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Abstract:

Unconfined compressive strength (UCS) of soil is usually affected by curing time (in days) and compactive effort.

In order to determine the effect of curing days and compactive effort on microbial induced calcite precipitate
(MICP) treated lateritic soil, the UCS of Bacillus pumilus (B. pumilus) microbial induced calcite precipitate treated
lateritic soil were carried out at different curing days and different compactive effort. Lateritic soil was treated with
stepped densities of Bacillus pumilus suspensions densities of 0 /mL (for natural soil), 1.5x108 /mL, 6.0x108 /mL,
12x108 /mL, 18x108 /mL and 24 x108 /mL, respectively and compacted with three compaction energies namely;
British Standard Light (BSL), West African Standard (WAS) and British Standard Heavy (BSH). The treated soil
samples were cured for 7, 28 and 56 days. The result shows an increase in UCS value with increase in B. pumilus
suspension density and also with increase in compactive energy. The UCS values obtained showed an increase
with curing days from 7 to 28 days curing but beyond 28 days curing period UCS value obtained were constant
which indicates that MICP process has sustainability strength values even after long time curing which is an
indication of a very good construction material. The peak UCS values were obtained at 1.8 x 10° cells/mL of B.
pumilus suspension density for all compactive effort considered.
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Introduction

Relatively green and sustainable soil improvement technique
in recent years has been introduced which is termed
Microbially Induced Calcite Precipitation (MICP). It involved
the utilization of biochemical process in soil to improve their
engineering properties which are strength and impermeability
(Achal et al., 2011).

MICP find natural treatments for soil by the combine
knowledge from the interdisciplinary researches at the
confluence of microbiology, geochemistry, and geotechnical
engineering (DeJong et al., 2010). MICP occurs in nature and
it is a biological process. It is achieved by introducing in large
quantity, population of urease-producing micro-organisms
together with cementation reagents into the soil matrix,
whereby a cement compound (Calcite) is generated to
improve engineering properties of soil. The major advantage
of the MICP is its environmental friendly nature whereby the
urease producing micro organisms will cause a very little or
no impairment to the soil in question, human health, and
environment. Although, the idea of the MICP soil
improvement technique is relatively young evolving
technology pertaining MICP have been reported by many
researchers like Baveye et al. (1998); Castainer et al. (1999);
Ehrlich, (1999); Mitchell and Santamarina; (2005); Lian et al.,
(2006); Ivanov and Chu, (2008); Delong et al., (2010);
Okwadha and Li, (2010); Harkes et al., (2010); Lu et al.,
(2010); Hanifi et al., (2015). Most researches on MICP
focused on the use of sand and little documented literature
exist on the use of MICP on lateritic soil as a construction
material, hence this research seems to investigate the effect of
MICP on unconfined compressive strength of lateritic soil and
also determine the long time effect of the MICP process.
Laterites, which are formed in tropical and sub-tropical
regions of hot and humid climatic condition with heavy
rainfall, warm temperature and good drainage according to
Townsend (1985), are very rich in iron and aluminium and
occur mostly as the capping of the hill. They therefore find
extensive use in numerous construction activities such as
subgrade material for road construction and brick production
material (Goswani and Mahanta, 2007). They have also been
proposed by Anderson and Hee (2000) for use as liner in the

construction of landfill because they have low hydraulic
conductivity. Similarly, they are categorised as natural
resources of importance in geo-environmental applications
(Gabeas et al., 2007; Frempong and Yanful, 2008) because of
their adequate chemical resistance and low desiccation
induced shrinkage potential (Osinubi and Nwaiwu, 2008).
Most tropical laterites predominantly composed of kaolinite,
non swelling, non expanding 1:1 clay mineral which are
engineering materials (Osinubi et al., 2009); some often
contain swelling 2:1 clay mineral sand therefore constitute
problematic engineering structures.

The aim of this study is to determine the effects of curing time
and compactive effort on unconfined compressive strength
test of microbial induced calcite precipitate treated lateritic
soil.

Materials and Methods

Soil

The lateritic soil sample used in this study was collected by
the method of disturbed sampling (Osinubi et al., 2017) from
an erosion site in Abagana (Lat. 6.186549° and Long.
6.980070°), Njikoka Local Government Area of Anambra
state, South East Nigeria. The soil samples were collected at a
depth of 1.5 m below the natural earth surface to minimize
organic matter.

