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Abstract: The effect of bacterial concentrations of Bacillus coagulans and moulding water content (MWC) on the 
unconfined compressive strength (UCS) of lateritic soil for use as waste containment material was studied. Tests 
conducted include index test, pH, calcium carbonate content (CCC), and UCS. Soil samples for all tests were mixed 
with an increasing number of microbes at step suspension densities of 0 up to 2.4 × 109 cells/ml individually. The soil 
was prepared at MWC of -2, 0, +2, and +4% in relation to optimum moisture content (OMC) and compacted using the 
Reduced British Standard Light (RBSL), British Standard Light (BSL), West African Standard (WAS) Compaction 
and British Standard Heavy (BSH) Compaction Energy (CE) respectively. The cementation reagent was added to the 
compacted samples and allowed to flow by gravity to a point that saturation was reached. Results revealed an increase 
in pH, while calcium carbonate content values marginally increased from 3.6% at the natural state to 3.9% maximum 
value at 2.4 × 109 cells/ml. The UCS values increased with a higher number of microbes. Values increased from 204.6, 
278.3, 351.3, and 416.8 kN/m2 for the natural soil to peak values of 1,036.3, 1,835.5, 2,076.8, and 2,237.3 kN/m2 for 
specimens prepared at -2% OMC and compacted with RBSL, BSL, WAS and BSH compaction energy, respectively. A 
similar trend was observed for 0, +2, and +4% in relation to OMC. A minimum regulatory UCS value of 200 kN/m2 was 
achieved at MWC of -2, 0, and +2% OMC for all energies. Therefore, it is recommended that CE, moisture content, and 
the number of microbes should be carefully studied during field construction of a lateritic soil-compacted clay liner in 
other to achieve the desired result.

Keywords: B. coagulans, compaction energy, compacted clay liner, lateritic soil, MICP, unconfined compressive 
strength

1. Introduction
Lateritic soils are coloured reddish or reddish-brown tropical soils freely available in Nigeria and other nations [1], 

[2]. These soils in their untreated states in many cases are not good enough for use as construction materials because of 
their relatively high fine content, high water absorption, swelling and shrinkage problems during wetting and drying, 
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excessive cracking when dry, etc. Thus, this necessitates the requirement for improving such category of soils, to 
meet the engineering needs for construction or other engineering uses. The practice of using additives produced from 
industries like cement, lime, bitumen and the use of industrial and agro waste with pozzolanic potentials has proven to 
be successful in improving the engineering performance of such deficient lateritic soils [3]. However, the application of 
these techniques is either costly or not environmentally pleasant and for that reason non-viable [4].

The need for a sustainable mechanism for improving soil is necessary to meet the engineering requirement of 
deficient soils. A new, sustainable, and environmentally welcoming approach to soil improvement is termed Microbial 
induced calcite precipitation (MICP). MICP is one of the evolving soil improvement practices. MICP process involves 
bonding the soil particles and thus enhances the performance of soil. This practice is achieved by the use of urease-
producing bacteria that releases urease enzyme to catalyze urea to carbonate and whose end products result in calcite 
precipitation in a high pH environment. The MICP method is faced with the problem of non-uniformity of calcite 
precipitation and inadequate penetration depth of the microbes in the modified soil, which hinders the use of this state-
of-the-art soil improvement technology [5], [6]. Non-uniformity of calcite precipitation has been a major challenge in 
MICP as a method of soil improvement as reported in pieces of literature [6], [7], which include among many the flow 
rates through the soil medium being too fast to allow for reaction to take place, insufficient quantity of nutrient provided, 
or nutrients being exhausted over time. Even though the method has some demerits, it is a green and also sustainable 
system of soil improvement [6].

