Effect of mode of treatment of Brevibacillus brevis on Plasticity characteristics of bio-treated lateritic soil in microbial-induced calcite precipitation application
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Abstract
An economical and sustainable method of soil improvement known as Microbial Induced Calcite Precipitation (MICP) has received significant gratitude in the former decade.
The plasticity of lateritic soil bio-treated at stepped Brevibacillus brevis (B. brevis) suspension density and cementation reagent concentration using three mode of treatment (i.e. mixing, injection and spraying method). The B. brevis suspension densities and cementation reagents used to trigger the MICP process are 0, 0.5, 2.0, 4.0, 6.0 and 8.0 McFarland Standards (i.e., 0, 1.50 × 108, 6.0 × 108, 1.20 × 109, 1.80 × 109 and 2.40 × 109 cells/ml and 0.25, 0.5, 0.75 and 1.0 M, respectively.  The liquid limit value used to prepare the samples with three mix proportions of the bacteria and cementation reagent (viz: 25% bacteria-75% cementation reagent, 50% bacteria-50% cementation reagent and 75% bacteria-25% cementation reagent) is the one obtained from natural lateritic soil for all the three modes outlined. The B. brevis suspension densities used to trigger the MICP process are 0, 0.5, 2.0, 4.0, 6.0 and 8.0 based on McFarland standards (i.e., 0, 1.50 × 108, 6.0 × 108, 1.20 × 109, 1.80 × 109 and 2.40 × 109 cells/ml, respectively). Atterberg limits and calcite content using the acid wash method tests were conducted on the treated specimens for all the three treatment modes. Results obtained show a general decrease in the Atterberg limits with higher B. brevis suspension density and cementation reagent concentration for mixing, injection and spraying method respectively. The best enhancement of plasticity index was obtained for lateritic soil sample treated with a mix ratio of 75 % B. brevis (2.40 × 109 cells/ml for mixing an injection as well as 1.8 × 109 cells/ml for spraying method of treatment ): 25 % cementation reagent (0.50M, 0.25 M and 0.75M for mixing, injection and spraying mode) with a corresponding peak calcite content  of 12.0 (2.40 × 109 cells/ml and 1.0M), 5.38 (2.40 × 109 cells/ml and 1.0M) and 3.50% (1.8 × 109 cells/ml and 1.0M) for mixing, injection and spraying treatment mode respectively.
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1. INTRODUCTION
The improvement in the engineering properties of soil from the addition of additives is known as soil stabilization. These engineering properties include soil stiffness, shear strength, durability and reduction in hydraulic conductivity etc. Mechanical, chemical, biological or both biological and chemical additives be able to use to improve the engineering behaviour of soils. Current research involves a novel, green, economical and sustainable system known as the Microbial Induced Calcite Precipitate (MICP) process, which utilises chemicals and micro-organisms to improve soil properties. This method is promising and studies conducted earlier recorded successful results (e.g., DeJong, Fritzges, and Klaus, 2006; Lee, Wei, Chew, and Siew, 2012; Chu, Ivanov, and Stabnikov, 2014; Sani, Moses, and Oriola, 2020; Sani and Bala, 2021) indicative of soil improvement.
[bookmark: _Hlk70678054]The use of microbes for the purpose of stabilisation of soil is a novel option for enhancement of the engineering properties of sand. The microbiological method is more ecologically friendly than other ordinary treatment techniques in practice (Wath and Pusadkar, 2016; Sani et al., 2020; Sani and Bala, 2021). Bio-cementation using (MICP) technique involves the use of microbes in urea hydrolysis to produce carbonate ions that re-join with solution that is rich in calcium (i.e., CaCl2) to produce calcium carbonate that fixes ground specimens in position; this results in improving the soil engineering properties (Cheng, Shahin, Cord-Ruwisch,  Addis, Hartanto, and Elms, 2014a; Rajabi, Kiani, Khavazi, Rouhipour, and Khormali, 2019; Osinubi, Eberemu, Ijimdiya, Yakubu, Gadzama, Sani, and Yohanna, 2020). However, regardless of the perfections associated with MICP urease positive microbes, it should be dispersed consistently and stable in places where they were introduced into the sand. Inadequate mode of treatment lead the microbes to be situated only in some portions of sand or be blushed out of the sand being treated. the available approaches to distribute microbes and relax them over an 18 cm long soil Harkes, van Paassen, Booster, Whiffin, and van Loosdrecht, (2010) reported cradle; the authors originated that introduction of unmixed bacteria solution, trailed by the 1- pore volume of high salinity obsession watery (50 mM of calcium chloride) can effectively grip nearly all microorganisms suspension present in the soil bed. It is pertinent to state that, presently there is no preferred mode of treatment; only the most commonly used method (i.e., Injection method) is well documented in the literature (David, 2019).
Currently there is no preferred mode of treatment available, only the most commonly used method is revealed (i.e., injection method).