Microorganisms

B. pumilus which was identified in the Micro Biology
laboratory of Ahmadu Bello University using the Microgen
ID was used in this study.The bacteria were cultured in liquid
media consisting of 3 g Nutrient Broth, 330 mM of urea,
186.7 mM of NH4ClI, 25.3 mM of NaHCOs per litre of glass
distilled water, with a pH measured at 9.7. Liquid media were
sterilized by autoclaving for 20 minutes at 121°C. The
bacterial cell densities were determined using McFarland
Turbidity scale using 0, 0.5, 2, 4, 6 and 8 being equivalent to
1.5x108 cells/mL, 6.0x108 cells/mL, 12x108 cells/mL, 18x108
cells/mL and 24 x108 cells/mL, respectively (McFarland,
1907). The growth phase of the inoculating culture was
controlled. The B. pumilus suspensions were prepared in
stepped suspension densities of 0 cells/ml (which is the
control), 1.5 x 108 cells/mL, 6.0 x 108 cells/mL, 12.0 x 108
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cells/fmL, 18.0 x 108 cells/mL and 24.0 x 108 cells/mL,
respectively for the MICP treatment and was used in treating
each soil sample.

Cementation reagents

Cementation reagents served as the raw materials for calcite
formation in the MICP process. The cementation reagents that
were employed in this study comprised 333 mM of urea (CO
(NH2)2) and 25.2 mM of calcium chloride (CaClz). The
cementation reagents also contained 3 g nutrient broth, 186.7
mM ammonium chloride (NH4Cl), and 25.3 mM of sodium
bicarbonate (NaHCO3) per litre of deionized water which is an
alkaline culture medium (Stocks-Fischer et al., 1999; Stoner
et al., 2005; DeJong et al., 2006; Qabany et al., 2011).
Compaction

Each soil sample was compacted in the compaction mould
using British Standard Light or standard Proctor (SP), West
African Standard (WAS) and British Standard heavy (BSH)
compaction energies in accordance with BS 1377 (1990) to
determine the compaction characteristics (optimum moisture
content and maximum dry density) of the natural soil.Soil
samples were passed through 4.76 mm sieve. Soil samples
were mixed with B. pumilus suspension density of 0, 1.5 x
108, 6.0 x 108, 1.2 x 10°, 1.8 x 10° and 2.4 x 10° cells/mL at
25% of the natural optimum moisture content (OMC) of all
compactive effort used while the remaining 75% was for the
cementation reagent. Soil samples were allowed to air dry on
trays before tests were carried out on them. Tests to determine
the moisture—density relationships were carried out in
accordance with BS 1377 (1990) for the three energy
considered.

MICP treatment

The soil sample that were mix with 25% B. pumilus
suspension density and 75% cementation reagent were
compacted at the three compactive effort. Then the
cementitious reagents were introduced by gravity into the
pores of the soil matrix until they were relatively saturated.
Saturation was ascertained by the cementitious reagent
dripping from the bottom of the compaction mould and the
applied reagent on the surface of the sample does not
permeate into the soil. A series of compacted soil samples
were repeatedly treated (one each) with different bacterial
suspension densities (control; 1.5 x 108 cells per mL; etc.)
every 6 hours for two days and the cementitious reagent with
alkaline culture medium was injected into the soil to initiate
the MICP process. Upon completion of the treatment, the soil
specimen was used for unconfined compressive strength test.
Index properties

The index properties of the soil were determined in
accordance to specifications outlined in BS, 1377 (1990). Soil
passing through British Standard No. 40 sieve (425 pm
aperture) was used to determine Atterberg limits consisting of
liquid limit, plastic limit, plasticity index and the linear
shrinkage was also determined.. The various B. pumilus
suspension density was mixed at 25% of the natural liquid
limit value while the cementation reagent was mixed at 75%
of the same natural liquid limit value. The treated soil
specimens were then air-dried at the laboratory temperature of
23 +2°C, before being used to carry out the test. The soil
samples were treated in B. pumilus suspension densities of 0,
1.5x 108, 6.0 x 108, 1.2 x 109, 1.8 x 10° and 2.4 x 10°.

Specific gravity

Dried treated soil samples mixed for index properties were
used for the test in accordance to specification outlined in BS
1377 (1990).