Several investigations had reported positive results on the use of MICP in many engineering uses such as waste 
containment application [4], [8], soil stabilization for road construction purposes [9], concrete works [10] and so on. 
Chi et al. [11] conducted a study on Aeolian sand to aid in mitigating soil erosion. The study provided evidence of 
improvement in the soil strength by an increase in UCS values and other soil properties with the aid of the MICP 
method. Adharsh et al. [12] outlined several beneficial uses of MICP in diverse engineering fields. The friendly and 
sustainable characteristics of this approach were also discussed. The application of MICP at a large scale still has some 
bottlenecks that are yet to be overcome such as reliance on pH, temperature, calcium concentration, availability of 
nucleation sites [12], [13]. Notable applications of MICP with respect to soil improvement and in concrete applications 
has also been reported in several articles [4], [8], [14]-[19].

The impact of moisture variation within the soil matrix at different compaction densities cannot be underestimated 
as it affects the structural strength and stability of the soil. Moisture variation in the soil makes it necessary to simulate 
such behaviors using small-scale experiments prior field trials. The relative effect of moisture changes within the treated 
soil at different compaction densities was studied. A previous study [4] reported on only one compactive effort. The 
need to study varying compaction conditions is important to accommodate all changes for convenient field application. 
Therefore, this work focuses on the evaluation of changes in the UCS of lateritic soils using a green MICP technique 
that involves soil improvement with a varying number of microbes (cells/ml). The specific objectives of the study 
include the determination/changes in UCS with a varying dosage of microbes and MWC of the soils and statistical study 
of the results.

2. Materials and methods
2.1 Materials
2.1.1 Soil sample

The reddish-brown lateritic soil was collected using disturbed sample technique from Abagana (68°24’31’’N and 
27°52’11’’E), South-East of Nigeria. The collected sample was allowed to dry under the sun in the open air, crushed 
before sieving through a 4.76 mm sieve aperture (BS No. 4 sieve). Samples were kept away from moisture throughout 
the test in the laboratory.

2.1.2 Microorganism

The microorganism utilized in this study is B. coagulans, classified as ATCC 8038 [19]. Bacillus coagulans was 
isolated from the soil used in the study. It is a gram-positive bacterium. It forms a spore around its body to protect from 
adverse conditions and remain inactive within those periods.
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2.1.3 Cementation reagent

The cementation reagent used encompassed 3 g of Nutrient broth, 20 g of urea, 10 g of NH4Cl, 2.12 g of NaHCO3, 
and 2.8 g CaCl2 per litre of distilled water as defined by Stocks-Fischer et al. [20].

2.1.4 Bacteria solution

Solution of the Bacteria (B. coagulans) used for the processes of inoculation comprise of 3 g of Nutrient broth and 
20 g of urea per litre of distilled water.

2.2 Methods
2.2.1 Bacterium isolation

The process of microbial Isolation from the soil was achieved through the technique of serial dilution [4]. The 
storage of the isolates was done at 4 °C.

2.2.2 The culture medium and growth conditions

The approach applied was defined by Stocks-Fischer et al. [20].

2.2.3 Soil sample preparation

Soil treatment was carried out for varying Bacterial suspension at one-third pore volume as specified by 
Rowshanbakhta et al. [5]. The first one-third pore volume (i.e the numerical difference between the initial degree of 
saturation before soaking in water and final degree of saturation after full saturation of the soil specimens in water) of 
the bacterial solution was added to a given quantity of water and mixed properly as shown in Figure 1. The mixture is 
then mixed thoroughly with the soil sample as shown in Figure 2. Samples were then compacted in a mould before the 
application of the cementation reagent.

