboratory, Institute for Agricultural Research, Samaru, 

Ahmadu Bello University, Zaria. 

 

2.2  Methods 

2.2.1  Sample preparation for bio-remediation 

 

 

The air- dried chicken droppings were ground to powder in stepped 

concentration of 10, 20, 30 and 40% by dry weight of soil as 

described by [33]. The ground chicken dropping was dissolved in 

water in a ratio 1:10 to form a bio- slurry. The chicken droppings 

was dissolved in water (1:10) and kept in the laboratory for three 

days in order to extract nutrients as described by [34]. The bio slurry 

formed was filtered using the BS No 200 sieve. The liquid filtrate 

obtained was used to hydrate the soil sample containing the 

indigenous bacteria. The mixture was blended thoroughly to obtain 

a homogenous mix. The blended samples were kept in plastic 

containers (microcosms) for 12 weeks in order to allow a complete 

bio-remediation of the hydrocarbons through microbial activity.  

 

2.2.2 Bacteria Inoculation 

Ten gram (10 g) of soil samples were collected from each sample 

and 1g was used in serial dilution using five (5) dilution bottles with 

9 ml each of distilled water. The 1g of soil was transferred into the 

first bottle to form a stock solution. The sample was allowed to soak 

for few minutes; the mixture was then shaken thoroughly. 1ml was 

transferred aseptically into the other four bottles having 9 ml of 

distilled water which was serially diluted to produce soil suspension. 

After that, 0.1ml of 10-5 dilution of each sample was aseptically 

transferred into nutrient agar separately, a bent spreader applied the 

inoculants on the surface of the culture media. Cultured bacteria 

were inoculated at 37oC for 24 hours. 

 

2.2.3 Microbial count 

After the inoculation period, plates were observed for growth. The 

growth on nutrient agar (colonies of bacteria) were enumerated and 

results were expressed as colony forming unit per gram (Cfu/g) 

using equation 1: 

𝐶𝑓𝑢/𝑔 =
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 ×𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑖𝑛𝑜𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛
       (1) 

 

2.2.4 Bacteria Identification 

The B. licheniformis was first characterized using biochemical 

method and then identified with the Microgen Bacillus – ID 24 Test 

kit. 

 

2.2.5  Total Petroleum Hydrocarbon (TPH) Test 

The total petroleum hydrocarbon concentration was determined 

by gravimetric method as described by [35]. The test was conducted 

in Chemical Engineering department, ABU Zaria. 10g untreated and 

bio-remediated sample was air-dried at room temperature for 

72hours; out of that, 5g was put into 200ml beaker, then added 

toluene of 150ml. continuous stirring of the mixture was done for 30 

minutes using glass stirrer and allowed to dissolve for 2hours in a 

fume cupboard, filtering the mixture was carried out using Whatman 

No 42 filter paper. The residue was oven-dried at 50°C for 24 hours. 

The following expressions was used in calculating the TPH: 
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TPH (g/kg)  

         =
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙−𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙 𝑎𝑓𝑡𝑒𝑟 𝑠𝑜𝑖𝑙 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛)𝑔

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙 𝑖𝑛 𝑘𝑔
 (2) 

𝑅𝑒𝑚.  𝐸𝑓𝑓.  (%) =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑇𝑃𝐻−𝑅𝑒𝑚𝑒𝑑𝑖𝑎𝑡𝑒𝑑 𝑇𝑃𝐻

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑇𝑃𝐻 
× 100  (3) 

 

2.2.6  Sample preparation for bio-cementation 

Bio-remediated crude oil contaminated samples were kept at a 

constant moisture corresponding to the optimum moisture content 

of the soil for bioremediation by constant moisture addition at 7days 

interval. The moisture of the microcosms was monitored at 2days 

interval using VG-200 soil moisture meter and maintained 

corresponding to the optimum moisture of the soil. Distilled water 

was used for the moisture adjustment when necessary and the 

sample was tilled prior to moisture addition by hand sprinkling. The 

volume of water used throughout the period of bio-remediation were 

1525, 870, 550 and 255 ml corresponding to 10, 20, 30 and 40%CD 

contents, respectively. This was done to ensure the survival of the 

microbes and maintain the optimum moisture content of 20-60% 

recommended by [36]. After remediation, the soil sample was air-

dried for three days and later pulverized using rubber-headed pestle 

and sieved through sieve No 4 (4.75mm aperture) in accordance 

with BS 1377 (1990). 