2. MATERIALS AND METHODS 
2.1 Materials
2.1.1. Soil sample: The laterite soil specimens used in this research, was obtained from a burrow pit in Shika, Sabon Gari Local Government Area of Kaduna State, Nigeria. 

2.1.2 The urease positive bacterium is rod-shaped, spore-forming and Gram-positive was used.

2.1.3 The cementation reagent: constituted of 20 g Urea, 10 g NH4Cl, 3 g Nutrient broth, 2.8 g CaCl4 and 2.12 g NaHCO3 per litre of distilled water, which has been used as reported (Stocks-Fischer et al., 1999; DeJong et al., 2006; Al Qabany et al., 2011; Park et al., 2014; Tirkolaei and Bilsel, 2016).

2.2 Methods
2.2.1 Isolation of the bacterium species from lateritic soil. Isolation of the bacterium species from lateritic soil was done by serial dilution

2.2.2 Index properties: The experimental procedures was conducted in accordance with procedures outlined in BS 1377 (1990) and BS 1924 (1990) for control and treated soil samples.

2.2.3 Calcium carbonate content: The determination method used is in accordance with that reported by Mortensen et al. (2011) and Choi et al. (2017) known as the acid wash method. In this approach, 5 g of natural and B. brevis treated soil were mixed with 20 mL 1-M hydrochloric acid (HCl) acid to dissolve calcium carbonate. Then all the solution and insoluble solids were wash away by distilled water using filter paper with a coarse aperture size in a No. 200 sieve for 10 minutes. All soluble calcium was removed from the soil atoms. At that moment all residue on the sieve were oven-dried and weighed. The difference in weight between the novel soil sample (A) and after washing sample (B) was the weight of calcium carbonate content (CCC) present. The CCC was evaluated as
𝐶𝐶𝐶 = (100 –(B/A)) × 100 …………………………………………………………………….1

3.0 Results and Discussion
The summary of these properties are shown in Table 1. The particle size distribution curve is shown in Figure 1. The soil is reddish brown in colour with liquid limit of 46.27 %, plastic limit of 27.37 % and plasticity index of 18.90 % respectively. The soil is classified as CL soil in the Unified Soil Classification System USCS (ASTM, 1992), while A-7-6(4) according to AASHTO soil classification system (AASHTO, 1986). The natural soil also has linear shrinkage of 11.3 % and specific gravity of 2.55 respectively.
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Table 1: Properties of the natural black cotton soil
	Property 
	Quantity 

	Percentage passing No. 200 sieve
Natural moisture content (%)
Liquid limit (%)
Plastic limit (%)
Plasticity index (%)
Linear shrinkage (%)
Specific gravity
AASHTO classification
USCS classification
	58.05
16.30
46.27
27.37
18.90
11.30
2.55
A-7-6(4)
CL





Fig. 1: Particle size distribution curve of the natural silty sand used in the study


3.1 Atterberg limit
Consistency tests (i.e., liquid limit (LL), plastic limit (PL) and plasticity index (PI)) were used to appraise the plastic performance of soils in relation to the water content of  the soil with respect to its change from -solid to liquid state (Kanyi, 2017, Yohanna, Osinubi, Eberemu, Ijimdiya, and Sani, 2022). The effects of different mix ratios of B. brevis (B) and cementation reagent (C) for different B. brevis nucleation sites on consistency of lateritic soil treated with different mix ratios (i.e., 25 % B : 75 % C, 50 % B : 50 % C  and 75 % B : 25 % C) are shown in Figs. 4.4 (a–c). 


3.1.1 Liquid limit 
The effects of B. brevis nucleation site and cementation concentration on liquid limit (LL) of lateritic soil for the three modes of treatment are shown in Fig. 4.4(a). In all the mixing modes considered, the LL values initially increased to peak values and thereafter decreased with increase in B. brevis nucleation site and cementation reagent concentration. 





Figure 4.4(a) Variation of liquid limit of lateritic soil - B. brevis (B) mixtures with cementation reagent concentration (C) for the three modes of application when prepared with different mix ratios: (a) 25 % B : 75 % (b) 50 % B : 50 % C (c) 75 % B : 25 % C	

