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Abstract
The plasticity characteristics of lateritic soil with varying Sporosarcina pasteurii (S. pasteurii) suspension density and com-
positional variables were evaluated in microbial-induced calcite precipitation (MICP) application. The liquid limit value 
of the natural lateritic soil was used to prepare samples with three mix proportions of the bacteria and cementation 
reagent (i.e., 25% bacteria–75% cementation reagent, 50% bacteria–50% cementation reagent and 75% bacteria–25% 
cementation reagent). The S. pasteurii suspension densities 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, respectively). Tests car-
ried out on the treated specimens include Atterberg limits and linear shrinkage as well as calcite content using the acid 
wash method. Results obtained showed a general decrease in the Atterberg limit values with higher S. pasteurii suspen-
sion density. The best improvement of plasticity index was achieved for lateritic soil prepared with 75% S. pasteurii and 
25% cementation reagent at S. pasteurii suspension density of 2.40 × 109 cells/ml with a corresponding peak 6.0% calcite 
content. Also, a maximum 4% contaminant concentration of a synthetic leachate produced the best S. pasteurii growth 
pattern.

Keywords Atterberg limits · Lateritic soil · Plasticity · Microbial-induced calcite precipitation (MICP) · Sporosarcina 
pasteurii

1 Introduction

The use of deficient or problematic soils in engineering is 
unavoidable due to increasing urbanization [29, 36]. Defi-
cient soils are generally characterized by their high plastic-
ity characteristics, low strength and high compressibility 
[67]; such soils are generally not good for engineering use 
without modification or stabilization. Chemical additives 
have been conventionally used as soil modification/stabi-
lization agents for over a century. However, in the last dec-
ade, there has been an important shift toward “green” and 
sustainable technologies due to the environmental dis-
quiets linked to the use of chemical additives. A novel and 
innovative method known as microbial-induced calcite 

precipitation (MICP) is evolving and is being evaluated by 
researchers [18, 23, 33, 38, 48, 50, 52, 53, 55–60, 66, 73].

The MICP research area is multi-disciplinary in nature 
and involves microbiologists and civil engineers who aim 
to provide a soil improvement method that is environmen-
tally friendly and sustainable. MICP is a gentle alternative 
to the conventional soil improvement methods currently 
in use which have been adjudged to be environmentally 
unfriendly [22, 23, 30, 43]. Although recognition has been 
given to laboratory studies on MICP, the lack of under-
standing the long-term mechanical properties of bio-
cemented soil and its field upscaling has delayed its exten-
sive acceptance for practical engineering applications [28, 
42]. The environment-friendly features of the urease pro-
ducing microorganisms also cause very little or no damage 
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to the soil, human health, as well as the environment since 
most of them are natives of the soil [55]. Because of their 
varied ecology, microorganisms exhibit various functional 
characters that are beneficial in nature and it is fair to say 
that bacteria can be found almost everywhere, from the 
friendliest environments to the most hostile setting [32]. 
One of the processes that MICP relies upon which has also 
attracted the interest of researchers is bio-cementation 
which occurs naturally through biochemical processes to 
produce calcite which is a key parameter on which MICP 
revolves [43].

Another advantage of MICP is that the reactions 
between microorganisms and the cementation reagent 
occur at ambient temperature and therefore require mini-
mum extra energy for the release of carbon underground 
to mitigate greenhouse gases [23, 33, 40, 67]. Bacteria can 
be nearly round, rod-like or spiral in shape with cell diam-
eter from 0.5 to 3 μm [37]. Their size could decrease under 
stress conditions to about 0.2 μm. They are self-replicating 
in nature and can survive under harsh condition at low 
to high acidity or salinity [41]. Microorganisms relate with 
the surrounding environment through enzymatic action, 
and nearly two-thirds of the resulting products of such 
interaction are calcium-bearing minerals or calcite miner-
als required for cementation [74].