 

2.2.7  Bacteria solution 

The Bacillus licheniformis suspension was used in stepped 

concentrations of Bacillus licheniformis concentration of 0, 0.5, 2, 

4, 6, 8 on McFarland scale  which is equivalent to 0 /ml, 1.5 ×108 

/ml, 6.0 ×108 /ml, 12.0 ×108 /ml, 18.0 ×108 /ml and 24.0 ×108 

cell/ml. These were determined based suspension density. The 

maximum quantity of bacteria used in mixing for compaction was 

one-third (i.e. 1/3) of the pore volume which was determined using 

degree of saturation which form part of the optimum moisture 

content as recommended by [37]. The pore volume of samples 

compacted using the BSLWAS and BSH compactive efforts were 

determined as 3.69. 3.21 and 2.25 respectively. 

 

2.2.8  Index properties 

Particle size distribution using mechanical sieve and 

hydrometer analysis, Atterberg limit [(i.e. liquid limit (LL), plastic 

limit (PL), plasticity index(PI) and specific gravity of both the 

treated and untreated soil samples were carried out in accordance to 

BS 1377 (1990). 

 

2.2.9 MICP Treatment 
The soil samples were saturated with Bacillus licheniformis in 

stepped concentrations of 1.5 x 108 /ml, 6.0 x 108 /ml, 1.2 x 109 /ml,  

 

1.8 x 109 /ml and 2.4 x 109 /ml and properly kept in an air-tight 

material (polythene) for 12hours in the laboratory at room 

temperature of 25 ± 2 °C for the bacteria to fix themselves onto 

particles of soil. The soil samples were compacted into the 1000cm3 

compaction moulds at optimum moisture contents compacted using 

three compactive efforts namely BSL,WAS and BSH in accordance 

to [28].The compacted specimens were saturated with cementation 

reagent in four circles for 24 hours as described by [38]. The 

maximum quantity of cementation reagent used in treating the 

specimen was 2/3 of the pore volume and was allowed to flow by 

gravity using top – bottom approach in order to allow microbial 

induced calcite precipitation to occur. The injection of the 

cementation reagent was done in four cycles for 24 hours. 

 

2.2.10  Hydraulic Conductivity 

A falling head permeameter apparatus was used as described by 

[39] and in accordance to BS 1377 (1990).  The specimen prepared 

for the determination of hydraulic conductivity (k) at OMC 

compacted using BSL, WAS and BSH compaction energy. The 

compacted and microbially treated samples using Bacillus 

licheniformis were saturated in a rectangular steel tank (water pool) 

of 60 ×50 cm for 24hours. The fully saturated test specimens were 

then connected to a standpipe, which provided both the head of 

water flowing through the sample. Tests were discontinued when 

steady flow was established by comparing two consecutive readings 

with insignificant difference. The initial height (h0) was recorded at 

t = t0, after three hours (t3) the drop in height was recorded as h1. 

These procedures were repeated throughout the experiment. To 

determine dry density for determination of hydraulic characteristics 

(porosity, void ratio, and degree of saturation), sample was taken 

from top and bottom of the specimen. Hydraulic conductivity k was 

determined from the following relation 

𝑘 = 2.303
𝑎𝐿

100 𝐴𝑡
𝑙𝑜𝑔10 (

ℎ1

ℎ2
)    (4) 

k- Hydraulic conductivity (or coefficient of permeability) in m/s, a- 

cross sectional area of the stand pipe, L-the height of specimen, A- 

Cross sectional area of the sample, t- Time taken for the drop from 

height h0 to h1 in sec, h1- initial height of the liquid in stand pipe, h2- 

final height of the liquid in stand pipe in mm after time, t. 