In the mixing method of treatment of lateritic soil peak LL values of 41.4 % (12 x 108   cells/ml and 0.25 M), 39.3 % (6 x 108 cells/ml and 0.25 M) and 40.3 % (0 cells/ml and 0.25 M) for specimens prepared with 25 % B : 75 %, 50 % B : 50 % C and 75 % B : 25 % C, respectively. For the injection method of treatment of lateritic soil peak LL values of 42.9 % (12 x 108 cells/ml and 0.25 M), 43.0 % (12 x 108 cells/ml and 0.5 M) and 42 % (12 x 108 cells/ml and 0.25, 0.5 & 1 M) for specimens prepared with 25 % B : 75 %, 50 % B : 50 % C and 75 % B : 25 % C, respectively. The spraying method of treatment of lateritic soil recorded peak LL values of 44.5 % (12 x 108 cells/ml and 0.25 M), 43.9 % (12 x 108 cells/ml and 0.25 M) and 46.0 % (12 x 108 cells/ml and 0.25 M) for specimens prepared with 25 % B : 75 %, 50 % B : 50 % C and 75 % B : 25 % C, respectively. For all the mix ratios (i.e., 25 % B : 75 % C, 50 % B : 50 % C and 75 % B : 25 % C) and modes of treatment (i.e., mixing, injection and spraying) considered, the primary reason for the increase in LL values recorded could probably be connected to the increase in water content necessary for the hydrolysis of urea. The urease positive enzymes formed through biological reaction was required to energetically hydrolyze urea into ammonium ions (NH4+) and carbonate ions (CO32-) in solution which increased the pH of the mixtures (Osinubi,Yohanna, Eberemu, and Ijimdiya, 2019a; Wangvan, Paassen, and Edward, 2020). This process possibly increased the attraction of the soil clay crystal for water that improved its diffuse double layer and thus increased the liquid limit of the mixtures in consideration (Neumann, David, and Zuo, 2011; Sani, Etim, and, Joseph, 2019). 
The decrease in LL values with higher B. brevis nucleation site could probably be due to increased  cell developing units that  provided larger surface area for  calcium carbonate (CaCO3) and free Ca2+(Osinubi et al., 2020; Muynck, Belie, and Verstraete, 2020). The non-plastic CaCO3 that was precipitaed in the pore space of the soil also reduced the LL values of the treated soil sample (Neupane, 2016; Osinubi, Gadzama, Eberemu, Ijimdiya, and Yakubu, 2019b). The study showed that higher B. brevis nucleation site is vital for the significant reduction in the LL value of lateritic soil (Osinubi, Gadzama, Eberemu, and Ijimdiya, 2019c). Detailed tests results are given in Table A4.6 (a-c) of the Appendix.

3.1.2 Plastic limit
The effects of B. brevis suspension density and cementation reagent concentration on plastic limit (PL) of lateritic soil for the three modes of treatment are shown in Fig. 4.4(b). 






Fig. 4.4(b): Variation of plastic limit of lateritic soil - B. brevis (B) mixtures with cementation reagent concentration (C) for the three modes of application when prepared with different mix ratios: (a) 25 % B: 75 % (b) 50 % B : 50 % C (c) 75 % B : 25 % C

In the mixing method of treatment of lateritic soil peak PL values of 21.6 % (0 cells/ml and 0.25 M), 20 % (0 cells/ml and 0.25 M) and 22.8 % (1.5 & 6 x 108 cells/ml and 0.75 M) for specimens prepared with 25 % B : 75 %, 50 % B : 50 % C and 75 % B : 25 % C, respectively, this might be connected to the hydrolysed urea thus led to the development of calcite thus support in hardening  the soil (Yohanna et., al, 2022). For the injection method of treatment of latertic soil peak LL values of 23.0 % (6 x 108 cells/ml and 0.25 M), 23.1 % (1.50 x 108 cells/ml and 0.5 M) and 24.5 % (6 x 108 cells/ml and 0.25 & 0.5 M) for specimens prepared with 25 % B : 75 %, 50 % B : 50 % C and 75 % B : 25 % C, respectively. The spraying method of treatment of lateritic soil recorded peak LL values of 24.1 % (1.50 x 108 cells/ml and 0.25 M), 23.0 % (1.50 x 108 cells/ml and 0.25 M) and 28.4 % (12 x 108 cells/ml and 1 M) for specimens prepared with 25 % B : 75 %, 50 % B : 50 % C and 75 % B : 25 % C, respectively. For all the mix ratios and modes of treatment considered, the probable reason for the increase in PL values might not be unconnected to the decreased quantity of Ca2+  in solution that facilitated the formation  of anhydrous calcite (CaCO3.H2O) (Li et al., 2013; Dhami et al., 2016; Yohanna et., al, 2022). Adequate quantity of Ca2+ was neither accessible nor adsorbed on calcite surface triggering reduced deposition of ion couples (CaCO3) and alteration of anhydrous calcite (vaterite) to calcium carbonate which reduced the plastic limit (PL) (Dhami., Sundhakara, and Mukherjee, 2013; Li, Cheng, Zhou, Zhu, and Yu, 2013; Yohanna et., al, 2022). This indicates that the conserved water in vaterite could have started a vital increase in moisture of the mixture that led to increased PL values that increased with higher B. brevis nucleation site and cementation reagent concentration. Similar findings were reported by researchers (e.g., Neupane, 2016; Osinubi et al., 2017; 2019b). This underscores the significance of the treatment constituents on the plasticity of lateritic soil treated with B. brevis suspension density. Consequently, appropriate consideration of treatment constituents is essential for field application in order to attain the anticipated workability (Yohanna et al., 2022). Detailed tests results are given in Table A4.6 (d-f) of the Appendix.