                    Figure 1. Mixing of bacterial solution with water                            Figure 2. Mixing of soil with the mixtures at one-third pore volume

2.2.4 Unconfined compressive strength

The UCS test was achieved based on the specification mentioned in BS 1377; 1990 part (7) [21]. Soil samples were 
mixed before compaction with varying no of microbes prepared at one-third (1/3) pore volume (based on the suggestion 
of Rowshanbakhta et al. [5]). Preparation of sample was done at MWC of -2, 0, +2, and +4 % in relation to OMC and 

https://www.sciencedirect.com/science/article/pii/S0925857416300106
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compacted using RBSL, BSL, WAS, and BSH compaction energies. Application of Cementation reagent was done after 
compaction and allowed to flow by gravity, to a point when saturation was reached. The samples were cured for 48 
hours. After curing, the samples were positioned in a load frame machine then tested. The UCS was calculated using 
equation 1.
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ε% is the strain percent, v is the amount of deformation (mm), R is the load ring reading determined at strain ε, Cr 
is the calibration of load ring, L0 is the initial specimen length before testing (mm), original cross-sectional area, A0 (mm2) 
and σ the compressive stress (kN/m2).

2.2.5 pH test

The test for pH was achieved by collecting a small portion of samples prepared for the UCS test mixed at OMC. 
Compactions of the samples were done at BSL energy. Samples used for the pH test were taken at the uppermost and 
lowermost point of each compacted sample in the mould. The pH test was carried out using a pH meter.

2.2.6 Calcium carbonate test
2.2.6.1 Sample preparation

The calcium carbonate content (CCC) test sample was prepared similar to that of the pH test discussed above. CC 
test was done as proposed by Mortensen et al. [22] and Choi et al. [23] termed the acid wash technique. This washing 
technique is capable of removing all soluble calcium in the soil. At that point, the remaining solid particles retained on 
the sieve were dried in an oven and then measured to determine their mass. The mass change between the initial soil 
sample (A) and post washing sample (B) is the mass of CCC. Using equation 3.

(3)100 100BCCC
A

= − ×

3. Results and discussion
3.1 Preliminary tests

Preliminary examinations on the natural soil showed that the reddish-brown lateritic soil had 11.3% moisture 
content. The soil is categorized as A-4(2) [24] and SC [25]. A few of the natural soil properties are displayed in Table 1. 
The particle curve of the natural soil is revealed in Figure 3.
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Table 1. Natural soil properties

Property Quantity

Percentage Passing No. 200 Sieve 35.4

Liquid Limit, % 37.5

Plastic Limit, % 19.3

Plasticity Index, % 18.2

AASHTO Classification A-4(2)

USCS SC

Maximum Dry Density, Mg/m3

RBSL 1.76

BSL 1.83

WAS 1.86

BSH 1.9

Optimum Moisture Content, %

RBSL 16.2

BSL 15.3

WAS 14.5

BSH 13.8

Colour Reddish brown

Dominant Clay Mineral Kaolinite
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Figure 3. Particle curve of natural soil
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3.2 Unconfined compressive strength
3.2.1 Effect of number of microbes

Daniel and Wu [26] suggested a subjective small value of 200 kN/m2 as UCS of compacted soil to be used as 
liner and cover to sustain the bearing pressure in the landfill. Changes in UCS with varying numbers of microbes 
are shown in Figures 4a-d. Generally, an increase in UCS was noted with a corresponding increase in the number 
of microbes from 204.6, 278.3, 351.3, and 416.8 kN/m2 for the natural lateritic soil to the highest values of 1,036.3, 
1,835.5, 2,076.8, and 2,237.3 kN/m2 for specimens measured at OMC-2 and compacted with RBSL, BSL, WAS, and 
BSH, respectively. Similar trends were observed for specimens measured at 0 OMC, +2% OMC, and +4% OMC, 
respectively. The progressive increase in UCS values can be attributed to the increment in the number of microbes that 
perhaps expedited the precipitation of more quantities of CCC as a product of hydrolysis of urea [27]. Mass of calcite 
formed expedited clogging of pore spaces via bio-cementation. Similar conclusions were described by Abo-El-Enein et 
al. [27], Tsukamoto et al. [28], Cheng et al. [29], and Rowshanbakhta et al. [5]. From the recorded results, it is clear that 
compaction density has a great effect on the soil UCS. This suggests that BSH energy which gave the highest strength 
values is more reliable in achieving the desired density and strength in the field than the lower compaction energies, 
i.e., (RBSL < BSL < WAS < BSH). Thus field compaction using smooth or sheep foot roller for a containment system 
should be measured based on the MWC of BSH to achieve the desired density and strength of the compacted soil.
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Figure 4. Variation of UCS of lateritic soil with number of microbes for specimens prepared at: (a) -2% OMC (b) 0 OMC (c) +2% OMC (d) +4% 
OMC