 

3.0 Results and Discussion 

3.1 Index Properties 

The index properties of the crude oil contaminated (untreated) 

and bio-remediated (treated) soil using B. licheniformis are 

summarized in Table 1. The soil is classified as A-2-5(5) according 

to [40], which belongs to the SM group in the Unified Soil 

Classification System [41]. The percentage passing BS No 200 sieve  
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for the crude oil contaminated soil (untreated) and natural soil were 

13.01% and 46.5% ,respectively, with liquid and plastic limits of 

42.2% and 35.44%, respectively, for the crude oil contaminated soil 

and 45.06% and 37.09% for natural soil respectively. Figure 1 

shows the particle size distribution of crude oil contaminated and 

natural soil.It was observed that the untreated soil has percentage of 

fine and coarse sand fractions of 36% and 52%, respectively. This 

may be due to the presence of crude oil in the soil as contaminants 

which adhered silt and clay sized particles and agglomerated them 

to form coarse sand particles. Similarly, the natural soil has 27% fine 

sand fraction with 43% coarse sand fraction. Similar findings were 

reported by [4-5] and [11]. 

 

3.2  Characterization of Bacteria 

The bacteria species in the crude oil contaminated soils were 

characterized based on their reaction with Gram’s staining reagent. 

The bacteria was identified to be a gram positive bacteria having a 

rod like 

shape found either in chain or in pairs. Table 2 shows the result of 

the bacteria characterization. 

 

3.2.1  Bacteria Identification 

The bacteria species were identified and classified according to 

American Type Culture Collection as ATCC 14580. The results of 

the motility test, reaction to stains and action on coagulase show that 

Bacilli were suspected in the samples A1 and A3. Similar findings 

were made by [42]. 

The results of cultured media prepared for those samples and 

identified by using Microgen Bacillus – ID 24 Test Kit for first and 

second reaction after 24 and 48 hours, respectively, were obtained 

which gave the octal code. The number submitted to GENMAT 

software identified the bacteria. Table 3 shows the predominant 

bacteria resident in crude oil contaminated soil (A1) and 

uncontaminated soil (A3). This is in agreement with findings made 

by [43]. 

 

 

Table 1. Physico-chemical Properties of the crude oil contaminated soil and treated soil. 

Property Treated 

COCS B. licheniformis suspension (cell/ml) 

0 1.5×108 6×108 1.2×109 1.8×109 2.4×109 

Natural moisture content (%) 5.6       

Percentage passing B.S. sieve No. 200 (%) 13.01 46.50 34.55 37.10 38.5 40.45 44.45 

Liquid Limit (LL) (%) 42.20 45.06 42.0 46.2 45.7 45.2 46.7 

Plastic Limit (PL) (%) 35.44 37.09 32.12 43.12 35.89 32.73 38.69 

Plastic Index (PI) (%) 6.76 8.97 9.88 3.08 8.7 10.87 6.31 

AASHTO Classification A-2-5 A-2-5 A-2-5 A-2-5 A-2-5 A-2-5 A-2-5 

USCS SM SM SM SM SM SM SM 

Specific Gravity (Gs) 2.13 2.53 2.6 2.23 2.15 2.17 2.17 

pH 6.9       

 

 

 
 

Figure 1. Particle Size Distribution of crude oil contaminated and Natural soil. 
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Table 2. Bacteria characterization. 

Sample 

Label 

Gram 

Reaction 

Cell 

Morphology 

Cell 

Arrangement 

Inference 

A1 Positive Large motile Chain Bacilli sp 

A2 Positive Cocci Clustered Staphylo-

coccus 

A3 Positive Rod Pairs Bacilli sp 

A4 Positive Rod Single Clostridium 

 
Table 3. Bacteria identified in the contaminated and 

uncontaminated soil. 

Sample 

Code 

Profile No. 

(Octal code) 

Final Identified 

Bacteria 

A1 70772036 Bacillus Licheniformis 

A3 50672004 Bacillus Licheniformis 

 

 

3.3  Crude oil removal (Bio-remediation) 

Table 4 shows the Total Petroleum Hydrocarbon (TPH) 

concentration over a period of 12 weeks. The initial total petroleum 

hydrocarbon dosage in contaminated soil was 98g/kg and microbial 

population was 5.3x107cfu/g. However, when chicken droppings 

(CD) were added in stepped concentrations of 10, 20, 30, and 40% 

of the total sample by dry weight. It was observed that the microbial 

population increased with higher CD contents and a gradual 

decrease in crude oil content from 2 through 12 weeks period of 

bioremediation occurred while monitoring moisture, temperature, 

pH and oxygen contents. 
It was observed that crude oil content in the contaminated soil 

decreased from 4.5 g/kg to 4.0, 3.5, 2.5, and 2.3 g/kg  when treated 

with 0, 10, 20 30 and 40% CD, respectively, for a period of 12 weeks 

as shown in Table 4. Similarly, Table 5 shows the results of removal 

efficiency of crude oil contaminated soil over the remediation 

period. It was observed that at the end of the 12th week, the removal 

efficiency were7.14, 51.02, 64.29, 89.8 and 87.76% obtained for 0, 

10, 20, 30 and 40 % CD respectively. 