3.1.3 Plasticity index 
The variation of plasticity index of lateritic soil - B. brevis mixtures with cementation reagent concentration for the various modes of treatment when different mix ratios were used is shown in Fig. 4.4(c).  





Fig. 4.4(c): Variation of plasticity index of lateritic soil - B. brevis (B) mixtures with cementation reagent concentration (C) for the three modes of application when prepared with different mix ratios: (a) 25 % B: 75 % (b) 50 % B : 50 % C (c) 75 % B : 25 % C

In the mixing method of treatment of lateritic soil peak PI values of 25.9 % (24 x 108 cells/ml and 0.5 M), 23.4 % (6 x 108 cells/ml and 0.75 M) and 17.9 % (0 cells/ml and 0.25 M) for specimens prepared with 25 % B : 75 %, 50 % B : 50 % C and 75 % B : 25 % C, respectively. For the injection method of treatment of lateritic soil peak PI values of 24.8 % (24 x 108 cells/ml and 1 M), 20.7 % (24 x 108 cells/ml and 1 M) and 18.9 % (18 x 108 cells/ml and 1 M) for specimens prepared with 25 % B : 75 %, 50 % B : 50 % C and 75 % B : 25 % C, respectively. The spraying method of treatment of lateritic soil recorded peak PI values of 25.3 % (24 x 108 cells/ml and 1 M), 21.9 % (12 x 108 cells/ml and 0.75 M) and 19.4 % (18 x 108 cells/ml and 1 M) for specimens prepared with 25 % B : 75 %, 50 % B : 50 % C and 75 % B : 25 % C, respectively. 
For the plasticity index (PI), all the mix ratios and modes of treatment considered the decrease in values could probably be due to increase in the quantity of urease positive enzyme released within the soil matrix for possible calcite formation by B. brevis that caused the decrease in the plasticity of the specimens. Similar findings were reported by Osinubi et al. (2017); Osinubi, Eberemu, Yohanna, Ijimdiya, Adjei, and Sada, (2018a) who used B. pumilus and Sporosarcina pasteurii in their studies. Also, Sheelah and Yosadian (2012) reported decrease in PI with increase in B. pasteurii in the improvement of cohesive soils. Other factors that could be responsible  for the decrease in PI are the geochemical processes that usually occur within the soil structure such as biofilm formation, biogas generation and the formation of biopolymers and other extracellular polymeric substances (EPS) (Kavazanjian, Iglesias, Karatas, 2009; DeJong, Soga, Kavazanijian, Burns, van Paassen, 2013; Osinubi et al., 2019c). The results of this study show that constituent parameters (i.e., Bacteria : Cementation reagent mix ratio) could significantly affect the plasticity behaviour of fine-grained soils through the MICP process in agreement with the findings reported by Osinubi et al. (2019c). This was also as a result of the precipitation of calcites produced during the MICP process.
Generally, the reduction in PI values recorded for all the three modes of treatment considered showed signified  improvement in soil property with mode of treatment in in the order mixing mode > injection mode > spraying mode. The probable explanation for this trend of reduction in PI value is not unconnected to the retention capacity and the mobilisation of the urease enzyme when ureolytic bacteria was introduced into the soil matrix (Bernard, 2019). Detailed tests results are given in Table A4.6 (g - i) of the Appendix.

[bookmark: _GoBack]Conclusion
The lateritic soil categorized as A–7-6 (4) and CL in AASHTO and USCS, respectively, was treated with B. brevis, nucleation sites of 0, 1.5 x 108, 6.0 x 108, 1.2 x 109, 1.8 x 109 and 2.4 x 109 cells/ml. Samples were subjected to pH, electrical conductivity, index properties, calcite contents and linear shrinkage tests using the British Standard light (BSL) energy level. For the consistency properties and linear shrinkage characteristics, only cementation reagent was used to the control samples, while three trial mixes were adopted for the B. brevis treated samples, to study the effect of the bacteria (B)-cementation (C) reagent blend treatment on the soil sample. The trial mixes for the bacteria (B)-cementation (C) reagent combination treatment include, 50B-50C, 25B-75C and 75B-25C. Established on the recorded results in this research the below deductions can be made:
  
1. Consistency properties (LL, PL and PI) enhanced with greater B. brevis nucleation site with the best outcomes documented for the 75B-72C mix. However, the results fell below the Nigerian General Specifications requirements of less than or equal to 35 % Liquid limit, 12 % Plasticity index and 35 % passing No. 200 sieve, for use as a sub-base material for all treatment modes and mixes ratio considered except for 75 % B: 25 % C where by the Liquid limit and Plastic limit from 12 x 108 up to 24 x 108 cells/ml conformed with Nigerian General Specifications requirements.