Unconfined compressive strength

3 kg of air-dried soil sample was mixed with optimum
moisture content derived from dynamic compaction of the soil
sample. The conventional BS compaction mould was used.
The sample was placed and compacted in the mould in three
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(3) layers and twenty-seven (27) blows of 2.5 kg rammer were
given to each layer. The sample was then removed from the
mould with aid of hydraulic jack and three samples of 38 by
76 mm were cored out and wrapped in a polythene bag for a
minimum of 48 hours to allow for complete saturation. It was
then taken to unconfined compression test machine for the
test, where axial stress was applied gradually until shear
failure occurred. Failure is taken to have occurred when two
or three subsequent readings are equal or reducing in
descending order.

The experiment was carried out with the addition of B.
pumilus suspension density (cells/mL) of 0, 1.5x108, 6.0x108,
12x108, 18x108 and 24x108, respectively, following the same
procedure and was repeated for WAS and BSH compactive
efforts. The samples where cured for 7 days, 28 days and 56
days then the unconfined compressive strength was computed
using eq. (1):

(100 — %) x 103
UCS (6) = PCr 10040
Where:

¢ = Strain sustained sequent to failure = x/Lo
x = Strain dial reading in mm

Lo = Initial length of tested sample (m)

Ao = Initial cross sectional area of tested sample (m?)
P = Load proven ring reading sequent to failure (kN)
Cr = Compressive stress factor

8 = Compressive stress at strain & (KN/m?)

€y

Results and Discussion

Oxide composition of lateritic soil

The results of X-Ray Fluorescence (XRF) carried out in
Nigeria Geological Survey Laboratory Kaduna, Kaduna State
to determine the oxide composition of lateritic soil is shown in
Table 1. The silica — sesquioxide ratio of 1.65, which is
between 1.33 and 2.00 classifies the natural material as
lateritic soil in accordance with the specifications given by
Joachin and Kandiah (1941).

Table 1: Oxide composition of lateritic soil

Oxide Concentration %
SiO2 56.50
Al203 19.00
CaO 0.33
TiO2 2.89
V205 0.06
Cr203 0.05
Fe203 15.41
MnO 0.06
CuO 0.06
Z2r02 0.29
L.O.1 454
2.90
2.85 4
= 280 4
5
= 275 4
EL 270 -
265
2.60 ; ; ; .

0.00E+00 6£.00E4+08 1.20E4+09 1.80E4+09 Z 40E+09
Bodlius pumilus suspension density [cells/miL)

Fig. 1: Variation of the specific gravity of lateritic soil with
B. pumilus suspension treatment
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Specific gravity

The variation of specific gravity of lateritic soil with B.
pumilus is shown in Fig. 1. Specific gravity value decreased
from 2.86 for the natural lateritic soil to 2.63 at 1.8 x 10°
cells/mL and thereafter increases to 2.68 at 2.4 x 10° cells/mL.
The specific gravity of the soil generally decreased with
increased B. pumilus suspension density.

This decrease may be caused by the calcites formed during the
MICP process which caused the soil particles to be flocculated
within the soil matrix and hence loosely parked particles. This

result is similar to findings by Osinubi et al. (2017) and
Osinubi et al. (2018).

Index properties

The index properties of the lateritic soil and treated lateritic
soil are summarized in Table 2. The natural soil is reddish
brown in colour and had 35.3% passing through BS sieve no.
200. It was classified as clayey sand (SC) under the USCS
(ASTM, 1992) and A-4(0) under the AASHTO, system
(AASHTO, 1986) with the dominant clay mineral being
kaolinite.

Table 2: Index properties of the natural and treated lateritic soil

B. pumilus (suspension density /mL)

Property
0 1.5E8 6.0E8 12.0E8 18.0E8 24.0E8

Natural moisture content (%) 11.8
Percentage Passing No. 200 Sieve (Wet Sieving) 35.3
Liquid Limit (%) 36 354 35 34 35 355
Plastic Limit (%) 21.98 23.02 24.12 24.83 23.58 22.84
Plasticity Index (%) 14.02 12.38 10.88 9.17 11.42 12.66
Linear Shrinkage (%) 8.82 8.19 7.82 7.37 7.66 7.86
Specific Gravity 2.86 272 2.70 2.65 2.63 2.68
AASHTO classification A-40) A-40) A-40) A-40) A-40) A-40)
USCS SC SC SC SC SC SC
Colour Reddish brown
Dominant Clay Mineral Kaolinite

Liquid limit 26 -

The effect of the B. pumilus treatment on the liquid limit of _oc |

soil is shown in Figure 2. Liquid limit decreases from 36 to .