 

Table 4. Total Petroleum Hydrocarbon (TPH) concentration over 

the remediation period. 

CD 

content 

(%) 

Time (weeks) 

0 2 4 6 8 10 12 

TPH (g/kg) 

0 98 96 97 95 93 94 91 

10 98 92 70 68 60 50 48 

20 98 90 70 66 59 49 35 

30 98 76 66 60 56 45 10 

40 98 66 54 52 50 38 12 

 

 

 

Table 5: Removal Efficiency of crude oil contaminated soil over 

the remediation period. 

CD 

content 

(%) 

Time (weeks) 

0 2 4 6 8 10 12 

Removal Efficiency (%) 

0 0 1.02 2.04 3.06 4.08 5.1 7.14 

10 0 6.12 28.57 30.61 38.78 48.98 51.02 

20 0 8.16 28.57 32.65 39.8 50 64.29 

30 0 22.45 32.65 38.78 42.86 54.08 89.8 

40 0 32.65 44.9 46.94 48.98 61.22 87.76 

 

 

3.4  Hydraulic Conductivity 

Figure 2 shows the variation of hydraulic conductivity of the 

bio-remediated and bio-cemented soil. The hydraulic conductivity 

decreased with increase in B. licheniformis suspension density as 

shown in Figure 2. There was increase in hydraulic conductivity of 

the bio-remediated and bio-cemented soil from 3.62 x10-10, m/s for 

the untreated to 6.88 ×10-10, 1.11× 10-9, and 1.50 ×10-9 m/s, for 1.5 

×108, 1.2 ×109 and 2.4 ×109 cell/ml compacted at OMC using BSL, 

WAS and BSH respectively. The reduced hydraulic conductivity 

values obtained when treated with higher doses of B. licheniformis 

may be attributed to bio- clogging of the pore spaces as a result of 

increased microbial population in the treated sample. This finding is 

similar to that of [18] who explained that Bacilli species has 

potential utilization in MICP process and [15] who reported the 

reduction in hydraulic conductivity values of bio-cemented sand. 

The two-way analysis of variance (ANOVA) test on the effects 

of B. licheniformis and compactive efforts of the bio-remediated and 

bio-cemented crude oil contaminated soil is shown in Table 6. 

Indication by the results show that the effect of B. licheniformis and 

compactive efforts on hydraulic conductivity for the bio-remediated 

and bio-cemented crude oil contaminated soil was not statistically 

significant because the calculated F-value is less than the F-critical. 

 

3.4.1 Effect of compactive effort on the hydraulic conductivity 

The variation of hydraulic conductivity of the bio-remediated 

and bio-cemented soil with varying compactive efforts when 

compacted at OMC is shown in Figure. The hydraulic conductivity 

values of samples containing 1.2× 109.cell/ml of B. licheniformis 

suspension and compacted using BSL, WAS and BSH were 7.53× 

10-10, 4.08 ×10-10 and 2.25 ×10-10m/s when compacted using BSL, 

WAS and BSH compactive efforts, respectively. It was observed 

that hydraulic conductivity decreased with higher compaction 

energies. Similar results were obtained at higher doses of the 

microbial species. The probable reason for the decrease in hydraulic 

conductivity values with increasing compaction energy and B.  



 

  

TARABA JOURNAL OF ENGINEERING AND TECHNOLOGY 

(TAJET), FACULTY OF ENGINEERING, TARABA STATE 

UNIVERSITY, JALINGO. WWW.TAJET.COM.NG. ISSN: PRINT- 

2636 7386;E-2659 1278 

36 

 

Ijimdiya et al, Hydraulic Conductivity Behaviour of Compacted Crude Oil 

Contaminated Soil Treated with Bacillus licheniformis for use as Liner 

Material in Waste Containment System, TAJET 2(2), August 2022: 31-41 

 

 

licheniformis suspension densities may be attributed to the calcite 

produced by the microbes, filling in the pore spaces as well as the 

mechanical effect of compaction on the surface of the soil that made 

particles of the soil become denser and hence affecting the 

arrangement of individual particles; consequently reducing the 

hydraulic conductivity [44 and45]. Similar explanation was offered 

by [46-50], who observed that the soil particles were randomly 

flocculated into aggregates or clusters that formed prior to 

compaction. The resistance to deformation of such clusters was 

expected to decrease with increasing moisture content and 

consequently decreased the hydraulic conductivity. 