An important requirement for effective MICP process 
is the presence of microorganism which serves as nuclea-
tion site. The microorganisms interact with each other and 
solid surface to form what is known as biomass or biofilm, 
which is a combination of buildup of single or complex 
organism cells and extracellular polymeric substances 
(EPS) [8, 39]. Proto et al. [65] reported that the high specific 
surface area of soils facilitates the formation of biofilms 
that significantly have the potential to influence the engi-
neering behavior of soil. Or et al. [54] reported that a gram 
of EPS matrix can attract up to 15–20 g of water through 
osmotic and capillary forces which results in the swelling 
of the matrix. This characteristic of EPS enables it to act as 
a sponge during MICP processes.

Researchers [5, 21, 27] have used either the microtiter 
(MtP), Congo red agar (CRA) and/or polymeric chain reac-
tion (PCR) to investigate the formation of biofilms forma-
tion. However, it is pertinent to state that not all microor-
ganisms are able to form biofilm. The modification of soils 
into a more workable construction material using MICP 
process through bio-cementation is therefore desirable.

According to Neupane [50] and Cardoso et  al. [11], 
coarse-grained soils are good candidates for an effective 
MICP technique; however, this study was conducted with 
the aim of understanding the efficacy of MICP technique 
in low plasticity soils in order to establish the relationship 
between plasticity characteristics and MICP with differ-
ent compositional variables (i.e., S. pasteurii suspension 

density and S. pasteurii suspension–cementation reagent 
mix ratio). The optimal requirements for different organ-
isms are different in terms of bacterial densities, water 
requirements and other compositional variables for effec-
tive MICP output [48]. Therefore in this study, laboratory 
experiments were performed using an indigenous micro-
organism (S. pasteurii) cultured from the lateritic soil to 
trigger the MICP process by hydrolyzing the urea in the 
presence of calcium ions and thereby initiating the pre-
cipitation of calcite within the soil voids.

The practical application of the study, if the findings are 
favorable, is to use the technique as a viable alternative for 
the improvement of low plasticity lateritic soils that do not 
meet specifications for engineering purposes. The novelty 
and originality of this study is that most studies conducted 
relating to MICP focused on strength and hydraulic con-
ductivities of sand (bio-cementation and bio-clogging), 
while information on the plasticity characteristics of MICP 
treated residual lateritic soils is very limited. The findings 
of this research will be practically relevant to engineers 
involved in geotechnical engineering practice.

2  Materials and methods

2.1  Materials

2.1.1  Soil

The soil sample used in this study is a lateritic soil obtained 
at depths between 0.5 m and 3.0 m by disturbed sampling 
method from Abagana (Latitude 6°10′15″N and Longitude 
6°58′10″E), Njikoka Local Government Area, Anambra 
State, Nigeria.

2.1.2  Bacteria

The microorganism used in the study is S. pasteurii isolated 
and cultured from the lateritic soil collected and grown in 
the laboratory using the biochemical test kit for Bacillus 
species.

2.1.3  Cementation reagent

The cementation reagent is composed of 20 g urea, 10 g 
 NH4Cl, 3 g nutrient broth, 2.8 g  CaCl2 and 2.12 g  NaHCO3 
per liter of de-ionized water reported in several studies 
(e.g., [4, 12, 23, 38, 63, 69, 71, 72]. In all the studies cited, 
3 g/l of nutrient broth was added to the cementation rea-
gent because it was the most viable amount for survival of 
bacteria [66]. Urea was added aseptically after autoclaving 
the other solutions in the cementation reagent to avoid it 
decomposition by heat [62].
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2.2  Methods

2.2.1  Bacteria isolation, culture/growth medium

The bacteria used in this study are Sporosarcina pasteurii, 
which was isolated and cultured from the lateritic soil 
collected from an erosion prone site in Abagana com-
munity in Anambra state, Nigeria. The conventional 
method was used to identify the bacteria. Sporosarcina 
pasteurii was isolated from the soil inoculated on Ammo-
nium-Yeast Extract media (i.e., 20 g yeast extract, 10 g 
ammonium chloride, 2 g urea and 0.1 g nickel per liter 
of distilled water under aerobic condition), and NaOH 
was used to adjust the pH of the media to 9.0 [26, 46]. 
The media was transferred in an aliquot amount of 10 ml 
per culture bottle corked with aluminum foil paper and 
autoclaved at 121 °C per 1.1 kg pressure for 15 min. With 
the aid of a sterilized scoop, 1 g each of the soil collected 
from the soil sampling points was inoculated into each 
of the culture bottle and incubated at 37 °C for 24 48 h 
to facilitate proper isolation, identification and charac-
terization of S. pasteurii. Biochemical confirmatory tests 
were carried out on the test organisms using procedures 
described by Cheesbrough [14]. Pure culture of the iso-
lates was stored in a freezer at a temperature below 4 °C 
and retrieved for use when needed. The isolates were 
sub-cultured every two months.