34% at 1.2 x x10° cells/ml B. pumilus suspension density and = 24 1

thereafter increases to 35.5% at 2.4 x 10° cells/mL B. pumilus Ea3

suspension density. This decrease may be as a result of the ; -

flocculation and agglomeration of the clay particles which E

occurred as a result of the production of calcites in the MICP = 21

process which in turn produced calcium ions which reacted 20 i i i )

with ions of lower valence in the clay structure. This result is

0.0DE+00  6.0DE+0E  1.20E+09  1.BOE+09  2.40E+0%

contrary to reports by Osinubi et al. (2017) where it was
reported that the liquid limit value rose with increase in B.
pumilus treatment. However, similar studies (Portelinha et al.,
2012; Salahedim, 2013) which used cement to stabilize
lateritic soil reported the effects of Ca?* on the liquid limit of
the clay soil, showed a decrease in the liquid limit value.

36.5 -

36 4

5%}

L

Ln
1

Liquid Limit (22)
B

s
B
L

335 T T T
0.00E+00 6.00E+DB 1.20E+09 1.B0E+09

Bacillus pumilus suspension density (cells/mL)

2.40E+0%

Fig. 2: Variation of the liquid limits of lateritic soil at
various B. pumilus suspension density treatment
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Bacillus pumilus suspension density (cells/mL)

Fig. 3: Variation of the Plastic limits of lateritic soil at
various B. pumilus suspension density treatment

Plastic limit

The effect of the B. pumilus suspension density treatment on
the plastic limit is shown in Fig. 3. Plastic Limit increase from
21.98 to 24.83 % at 1.2 x10° cells/mL B. pumilus suspension
density treatment and thereafter decreases to a value of
22.84% at 2.4 x10° B. pumilus suspension density. This
increase may not be unconnected with the flocculation and
agglomeration of the clay particles which occurred as a result
of the production of calcites in the MICP process. This result
is similar to findings by Osinubi et al. (2017) and Osinubi et
al. (2018) where it was reported that the plastic limit value
rose with increase in B. pumilus suspension density treatment
on lateritic soil.

Plasticity index

The effect of the B. pumilus cells/ml treatment on the
plasticity index of lateritic soil is shown in Fig. 4. Plasticity
index value of 14.02% was recorded for the natural soil which
dropped to a value of 9.17% at 1.2 x 10° cells/mL B. pumilus
suspension density and thereafter increases to a value of
12.66% at 2.4 x 10° cells/mL B. pumilus suspension density.
This finding is also in agreement with Osinubi et al. (2017)
and Osinubi et al. (2018) where it was reported that the
plasticity index value decreased with increase in B. pumilus
suspension density treatment on lateritic soil. This is also as a
result of the Calcites that were formed through the MICP
process.
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Plastic Index

6.00E+0B 1.20E+09 1.80E+09 2 40E+00
Bacillus pumilus suspension density (cellsfmL)

Fig. 4: Variation of the plasticity index of lateritic soil at
various B. pumilus suspension density treatment

0.00E+DD

9.5
)
B.5
B
7.5
7
6.5

0.00E+00 6.00E+0B 1.20E+09 1.80E+09 2.40E+09
Bacillus pumilus suspension density (cells/mL)

Fig. 5: Variation of the linear shrinkage of lateritic soil at
various B. pumilus suspension density treatment

LinearShrinkage (36)

Linear shrinkage

The effect of the B. pumilus cells/ml treatment on the linear
shrinkage of lateritic soil is shown in Fig. 5. The linear
shrinkage decreased from 8.82% for the natural soil to 7.27%
at 1.2 x10° cells/mL B. Pumilus suspension density and
thereafter slightly increased to 7.86% at 2.4 x10° cells/ml B.
pumilus suspension density. This finding is also in agreement
with Osinubi et al. (2017) and Osinubi et al. (2018) where it
was reported that the linear shrinkage value decreased with
increase in B. pumilus suspension density treatment on
lateritic soil. This is also as a result of the Calcites that were
formed through the MICP process.