3.2.2 Effect of MWC relative to OMC

A graphical connection between UCS and MWC is shown in Figures 5a-f. The UCS values generally decreased 
with increased MWC. Similar findings were made by Daniel and Wu [26], Kabir and Taha [30], Osinubi et al. [31], 
Amadi [32], Oluremi [33], and Moses and Afolayan [34]. The UCS values rise with higher CE due to the reduction in 
pore size distribution in the soil that was expedited by the densification of soil. Related developments were reported by 
other researches [26], [35]. The UCS values of the natural soil compacted on at the dry side of OMC are 204.6, 278.3, 
351.3, and 416.8 kN/m2 for RBSL, BSL, WAS and BSH compaction, in that order (see Figure 5a). The UCS values 
decreased to 90.8, 141.5, 191.9, and 231.9 kN/m2 for specimens prepared at +4% OMC and compacted using RBSL, 
BSL, WAS, and BSH energy, respectively (see Figure 5a).

Similar trends were documented for specimens mixed with a variable number of microbes and prepared at MWCs 
of 0, +2, and +4% in relation to OMC. The continuous strength increase with increased CE may perhaps be credited 
to densification and bio-clogging of voids in the soil by the microbes. Also, soil stiffening which is linked to bio-
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cementation may perhaps be responsible for the increasing relative density and hence the UCS of the modified soil [5], 
[28], [29], [36].

Satisfactory results (i.e UCS ≥ 200 kN/m2) were documented for natural soil prepared at MWC in the ranges of 
14.2%, 13.3-17.3%, 12.5-16.5%, and 11.8-17.8% and compacted with RBSL, BSL, WAS, and BSH energy, in that 
order (see Figure 5a). Also, satisfactory UCS values were recorded at optimal 2.4 × 109 cells/ml for samples prepared at 
MWC in the range of 14.2-18.2%, 13.3-17.3%, 12.5-16.5%, and 11.8-17.8% for RBSL, BSL, WAS, and BSH energy, 
correspondingly (see Figure 5f). Results show that a wider range of MWC of 11.8-17.8% was attained at BSH than 
all the other energies, followed by WAS then BSL and RBSL. The implication of these results can note the fact that 
compaction of the soil using MWC of BSH can easily be achieved than the others and gives better strength. Although 
cost implications cannot be ruled out as heavier compaction equipment and a higher number of passes may be required 
to achieve BSH compaction in the field.
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Figure 5. Plot of UCS of lateritic soil-number of microbes with MWC for: (a) Natural soil (b) 1.5 × 108 cells/ml (c) 6.0 × 108 cells/ml (d) 1.2 × 109 
cells/ml (e) 1.8 × 109 cells/ml (f) 2.4 × 109 cells/ml

3.2.3 Effect of CCC relative to UCS

The variation of UCS with CCC is shown in Figure 6. Results show a general trend of increase in the UCS values 
with an increase in CCC. The increase in UCS could be due to the increase in the formation of CaCO3 which may not be 
unconnected to the increase in the number of nucleation sites. Similar findings were reported in pieces of literature [4], [6], 
[37].
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Figure 6. Plot of UCS against calcium carbonate content for BSL compaction at OMC

Statistical examination of the test results with the aid of analysis of variance for UCS is presented in Table 2. The 
results show the impact of the number of microbes and CE on the UCS are significant (FCAL = 7.2690 > FCRIT = 2.9013) 
for the number of microbes and (FCAL = 26.3504 > FCRIT = 3.2874) for CE. The influence of CE was more noticeable than 
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that of the number of microbes.