Recommendation
From the results obtained in this research work, it is recommended that 75 % B. brevis – 25 % Cementation reagent mix ratio be used for the upgrading of the index properties and calcite contents of lateritic soil as a subgrade material in the erection of low-volume roads.
.


REFERENCES
AASHTO (1986). “Standard Specifications for Transport Materials and Methods of Sampling and Testing.” 14th Edition, American Association of State Highway and Transport Officials (AASHTO), Washington, D.C.
Al Qabany A, Mortensen B, Martinez B, Soga K, Dejong J (2011) Microbial carbonate 	precipitation: correlation of S-wave velocity with calcite precipitation. In: 	Proceedings 	of geo frontiers in geotechnical engineering 2011: technical papers, 	ASCE, pp 	3993–4001
ASTM (1992). Annual Book of Standards Vol. 04.08, American Society for Testing and Materials, Philadelphia.
Bernard L. D.L.M (2019).  Biologically Induced Cementation for Soil Stabilisation, pp. 16
BS 1377 (1990). Method of Testing Soils for Civil Engineering Purpose. British Standard 	Institute, BSI, 	London.
Coka E. (2001) Use of class C fly ashes for the stabilization of an expansive soil. ASCE Journal 		of 	Geotechnical and Geoenvironmental Engneering 127(7):568–573
Choi S G, Park S S, Wu S and Chu J 2017 Methods for Calcium Carbonate Content 	Measurement of Biocemented Soils. Journal of Materials in Civil Engineering, Technical 	note 29(11): 06017015.
Chi L, De Y, Shihui L, Tuanjie Z, Siriguleng B, Yu G and Lin L (2017) Improvement of 	Geomechanical 	Properties of Bio-remediated Aeolian Sand, Geomicrobiology 	Journal. DOI: 10.1080/01490451.2017.1338798.
Dhami NK, Mukherjee A and Reddy MS (2016) Micrographical, minerological and nano-	mechanical 	characterization of microbial carbonates from urease and carbonic 	anhydrase producing bacteria. 	Ecological	Engineering 94, 443–454. 
Etim RK, Attah IC, Yohanna P (2020) Experimental study on potential of oyster shell ash in 	structural strength 	improvement of lateritic soil for road construction. International 	Journal of Pavement Research 	Technology https://doi.org/10.1007/s42947-02	0290-y
Li W, Cheng W, Zhou P, Zhu S and Yu L (2013) Influence of initial calcium ion concentration 	on the 	precipitate 	and crystal morphology of calcium carbonate induced by bacteria 	carbonic anhydrase. 	Chemical Engineewering Journal. 218, 65-72.  		http://dx.doi.org/10.1016/j.cej.2012.12.034
Muynck WD, Belie ND and Verstraete W (2020) Microbial carbonate precipitation in 	construction materials: a 	review. Ecological Engineering 36 (2):118–36.
Mortensen B M, Haber M J, DeJong J T, Caslake L F and Nelson D C (2011) Effects of 	environmental factors on microbial induced calcium carbonate precipitation. Journal of 	Applied Microbiology. doi:10.1111/j.1365-2672.2011. 05065.x
Neumann AW, David R and Zuo Y (2011) Applied surface thermodynamics. Focus Surf. 2011, 	6. 
Neupane S (2016) Evaluating the suitability of microbial induced calcite precipitation technique 	for stabilizing 	expansive soils. An unpublished thesis submitted to Boise State University
Osinubi KJ, Eberemu AO, Ijimdiya ST, Yakubu SE & Sani JE (2017). ‘Potential use of Bacillus 	Pumilus in 	microbial induced calcite precipitation improvement of lateritic soil’. 	Proceedings of the 2nd Symposium 	on Coupled Phenomena in Environmental 	Geotechnics (CPEG2), Leeds, United Kingdom, 6-8 	September. Session: 	Cleanups, Paper #64, Pp. 1 – 6.
Osinubi KJ, Eberemu AO, Sani JE, Ijimdiya TS, Taman J & Abdulmutallib M (2018). Effect of 	Bacillus 	pumulus –induced precipitation on the index properties and compaction 	characteristics of lateritic and 	black cotton soils. 2018 Nigerian Building and 	Road Research Institute International Conference. 	Theme: Sustainable Development 	Goals (SDGs) and the Nigerian Construction Industry – Challenges 	and the Way 	Forward. 12 – 14 June, Abuja, Nigeria, Book of Abstracts, p. 41.