2.3  Characterization of S. pasteurii

2.3.1  Phenotypic tests

The following are some of the morphological tests con-
ducted to identify and characterize microorganisms: 
colony, gram staining reaction, urease production, spore 
staining test, motility test, indole test, Voges Proskauer 
test, methyl red test, citrate utilization, starch hydrolysis, 
casein production, catalase production, hydrogen sulfide 
production, ammonium sulfate precipitation and effect of 
nickel [61] and biofilm formation using Congo red agar 
[27]. The tests were conducted using a biochemical test kit 
for Bacillus species to which S. pasteurii belongs.

2.3.2  Preparation of synthetic leachate

The synthetic leachate used in this study was prepared by 
mixing 250 ml of distilled water with  CuSO4,  PbNO3 and 
Cd in five concentrations in the range 1–5% by weight per 
volume. The organism was inoculated into each concentra-
tion, and the growth pattern of S. pasteurii was monitored 
for 30 days using spectrophotometer.

2.3.3  Viscosity and torque

The viscosity and torque for the various S. pasteurii suspen-
sion densities and the cementation reagent were meas-
ured using RV DV-1 Brookfield digital viscometer using the 
procedure described by Hassan et al. [31].

2.3.4  McFarland standards

McFarland standards are turbidity standards that are used 
to gauge approximately how many bacteria are present 
in a liquid suspension. The standards are used to visually 
compare the turbidity of a suspension of bacteria with the 
turbidity of the appropriate standard. The reagents that 
make up each of the Standards are shown in Table 1 [13]. 
The volumes of the two reagents are adjusted to prepare 
standards of different turbidity that represent different 
suspension densities of the bacteria. For an organism that 
has a faster growth rate, 0.1 ml is inoculated into prepared 
growth media of desired quantity (i.e., either nutrient 
broth or peptone broth) before incubation. If the organism 
has a slow growth rate, 0.5 ml is inoculated into the same 
growth media of desired quantity and then incubated for 
between 24 and 48 h. The highest growth for the bacterial 
suspension is equivalent to the McFarland standard which 
is equivalent to the bacterial suspension density.

2.3.5  MICP treatment

Two hundred and fifty grams each of the air-dried soil 
sample passing through British Standard (BS) No. 40 sieve 
(425 µm aperture) was treated with the 44.0% liquid limit 
value of the natural soil in three mix proportions, namely: 
11%:33% representing 25% bacteria–75% cementation 

Table 1  Guidelines for the preparation of McFarland standards. 
Source: Chapin and Lauderdale [13]

Volume (ml)

McFarland 
standard

1%  BaCL2 1%  H2SO4 Number of bacteria 
 (108)/ml represented

0.5 0.5 99.5 1.5
1 1.0 99.0 3
2 2.0 98.0 6
3 3.0 97.0 9
4 4.0 96.0 12
5 5.0 95.0 15
6 6.0 94.0 18
7 7.0 93.0 21
8 8.0 92.0 24
9 9.0 91.0 27
10 10.0 90.0 30
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reagent, 22%:22% representing 50% bacteria–50% 
cementation reagent and 33%:11% representing 75% 
bacteria–25% cementation reagent. The mix proportions 
were used to determine the bacteria–cementation reagent 
combination that produced the best improvement in the 
plasticity characteristics of the microbial-induced calcite 
precipitate treated soil. Different S. pasteurii suspension 
densities of 0, 0.5, 2.0, 4.0, 6.0 and 8.0 McFarland stand-
ards (i.e., equivalent to 0, 1.50 × 108, 6.0 × 108, 1.20 × 109, 
1.80 × 109 and 2.40 × 109 cells/ml, respectively) were used 
to trigger the MICP process, respectively. The treated spec-
imens were dried under laboratory condition as described 
by Osinubi et al. [56–60] to allow the MICP process alter 
the soil properties before Atterberg limits, and linear 
shrinkage tests were carried out in accordance with the 
procedures outlined in BS 1377 [10]. The results reported 
in this study are average of three tests.