The two-way analysis of variance (ANOVA) test on the effect 

of B. licheniformis suspension and compactive efforts of the bio-

remediated and bio-cemented crude oil contaminated soil are shown 

in Table 6. The results show that the effect of compactive efforts on 

the hydraulic conductivity of the bio-remediated and bio-cemented 

crude oil contaminated soil was statistically insignificant as the 

calculated F-value is less than the F-critical (i.e. Fcal = 0.9931 

<Fcrit=3.3258). 

 

Table 6: Two- way analysis of variance for hydraulic conductivity of the  

bio-remediated and bio-cemented crude oil contaminated soil. 

Property Source of 

Variation 

Degree of 

freedom 

Fcal P-value Fcrit Remarks 

Hydraulic 

Conductivity 

B. licheniformis 5 2.13784 0.1435 3.3259 Fcal < Fcrit Saturation 

Not statistically 

significant 

 Compactive 

efforts 

2 0.9931 0.4042 4.1028 Fcal < Fcrit Saturation 

Not statistically 

significant  

 

 

Figure 2. Variation of hydraulic conductivity of bio-remediated crude oil contaminated  

soil with Bacillus licheniformis suspension. 

 

 
 

Figure 3. Variation of hydraulic conductivity of bio-remediated crude oil contaminated  

soil - B. licheniformis mixtures with compactive effort. 
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3.4.2  Void ratio 

The variation of void ratio of the bio-remediated crude oil 

contaminated soil using B. licheniformis suspension density with 

varying compactive efforts at optimum moisture content (OMC) is 

shown in Figure 4. The void ratio of the bio-remediated soil 

increased from 0.62, 0.58 and 0.56 for the untreated soil to 0.92, 

0.88 and 0.71 when treated with 1.5 ×108 cell/ml of B. licheniformis 

suspension densities and compacted using BSL, WAS and BSH 

compactive efforts, respectively. However, it was observed that for 

samples bio-remediated and bio-cemented using varying microbial 

flora, void ratio values decreased with higher doses of B. 

licheniformis suspension densities. The probable explanation for the 

low values of void ratio for untreated soil may be attributed to the 

crude oil occupying the voids [26]. 

The two-way analysis of variance (ANOVA) test on the effect 

of B. licheniformis suspension and compactive efforts of the bio-

remediated and bio-cemented crude oil contaminated soil are shown 

in Table 7. The results show that the effect of B. licheniformis and 

compactive efforts on void ratio for the bio-remediated and bio-

cemented crude oil contaminated soil was statically significant as 

the F-calculated is greater than the F-critical. 

 

 

Table 7. Two- way analysis of variance for void of the bio-remediated and bio-cemented crude oil contaminated soil. 

Property Source of 

Variation 

Degree of 

freedom 

Fcal P-value Fcrit Remarks 

Void ratio B. licheniformis 5 15.5141 1.96E-04 3.3259 Fcal > Fcrit Saturation 

Statistically significant 

 Compactive 

efforts 

2 40.3579 1.6E-05 4.1028 Fcal > Fcrit Saturation 

Statistically significant  

 

 
Figure 4. Variation of void ratio (e) with Bacillus licheniformis suspension. 

 

 

3.4.3  Porosity 

The variation of porosity of the bio-remediated and bio-

cemented soil using B. licheniformis at varying compactive efforts 

when compacted at OMC is shown in Figure 5. The porosity values 

of the untreated or crude oil contaminated soil were 38.22, 33.01 

and 35.9% respectively, when compacted using BSL, WAS and 

BSH compactive efforts.  