Osinubi KJ, Eberemu AO, Gadzama EW, Ijimdiya TS, Jonathan OJ and Al-Mustapha I (2018a) 	Comparative 	Effect of Sporosarcina Pasteurii on the Index Properties and Compaction 	Characteristics of Black Cotton 	and Lateritic Soils. Proceedings of NBRRI 	International Conf. on Sustainable Development Goals & 	Nigerian Construction 	Industry, 12-14th June 2018. Pp. 351-361. 
Osinubi KJ, Eberemu AO, Yohanna P, Ijimdiya TS, Adjei A and Sada YY (2018b) Effect of 	Bacillus 	Coagulans-	Induced Calcite Precipitate on the Index and Compaction 	Properties of Lateritic and 	Black Cotton Soils. 	Proceedings of NBRRI International 	Conf. on Sustainable Development Goals & 	Nigerian Construction 	Industry, 12-	14th June 2018. Pp. 362-372
Osinubi KJ, Yohanna P, Eberemu AO and Ijimdiya T S (2019) Evaluation of hydraulic 	conductivity of lateritic 	soil treated with Bacillus coagulans for use in waste 	containment applications.’ Proceedings of the 8th 	International Congress on 	Environmental Geotechnics (ICEG 2018), “Towards a Sustainable 	Geoenvironment” 	Edited by Liangtong Zhan, Yunmin Chen and Abdelmalek Bouazza, 28th October – 	1st November, Hangzhou, China, © Springer Nature Singapore Pte Ltd., Vol. 3, pp. 401–	409, On-line: 	https://doi.org/10.1007/978-981-13-2227-3_50.
Osinubi KJ, Gadzama EW, Eberemu AO, Ijimdiya TS and Yakubu SE (2019c) Evaluation of the 	strength of 	compacted lateritic soil treated with Sporosarcina pasteurii. In: Zhan L, 	Chen Y, Bouazza A (eds) 	Proceedings of the 8th international congress on 	environmental geotechnics (ICEG 2018). Towards a 	sustainable geoenvironment, 	3. Springer, Hangzhou, pp 419–428. https://doi. org/10.1007/978-981-13-	2227-3_52
Osinubi KJ, Eberemu AO, Gadzama EW, Ijimdiya TS (2019e) Plasticity characteristics of 	lateritic soil treated 	with Sporosarcina pasteurii in microbial‑induced calcite 	precipitation application. SN Applied Sciences 	1,829. 			https://doi.org/10.1007/s42452-019-0868-7
Osinubi KJ, Eberemu AO, Ijimdiya TS, Yakubu SE, Gadzama EW, Sani JE and Yohanna P 	(2020b) Review of 	the use of microorganisms in geotechnical engineering 	applications. 2, 207. 	https://doi.org/10.1007/s42452-020-1974-2
Al Qabany A, Mortensen B, Martinez B, Soga K, Dejong J (2011) Microbial carbonate 	precipitation: correlation of S-wave velocity with calcite precipitation. In: 	Proceedings 	of geo frontiers in geotechnical engineering 2011: technical papers, 	ASCE, pp 	3993–4001
Park S-S, Choi S-G and Nam I-H, (2014). Effect of plant-induced calcite precipitation on the 	strength of sand. Journal of Material/Civil 	Engineering 26(8): 06014017
Sani JE, Etim RK and Joseph A (2019) Compaction Behaviour of Lateritic Soil–Calcium 	Chloride Mixtures. 	Geotechnical and Geological Engineering. Springer Nature 	Switzerland. 37,2343- 2362. 	https://doi.org/10.1007/s10706-018-00760-6
Stocks-Fischer S, Galinat J K and Bang S S 1999 Microbiological precipitation of CaCO3. Soil 	Biology 	Biochemistry 31 (11): 1563–1571.
Tirkolaei HK, Bilsel H (2016) Statistical modeling of environmental factors on microbial 	ureolysis process for biocement production. Advance Material Science Engineering 	2015:1–14. Https 	://doi.org/10.1155/2015/34093 0
Wang L, van Paassen, LA and Edward Kavazanjian Jr., E (2020) Feasibility Study on 	Liquefaction Mitigation 	of Fraser River Sediments by Microbial Induced 	Desaturation and Precipitation (MIDP). In proceedings 	of  Geo-Congress 2020. 	American Society of Civil Engineers, GSP 320, pp. 121 – 131