Generally, the properties of the lateritic soil were improved
because of the calcite precipitate that was responsible for
cementing and clogging the soil voids. These are similar to the
findings reported by Miller and Azad (2002); Moses and
Afolayan (2011), Amadi and Eberemu (2013); Salahudeen et
al. (2014) who worked with other pozzolanic materials.
Compactions characteristics

Maximum dry density (MDD)

The variation of the MDD of MICP treated soil with B.
pumilus suspension density for the three compactive efforts is
shown in Figure 6. The MDD decreased with increasing B.
pumilus suspension density for all compactive energies
considered after an initial increase to 2 Mg/m? at 1.5 x 108
cells/ml of B. pumilus suspension density for BSL and
increase to 2 Mg/mé and 2.05 Mg/m?at 6.0 x 108 cells/mL of
B. pumilus suspension density each for WAS and BSH
respectively. The MDD decreased to 1.87 Mg/m?, 1.86 Mg/m?
and 1.98 Mg/m? for samples compacted at BSL, WAS and
BSH respectively when treated with up to 2.4 x 10° cells/ml
of B. pumilus suspension density. The reduction in MDD is
probably due to the lower specific gravity values as the B.
pumilus suspension density increased. Similar trend was also
reported by Abo-EI-Enein et al. (2012), Osinubi et al. (2017)
and Osinubi et al. (2018).
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Fig. 6: variation of the MDD of the lateritic soil with B.
pumilus suspension density treatment at different
compactive effort
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B. pumilus suspension density (cells/mL)
Fig. 7: Variation of the OMC of the lateritic soil with B.
pumilus cells/ml suspension density treatment at different
compactive effort
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Optimum Moisture Content (OMC)

The variation of OMC with B. pumilus cells/ml at different
compactive effort considered is shown in Fig. 7. The OMC
increased to 14% and 13.2% at 2.4 x 10° cells/mL for both
BSL and WAS compacted samples while the BSH
compaction increases to 12% at 1.2 x 10° cells/mL and
thereafter decreases. The OMC generally increased with
increased B. pumilus suspension density treatment after an
initial drop in the OMC value at 1.5 x 108 cells/ml for both
BSL and BSH compaction. The increase in OMC recorded for
all effort considered could be caused by the urease enzyme
produced by B. pumilus that reacted with the cementation
reagent to form larger surface areas that had greater affinity
for water thereby leading to higher moisture content. This can
also be attributed to the quantity of calcite that bridged the soil
particles together by clogging of the pores spaces within the
soil thereby allowing for more affinity of water hence
absorption. Similar findings were reported by Abo-EI-Enein et
al., (2012), Osinubi et al., (2017) and Osinubi et al., (2018).
Unconfined compressive strength

7 Days curing period

The variation of unconfined compressive strength (UCS) with
B. pumilus cells/ml at different compactive effort considered
cured for 8 days is shown in Fig. 8.

The general trend of the UCS shows a general increase with
increase in B. pumilus suspension density treatment for all
compactive effort considered and it also shows that UCS
value increases with increase in compactive effort with BSH
compactive effort producing highest UCS for all treatment
considered. The result indicates that higher UCS value
obtained is a function of compactive effort and also the
calcites precipitations that were formed through the MICP
process. The UCS value of the natural soil cured for 7 days
increases from a value of 678.45 to 917.76 kN/m? at 1.8 x 10°
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cellssmL of B. pumilus suspension density for BSL
compactive effort, 719.57 to 1089.47 kN/m? at 1.8 x 10°
cellssmL of B. pumilus suspension density for WAS
compactive effort and from 963.70 to 1336.34 kN/m? at 1.8 x
10° cells/mL of B. pumilus suspension density for BSH
compactive effort. At all compactive effort there was a drop in
strength beyond 1.8 x 10° cells/mL of B. pumilus suspension
density. This result is in consistent with the reports by Osinubi
et al. (2017); Osinubi et al. (2019) and Osinubi et al. (2020).

1400 -
1300 -
1200 -
1100
1000

S00
BOD
F00

—— B5L WAS BSH

e00

Unconfined Compress ire Strength (kN /m?)