However, for samples containing 1.5 ×108 cell/ml of B. 

licheniformis suspension, the porosity values were 47.22, 41. 72 and 

41.37% respectively, when compacted using BSL, WAS and BSH 

compactive efforts. Similar trends were obtained for samples treated 

with higher doses of the microbial species. The probable reason for 

the decrease in porosity with increasing microbial content may be  

 

 

attributed to the presence of calcite formed by the bacteria which 

occupied the void spaces within the soil matrix as earlier observed. 

This finding conforms to that of [15] 

The two-way analysis of variance (ANOVA) test on the effect 

of B. licheniformis suspension and compactive efforts of the bio-

remediated and bio-cemented crude oil contaminated soil are shown 

in Table 8. The outcome reveal that the effect of B. licheniformis 

and compactive efforts on porosity for the bio-remediated and bio-

cemented crude oil contaminated soil was statistically significant as 

the F-calculated is greater than the F-critical. 
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Table 8. Two- way analysis of variance for porosity of the bio-remediated and  

bio-cemented crude oil contaminated soil. 

Property Source of 

Variation 

Degree of 

freedom 

Fcal P-value Fcrit Remarks 

Porosity B. licheniformis 5 10.9964 8.24E-03 3.3259 Fcal > Fcrit Saturation 

Statistically significant 

 Compactive 

efforts 

2 10.9567 3.02E-03 4.1028 Fcal > Fcrit Saturation 

Statistically significant  

 

 

 
 

Figure 5. Variation of porosity with Bacillus licheniformis suspension. 

 

 

3.4.4  Degree of Saturation 

Figure 6 shows the variation of degree of saturation of the bio-

remediated and bio-cemented soil at varying compactive efforts 

namely BSL, WAS and BSH energy level. Generally, degree of 

saturation values of the bio-remediated and bio-cemented soil 

decreased with increase in B. licheniformis suspension density as 

shown in Fig. 6. There was decrease in degree of saturation of the 

bio-remediated and bio-cemented soil from 84.05, 89.28 and 94.11 

% for the untreated soil, to 78.59, 69. 94 and 79.05% when 

compacted using BSL WAS and BSH compactive efforts, 

respectively. However, it was observed that for samples bio-

remediated and bio-cemented using varying microbial flora, the 

degree of saturation values decreased with higher doses of B. 

licheniformis suspension densities. The probable reason for the 

decreased in the degree of saturation with higher B. licheniformis 

suspension may be attributed to calcite in the voids produced by the 

microbial flora thus, facilitated the absorption of water molecules 

[13] 

The two-way analysis of variance (ANOVA) test on the effect 

of B. licheniformis suspension and compactive efforts of the bio-

remediated and bio-cemented crude oil contaminated soil are shown  

 

 

in Table 9. The results show that the effect of B. licheniformis and 

compactive efforts on degree of saturation for the bio-remediated 

and bio-cemented crude oil contaminated soil was not statistically 

significant as the F-calculated is less than the F-critical. 
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Table 9: Two- way analysis of variance for degree of saturation of the bio-remediated  

and bio-cemented crude oil contaminated soil. 

Property Source of 

Variation 

Degree of 

freedom 

Fcal P-value Fcrit Remarks 

Degree of 

saturation 

B. licheniformis 5 0.3148 0.8930 3.3259 Fcal < Fcrit Saturation 

Insignificant effect 

 Compactive 

efforts 

2 0.4168 0.6701 4.1028 Fcal < Fcrit Saturation 

Insignificant effect 

 

 
 

Figure 6. Variation of Degree of Saturation with Bacillus licheniformis suspension 

 

 

Conclusion 

From the results of the tests conducted, the 30% CD treatment 

led to the reduction of quantity of the crude oil to 10g/kg amounting 

to 89.8% removal efficiency of TPH. The lowest hydraulic 

conductivity value of 9.92×10-11m/s was obtained at 2.4×109 cell/ml 

of B. licheniformis suspension for sample compacted at optimum 

moisture content using BSH compaction energy which satisfied the 

maximum permissible value of hydraulic conductivity of 1×10-9 m/s 

recommended by standard regulatory agency. Therefore bio-

stimulation is an achievable bioremediation strategy in crude oil 

cleanup for safe environment. Similarly, the use of microbes in 

producing biocement (calcite) for soil improvement was found to be 

beneficial in enhancing hydraulic characteristics (void ratio, 

porosity and degree of saturation) of the soil. 
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