2.3.6  Calcite content

The acid washing method was used to determine the cal-
cite content. Five grams of the treated soil was mixed with 
20 ml of 2 M hydrochloric acid (HCl) to dissolve calcium car-
bonate on the specimen that recorded the highest reduc-
tion in plasticity index treated with the bacteria–cemen-
tation reagent mix proportions considered. Thereafter, 
the solution and insoluble soil solid were washed with 
distilled water on a filter paper with a coarse pore size in a 
No. 200 sieve for 10 min during which soluble calcium was 
removed from the soil particles. Subsequently, the solid 
particles retained on the sieve were oven-dried at a tem-
perature of 105 °C and weighed. The difference between 
the weight of the originally treated soil sample (A) and the 
washed soil sample (B) was taken as the mass of calcium 
carbonate (calcite). The calcite content (CC) in percentage 
was calculated using Eq. (1) [19, 68]:

2.3.7  Microanalysis

Microanalysis using scanning electron microscope (SEM) 
was carried out on the natural and the treated lateritic soil 
to investigate the changes in morphological features due 
to the formation and distribution of calcite bonds on the 
inter particle surface in the microstructure of the soil. The 
test was carried out with a Phenom World Pro desktop SEM 
equipped with a software application that could automate 
data collection and image interpretation. The specimen 
was placed in a motorized tilt and rotation sample holder 
which was controlled by a dedicated motion control pro 
suite application which initiates an endless 360° rotation 

(1)CC = 100 −
B

A
x100

with a pseudo-eucentric tilting adapted focus ranging 
from 10° to 45°, which allows the production of accurate 
size information from micro- and nano-fiber samples [64].

3  Results and discussion

3.1  Index properties

The natural lateritic soil is classified as an A-4 (3) soil in the 
AASHTO classification system [1] and SC in the Unified Soil 
Classification System (USCS) [7]. A summary of the physical 
properties of the natural soil is given in Table 2. X-Ray dif-
fraction results showed that kaolinite is the dominant clay 
mineral in the natural lateritic soil. Ombaka [51] reported 
that the arrangement in kaolinite has strong binding 
forces between the layers that resist expansion when they 
become wet, which in addition to the measured cation 
exchange capacity (CEC) value of 5.50 meq/100 g may 
have been responsible for the low plasticity, shrinkage 
and swelling behavior exhibited. Similar findings were 
reported by Murray [49], Aroke et al. [6] and Kamtchueng 
et al. [35]. The particle size distribution curve of the natural 
soil is shown in Fig. 1.

The mineralogical composition of the soil summa-
rized in Table 3 indicates that the silica–sesquioxide ratio 
value {i.e.,  SiO2/(Al2O3 + Fe2O3)} of 1.64 is between 1.33 
and 2.00 recommended for lateritic soil [9, 34]. The three 
oxides (i.e.,  SiO2,  Al2O3 and  Fe2O3) recommended by Bell 
[9] for the classification of residual soils into laterite, lat-
eritic soil and non-lateritic soil constitute about 90.91% 
(see Table 3) of the soil’s mineralogical composition. The 
enhancement of these oxides in the soil could be linked to 
chemical weathering of the parent rock. Although  Al2O3 
and  Fe2O3 constituted about 34.41% of the mineralogical 
composition of the soil, their effect on the test organism 
was not investigated in this study. However, Meyer et al. 