0.00E+00 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	39.6	39.200000000000003	38.700000000000003	38.1	40.6	40.1	39.200000000000003	37.700000000000003	43	42.8	42.2	41.4	1.50E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	40.299999999999997	40	39	38.9	41.4	41.9	40.700000000000003	39.799999999999997	43.6	43	42.9	42	6.00E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	41.1	40.6	39.6	39.6	41.9	42.3	41.4	40.200000000000003	44	43.7	43.4	42.8	1.20E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	41.4	40.9	40	40.1	42.6	42.9	42	41.6	44.5	44	44	43.6	1.80E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	40.299999999999997	40.299999999999997	39	38.9	40.9	41	40.6	40	41.6	41	40.6	40	2.40E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	39.9	40	38.4	38.1	39.700000000000003	39.9	40	39.299999999999997	40	39.799999999999997	39.5	39	Mixing		Injection	  	Spraying

Liquid Limit (%)



0.00E+00 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	38.700000000000003	38.200000000000003	38	37.5	39.200000000000003	40.799999999999997	38.700000000000003	38.1	42.6	42	41.2	40	1.50E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	38.9	38.6	38.4	38.1	42.3	41.8	41	40.5	43.1	42.8	42	41.2	6.00E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	39.299999999999997	38.700000000000003	38.799999999999997	38.299999999999997	42.9	42.7	41.7	41.2	43.4	43.1	42.9	42	1.20E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	38.9	38	37.799999999999997	36.799999999999997	43	42.9	42.4	42	43.9	44	43.2	42.8	1.80E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	38.6	37.4	36.6	36	39.700000000000003	40.1	39.799999999999997	38.799999999999997	41.2	40.799999999999997	40	39.799999999999997	2.40E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	37.200000000000003	36	36	35.5	38.4	37.5	37.1	37	40.799999999999997	40.200000000000003	39.5	37.4	Mixing		Injection	  	Spraying

Liquid Limit (%)



0.00E+00 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	40.299999999999997	39.799999999999997	39.700000000000003	38.700000000000003	41.2	40.799999999999997	40.6	39.9	44.5	44	43.8	43.5	1.50E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	39.700000000000003	39.4	39.200000000000003	38.200000000000003	40.200000000000003	41.3	41	40	45.5	44.8	44.3	44	6.00E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	39.200000000000003	38.9	38.9	37.5	41.6	41.8	41.4	41	45.8	45.1	44.9	45.1	1.20E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	31.6	30.3	30.6	27.8	42	42	41.9	42	46	45.8	45.8	45.8	1.80E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	30.4	30	30.1	27.4	40.1	40	39.700000000000003	38.200000000000003	42	41.8	41.3	40.6	2.40E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	30.3	29.4	29.2	27.1	39.4	39	38.700000000000003	37.4	41.5	40	38.9	38.9	Mixing		Injection		  Spraying
Liquid Limit (%)


0.00E+00 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	21.6	21.3	21	20.6	22.4	21.7	20.5	19.8	24	23.5	22.7	21.6	1.50E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	21	20.6	20.399999999999999	20.100000000000001	22.6	23	21.7	20.6	24.1	23.2	22.9	21.5	6.00E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	20.5	20	19.7	19.100000000000001	22.3	22.9	21.8	20.399999999999999	23.9	23.3	22.9	21.9	1.20E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	20.399999999999999	19.8	17.2	17	22.6	22.7	21.4	20.7	23.5	22.5	22.6	22.3	1.80E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	20.6	20.100000000000001	16.3	16.100000000000001	20.7	20.399999999999999	19.7	18.8	20.399999999999999	19.2	19	18.3	2.40E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	16	14.1	14.3	14.1	16.2	16	15.6	14.5	19.100000000000001	14.8	14.4	13.7	Mixing		Injection	 	 Spraying

Plastic Limit (%)



0.00E+00 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	38.700000000000003	38.200000000000003	38	37.5	39.200000000000003	40.799999999999997	38.700000000000003	38.1	42.6	42	41.2	40	1.50E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	38.9	38.6	38.4	38.1	42.3	41.8	41	40.5	43.1	42.8	42	41.2	6.00E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	39.299999999999997	38.700000000000003	38.799999999999997	38.299999999999997	42.9	42.7	41.7	41.2	43.4	43.1	42.9	42	1.20E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	38.9	38	37.799999999999997	36.799999999999997	43	42.9	42.4	42	43.9	44	43.2	42.8	1.80E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	38.6	37.4	36.6	36	39.700000000000003	40.1	39.799999999999997	38.799999999999997	41.2	40.799999999999997	40	39.799999999999997	2.40E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	37.200000000000003	36	36	35.5	38.4	37.5	37.1	37	40.799999999999997	40.200000000000003	39.5	37.4	Mixing		Injection		  Spraying

Plastic Limit (%)