Table 2. Analysis of variance for UCS with number of microbes

Property Basis for Variation Level of Freedom FCAL p-value FCRIT Comment

Unconfined 
compressive 

strength

number of microbes 5 7.2690 0.0012 2.9013 FCAL > FCRIT, SS

CE 3 26.3504 3.15E-06 3.2874 FCAL > FCRIT, SS

     SS = Significant effect

3.3 pH

pH is a vital factor in MICP process as it greatly affects the performance of the microbes and even the calcite 
produced as the end product of MICP. The effect of number of microbes on the pH of the treated soil is revealed in 
Figure 7. There is a trend of increase in pH from its natural value of 5.97 to a maximum value of 7.85 at 1.2 × 109 cells/
ml and then declined to 6.65 at 2.4 × 109 cells/ml for specimen sampled from the top. In the case of specimen sampled 
from the bottom, the pH first increased from its natural value of 5.97 to a maximum value of 7.23 at 1.5 × 108 cells/ml 
and then declined to 5.86 at 2.4 × 109 cells/ml. However, Stocks-Fischer et al. [20] experimental work suggested that 
the pH of soil modified with microbes significantly influences the urease activities in soils and they also described a pH 
range of 6.0-8.0 for optimal urease activities and calcite formation. Furthermore, it was noticed that the pH values for 
both top and bottom for the optimally treated soil at 2.4 × 109 cells/ml falls within the range recommended by Stocks-
Fischer et al. [20]. Several pieces of literature [12], [38]-[41] reported that pH affects MICP processes and reported 
optimal pH for calcite formation using different microorganisms.
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3.4 Calcium carbonate content test

A result of calcium carbonate content (CCC) test is shown in Figure 8. The CCC inside the soil matrix structure 
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increased with increment in the number of microbes beginning from 0 cells/ml up to 2.4 × 109 cells/ml. Values 
marginally rise from 3.6 to 3.9%. The increase may be connected with the produced urease enzymes by the microbes. 
Also, with the increment in microbe’s population, it is supposed that more urease enzymes are released by the microbes 
leading to increased CC formation. Chi et al. [11] and Osinubi et al. [4] in there researches reported that increased 
bacteria density resulted in bigger enzyme actions, for the reason that the microbes’ surfaces act as nucleation sites 
which tend to encourage calcite precipitation. pH and CCC play a vital role in determining the level of success in soil 
improvement using this MICP approach [12], [13].
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Figure 8. Plot of CC content with a varying number of microbes

4. Conclusion
The effect of the number of microbes and MWC on the UCS of lateritic soil for use as waste containment material 

was studied. Summary of the test results revealed an increase in pH, from its natural value of 5.97 to a maximum 
value of 7.85 at 1.2 × 109 cells/ml and then declined to 6.65 at 2.4 × 109 cells/ml for specimen sampled from the top 
and a similar trend was observed for the bottom sample. Calcium carbonate content values marginally increased. The 
UCS values of lateritic soil increased with a higher number of microbes and lessened with the increase in MWC. A 
similar trend was experimented with for 0, +2, and +4% in relation to OMC. Statistical examination of the test results 
revealed that the influence of compactive effort was more noticeable than that of B. coagulans suspension density on 
the improved soil. Minimum regulatory UCS value of 200 kN/m2 was achieved at MWC of -2, 0, and +2% for all the 
compactive energy. Therefore, it is recommended that CE, moisture content, and the number of microbes should be 
considered during the construction of a lateritic soil compacted clay liner in other to achieve the desired result. Also, 
field compaction for a containment system should be measured based on the MWC of BSH to achieve the desired 
results.
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