Table 2  Physical properties of the natural lateritic soil

Property Quantity

Natural moisture content (%) 11.3
Percentage passing no. 200 sieve 36.0
Liquid limit (%) 44.0
Plastic limit (%) 21.55
Plasticity index (%) 22.45
CEC (meq/100 g) 5.50
Specific gravity 2.62
AASHTO classification A-4(3)
USCS SC
Color Reddish brown
Dominant clay mineral Kaolinite
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[44] reported that the interaction of  Fe2O3 with S. pasteurii 
in the presence of water produced more hardened layer 
of the soil due to the precipitation of calcite, thus making 
its presence in the soil to be a viable component in MICP 
process. Also, Sun et al. [70] reported that  Al2O3 is an excel-
lent S. pasteurii carrier that enhances the precipitation of 
calcite during MICP process. The low loss on ignition (LOI) 
value (see Table 3) is indicative of low-level organic matter, 
and water content as well as impurities in the soil sample.

A summary of the elemental composition of the natu-
ral lateritic soil is given in Table 4. The highest elemental 
concentration was recorded for iron followed by aluminum 
and silicon. The mineralogical concentrations of the three 
elements presented in Table 3 were used to classify the soil 
as described above.

3.2  Characterization of S. pasteurii and viscosity 
of additives used

A summary of the confirmatory tests results used to char-
acterize the organism using biochemical test kit for Bacil-
lus species as well as the viscosity of the additives used 
to treat the lateritic soil is given in Tables 5 and 6, respec-
tively. The results are consistent with the requirement for 
MICP processes reported by Achal and Pan [2].

3.3  Atterberg limits

Atterberg limits (i.e., liquid limit (LL), plastic limit (PL) and 
plasticity index (PI)) were used to evaluate the plastic 
behavior of soils in connection to the amount of water 
content in the soil as regards its transition from solid to 
liquid phase. The effect of different mix proportions of S. 
pasteurii and cementation reagent for different S. pasteurii 

suspension densities on Atterberg limits of the lateritic soil 
is shown in Figs. 2, 3 and 4.

3.3.1  Liquid limit

Generally, liquid limit (LL) values initially decreased to min-
imum values before increasing with higher S. pasteurii sus-
pension density regardless of the bacteria–cementation 
reagent mix proportion considered. The LL values initially 
decreased from 44% for the natural soil to minimum val-
ues of 37.6%, 39.4% and 36.5% at S. pasteurii suspension 
densities of 1.50 × 108/ml, 6.0 × 108/ml and 1.80 × 109/ml 
for 25% bacteria–75% cementation reagent, 50% bac-
teria–50% cementation reagent and 75% bacteria–25% 
cementation reagent, respectively (see Fig. 2). Thereafter, 
the LL values for the three mix proportions increased to 
39.2%, 39.6% and 38%, respectively, at S. pasteurii suspen-
sion density of 2.40 × 109/ml. The specimen treated with 
75% bacteria–25% cementation reagent mix recorded the 
best LL value of 36.5% at S. pasteurii suspension density of 
1.80 × 109/ml, which can be attributed to the high bacteria 
content of that enhanced the precipitation of more calcite 
compared to the other two mix proportions with lower 
bacteria contents.

3.3.2  Plastic limit

Plastic limit (LL) values generally decreased with increased 
S. pasteurii suspension density regardless of the bac-
teria–cementation reagent considered. The PL values 
decreased from 21.55% for the natural soil to minimum 
values of 15.2%, 18.3% and 17.6% at 2.40 × 109, 6.0 × 108 
and 1.80 × 109 cells/ml for 25% bacteria–75% cementa-
tion reagent, 50% bacteria–50% cementation reagent 

Fig. 1  Particle size distribution 
curve of the natural lateritic 
soil

Table 3  Mineralogical 
composition of the natural 
lateritic soil

Oxide SiO2 Al2O3 CaO TiO2 V2O5 Cr2O3 Fe2O3 MnO CuO ZrO2 LOI Total

Concentration (%) 56.5 19.00 0.33 2.89 0.061 0.051 15.41 0.075 0.056 0.290 4.54 99.20
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and 75% bacteria–25% cementation reagent, respectively. 
The results show that the PL of lateritic soil can be greatly 
reduced with 25% bacteria–75% cementation reagent mix 
proportion with a minimum S. pasteurii suspension density 
of 1.50 × 108 cells/ml.