0.00E+00 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	20	19.2	18.8	18.5	20.2	21.5	19	18.2	22.8	21.9	20.6	19.100000000000001	1.50E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	17.5	16.100000000000001	16	15.6	22.7	22.3	21.1	20.399999999999999	23	22.6	21	19.899999999999999	6.00E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	17	15.5	15.4	15	23.1	22.7	21.3	20.6	22.9	22.3	21.6	20.3	1.20E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	17.600000000000001	16	15.9	15.4	22.9	22.5	21.7	21	22.9	22.7	21.3	20.6	1.80E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	18.5	17	16.899999999999999	16.600000000000001	20.3	20.5	19.7	18.399999999999999	21	20.399999999999999	20.100000000000001	18.600000000000001	2.40E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	16.600000000000001	15	14.8	14.4	18.8	17.600000000000001	6.9	16.3	20.5	19.600000000000001	19.3	15.9	Mixing		Injection		  Spraying
Plastic Limit (%)


0.00E+00 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	18	17.899999999999999	17.7	17.5	18.2	18.399999999999999	18.7	18.899999999999999	19	19.3	19.5	19.8	1.50E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	19.3	19.399999999999999	18.600000000000001	18.8	18.8	18.899999999999999	19	19.2	19.5	19.8	20	20.5	6.00E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	20.6	20.6	19.899999999999999	20.5	19.100000000000001	19.399999999999999	19.600000000000001	19.8	20.100000000000001	20.399999999999999	20.5	20.9	1.20E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	21	21.1	22.8	23.1	20	20.2	20.6	20.9	21	21.5	21.4	21.3	1.80E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	20.5	20.2	22.7	22.8	20.2	20.6	20.9	21.2	21.2	21.8	21.6	21.7	2.40E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	23.9	25.9	24.1	24	23.5	23.9	24.4	24.8	21.3	25	25.1	25.3	Mixing	         Injection		Spraying

Plasticity Index (%)



0.00E+00 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	18.7	19	19.2	19	19	19.3	19.7	19.899999999999999	19.8	20.100000000000001	20.6	20.9	1.50E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	22.3	22.5	22.4	22.5	19.600000000000001	19.5	19.899999999999999	20.100000000000001	20.100000000000001	20.2	21	21.3	6.00E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	21.4	23.2	23.4	23.3	19.8	20	20.399999999999999	20.6	20.5	20.8	21.3	21.7	1.20E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	21.3	22	21.9	21.4	20.100000000000001	20.399999999999999	20.7	21	21	21.3	21.9	22.2	1.80E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	20.100000000000001	20.399999999999999	19.7	19.399999999999999	19.399999999999999	19.600000000000001	20.100000000000001	20.399999999999999	20.2	20.399999999999999	19.899999999999999	21.2	2.40E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	13.7	21	21.2	21.1	19.600000000000001	19.899999999999999	20.2	20.7	20.3	20.6	20.2	21.5	Mixing		Injection		Spraying

Plasticity Index (%)



0.00E+00 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	17.899999999999999	17.7	17	16.8	18	18.399999999999999	18.7	18.8	18.8	19	19.2	19.5	1.50E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	17.399999999999999	17	16.399999999999999	16	17.399999999999999	17.600000000000001	17.899999999999999	17	18.2	18.399999999999999	18.7	18.5	6.00E+08 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	17	16.899999999999999	16.100000000000001	15.9	17.100000000000001	17.3	17.600000000000001	17.8	17.7	18.100000000000001	18.2	17.2	1.20E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	10.3	9.6	9.5	7.5	17.600000000000001	17.899999999999999	18	18.399999999999999	18.3	18.600000000000001	18.7	17.399999999999999	1.80E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	9.6	10.5	10.7	8.4	18	18.399999999999999	18.600000000000001	18.899999999999999	18.7	19	19.2	19.399999999999999	2.40E+09 cells/ml	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	0.25M	0.5M	0.75M	1M	9.4	9.6	8.8000000000000007	6.2	17.2	16.8	16.3	17	17.100000000000001	17.3	17.399999999999999	17.8	Mixing	  Injection	                      Spraying

Plasticity Index (%)



2.8	1.4	0.71	0.42499999999999999	0.36	0.21199999999999999	0.15	7.4999999999999997E-2	2.2684851935450962E-2	1.773159836844947E-2	1.3402992372663153E-2	1.0000900850048459E-2	8.3712593868677989E-3	6.0331346689207373E-3	4.3450222096990225E-3	95.7	95	83.45	79.8	76.7	72	67.900000000000006	58.05	25.392957746478874	19.428169014084506	14.741549295774648	10.480985915492958	8.3507042253521124	6.5464788729999999	5.0422535210000001	Particle Size (mm)

% Passing