3.3.3  Plasticity index

The effect of different proportions of S. pasteurii and 
cementation reagent at different S. pasteurii suspension 
densities on the plasticity index (PI) of lateritic soil is shown 
in Fig. 4. The PI values generally decreased from 22.5% for 
the natural soil to 20.6%, and 19.5%, at 1.50 × 108 cells/
ml and 17.8% at 2.40 × 109 cells/ml suspension density 
for 25% bacteria–75% cementation reagent–50% bac-
teria–50% cementation reagent and 75% bacteria–25% 
cementation reagent mix proportions, respectively. It is 
pertinent to state that decrease in PI value is desirable 
for any method adopted for the improvement of soil Ta
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9 Table 5  Phenotypic test 
results for the characterized S. 
pasteurii 

Test Property

Gram reaction Positive
Shape Rod shape
Capacity Positive
Spore Positive
Motility Positive
Indole Positive
Methyl red Positive
VP Positive
Citrate Positive
Oxidase Positive
Casein Positive
Catalase Positive
Urease Positive
Starch hydrolysis Positive
H2S Positive
Biofilm formation Positive

Table 6  Viscosity characteristics of additives (distilled water, S. pas-
teurii suspensions and cementation reagent) used to treat lateritic 
soil

Additive Viscosity 
(mPa s)

0 cells/ml (distilled water) 10
1.50 × 108 cells/ml 23
6.0 × 108 cells/ml 24
1.20 × 109 cells/ml 26
1.80 × 109 cells/ml 27
2.40 × 109 cells/ml 29
Cementation reagent 20
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for engineering use. Therefore, results obtained suggest 
that the soil improvement technique used in this study 
is appropriate. The improvement of PI of the lateritic soil 
can be ranked by performance of the mix proportions in 
the order 75% bacteria–25% cementation reagent > 50% 
bacteria–50% cementation reagent > 25% bacteria–75% 
cementation reagent.

The decrease in PI values could be due to the precipita-
tion of calcite in the voids of the soil matrix. Furthermore, 
cation exchange reactions could have occurred between 
clay minerals within the soil and calcite formed, since the 
combined composition of the soil–calcite mixture con-
tained multivalent cations  Ca2+,  Al3+,  Fe3+, etc., that pro-
mote flocculation of clay particles as reported by Coka 
[20], Eberemu [24] and Fehervari et al. [25]. The results 
recorded in this study are consistent with the findings 

reported by Osinubi et al. [55] and Moravej et al. [45], but 
contradict the findings reported by Neupane [50].

3.4  Linear shrinkage

The effect of different mix proportions of S. pas-
teurii–cementation reagent mix proportions for differ-
ent S. pasteurii suspension densities on linear shrinkage 
(LS) of lateritic soil is shown in Fig. 5. Generally, LS values 
initially decreased to minimum values with increased S. 
pasteurii suspension density regardless of the bacte-
ria–cementation reagent mix proportion considered. 
Thereafter, LS values marginally increased before finally 
decreasing to least values recorded at S. pasteurii suspen-
sion density of 2.40 × 109/ml. The LS values decreased 
from 9.0% for the natural soil to 6.9%, 6.3% and 6.4% 

Fig. 2  Variation of liquid limit 
of lateritic soil with S. pasteurii 
suspension density

Fig. 3  Variation of plastic limit 
of lateritic soil with S. pasteurii 
suspension density

Fig. 4  Variation of plasticity 
index of lateritic soil with S. 
pasteurii suspension density
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for 25% bacteria–75% cementation reagent, 50% bac-
teria–50% cementation reagent and 75% bacteria–25% 
cementation reagent mix proportions, respectively, at S. 
pasteurii suspension density of 2.40 × 109/ml.

3.5  Calcite content

The variation of calcite content of lateritic soil with S. 
pasteurii suspension density for the different bacte-
ria–cementation mix proportions considered is shown 
in Fig. 6. Calcite content (CC) generally increased with 
higher S. pasteurii suspension density for the mix pro-
portions considered. However, the CC values increased 
from 1.6% for the natural soil to peak value of 5.0% for 
specimen treated with 50% bacteria–50% cementation 
reagent mix proportion at S. pasteurii suspension den-
sity of 1.20 × 109 cells/ml as well as 4.0% and 6.0% for 
specimens treated with 25% bacteria–75% cementation 
reagent and 75% bacteria–25% cementation reagent 
mix proportions, respectively, at S. pasteurii suspension 
density of 1.80 × 109 cells/ml. The specimen treated with 
75% bacteria–25% cementation reagent mix proportion 
recorded the highest calcite content of 6.0% at minimum 
S. pasteurii suspension density of 1.80 × 109/ml because 
more organisms were available for the hydrolysis of 
the urea present in the cementation reagent to pre-
cipitate higher calcite content compared to other mix 
proportions.

3.6  Toxicity effect of metals on S. pasteurii

The variation of colorimetric growth rate of S. pasteurii 
with time when inoculated in the synthesized leachate is 
shown in Fig. 7. It was observed that for contaminant con-
centrations in the 1–3% range, the growth pattern of the 
organisms was log-normal, exponential and constant up 
to the 18th day, but reduced from the 21st day for 1% and 
2% contaminant concentration, while 3% contaminant 
concentration recorded the second stage of exponential 
growth from the 24th day and remained constant up to 
the 30th day. The 4% and 5% contaminant concentra-
tions initially recorded exponential growth patterns that 
later became constant, but 5% concentration recorded a 
decrease from the 21st day to the end of the test period. 
The results obtained indicate that 4% contaminant con-
centration gave the best growth for the organism in agree-
ment with results presented in Table 6. Similar results were 
reported by Stock-Fischer et al. [69], Mugwar and Harbot-
tle [47] as well as Adharsh et al. [3].

3.7  Microanalysis

Scanning electron microscope (SEM) was used to exam-
ine the soil texture, particle shapes and to confirm calcite 
precipitation at microscale on the lateritic soil. Figure 8a, 
b shows the micrographs of specimens of the natural soil 
and the treated lateritic soil used for the Atterberg limits 
tests. It can be observed that the microcracks/pores in 

Fig. 5  Variation of linear 
shrinkage of lateritic soil with 
S. pasteurii suspension density

Fig. 6  Variation of calcite 
content of lateritic soil with S. 
pasteurii suspension density
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the natural soil are sealed in the treated soil because 
of the reaction between the microorganisms and the 
cementation reagent in the soil. Qualitatively, the seal-
ing of the cracks/pores underscores bio-cementation/
bio-clogging process during the treatment of the natural 
soil in agreement with the findings reported by Cheng 
and Cord-Ruwisch [15] and Cheng et al. [16, 17]. 

4  Conclusion

From the results of the laboratory tests results con-
ducted on lateritic soil classified as A-4(3) or SC in the 
AASHTO and USCS classification system, respectively, 
treated with 25% bacteria–75% cementation reagent, 
50% bacteria–50% cementation reagent and 75% bac-
teria–25% cementation reagent mix proportions, the 
following conclusions can be made:

1. MICP treatment of the natural lateritic soil generally 
improved its Atterberg limits (LL, PL and PI) with 75% 
bacteria–25% cementation reagent mix proportion 
producing the best result at S. pasteurii suspension 
density of 2.40 × 109 cells/ml.

2. Maximum calcite content of 6.0% was precipi-
tated at minimum S. pasteurii suspension density of 
1.80 × 109 cells/ml.

3. Based on the results of the study carried out, S. pas-
teurii is effective in improving the plasticity character-
istics of the lateritic soil used in the MICP application 
considered.

4. A maximum 4% contaminant concentration of a syn-
thetic leachate produced the best S. pasteurii growth 
pattern.

5  Recommendation

Based on the results obtained in the study, 75% bacte-
ria–25% cementation reagent mix proportion at S. pasteurii 
suspension density of 2.40 × 109 cells/ml can be used to 
improve the plasticity characteristics of A-4(3) or SC soil 
for engineering purposes.
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