500

0.00E+00 6&.00E+08 1 20E+09 1 BOE+09 2 40E+09
Bacillus pumilus suspension density (cells,/mL)

Fig. 8: Variation of unconfined compressive strength of
the lateritic soil with B. pumilus cells/ml suspension
density treatment at 7 days curing for different
compactive effort

=
w
[=]
[=]

1700

1500

1300
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S00

—m— BS5L
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BSH
0O g

500 T

0.00E+00 6G.00E+08 1 20E+09 1 BOE+09 2 40E+09
Bacillus pumilus suspension density (cells/mL)

Fig. 9: variation of unconfined compressive strength of the

lateritic soil with B. pumilus cells/ml suspension density

treatment at 28 days curing for different compactive effort

Unconfined Compresshre Strength (kN/m?)

28 Days curing period

The variation of unconfined compressive strength (UCS) with
B. pumilus cells/ml at different compactive effort considered
cured for 28 days is shown in Fig. 9. The general trend of the
UCS cured for 28 days also shows a general increase with
increase in B. pumilus suspension density treatment for all
compactive effort considered to a peak value at 1.8 x 10°
cells/mL of B. pumilus suspension density.

The UCS values obtained also shows an increase with
increase in compactive effort with BSH compactive effort
producing highest UCS for all treatment considered. The
result indicates that higher UCS value obtained is a function
of compactive effort and also the calcites precipitations that
were formed through the MICP process. The enzyme urease
triggered the MICP biochemical reaction by hydrolyzing urea

and the ammonium (NHZ) produced, increased the pH and

caused the bicarbonate ions (HCOg) to precipitate with
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calcium ion (Ca?*) from the calcium chloride supplied to form
calcium calcite (CaCOg).

The calcite generated was responsible for binding soil
particles and clogging the pores in the soil specimens. Bio-
cementation is achieved when the calcite crystals precipitate
on the surface or form bridges between the existing soil
grains. These calcite crystals formed are responsible for the
bond between the soil particles and forbid movement of its
grains, and therefore improves the strength and stiffness
properties of the soil (Harkes et al., 2010; Mujah et al., 2017;
Osinubi et al., 2019). The UCS value of the natural soil cured
for 28 days increases from a value of 678.45 to 1519.15
kN/m? at 1.8 x 10° cells/ml of B. pumilus suspension density
for BSL compactive effort, 719.57 to 1775.32 kN/m? at 1.8 x
10° cells/mL of B. pumilus suspension density for WAS
compactive effort and from 963.70 to 1989.45 kN/m? at 1.8 x
10° cellssmL of B. pumilus suspension density for BSH
compactive effort. At all compactive effort there was a drop in
strength beyond 1.8 x 10° cells/mL of B. pumilus suspension
density. This result is in consistent with the reports by Osinubi
et al. (2017); Osinubi et al. (2019) and Osinubi et al. (2020).
56 Days curing period

The variation of unconfined compressive strength (UCS) with
B. pumilus cells/ml at different compactive effort considered
cured for 56 days is shown in Fig. 10. The general trend of the
UCS cured for 56 are similar to those at 28 days curing but
same UCS values are obtained as those cured for 28 days.

This indicates that beyond 28 days curing no more gain
strength but there is no reduction in the strength value. This
shows that MICP process has sustainability strength values
even after long time curing which is an indication of a very
good construction material.

1900 -
1700
1500 -
1300 -
1100

900

700 o L —— B5L

500 T

0.00E+00 6.00E+08 1.20E+09 1.80E+09 2 40E+09
Bacillus pumilus suspension density (cells,/mL)
Fig. 10: Variation of unconfined compressive strength of
the lateritic soil with B. pumilus cells/ml suspension
density treatment at 56 days curing for different
compactive effort

WAS BSH

Unconfined Compress ire Strength (kN fm?)
L]

The UCS value of the natural soil cured for 56 days increases
from a value of 678.45 to 1519.15 kN/m? at 1.8 x 10°
cellssmL of B. pumilus suspension density for BSL
compactive effort, 719.57 to 1775.32 kN/m? at 1.8 x 10°
cellssmL of B. pumilus suspension density for WAS
compactive effort and from 963.70 kN/m? to 1989.45 kN/m?
at 1.8 x 10° cells/mL of B. pumilus suspension density for
BSH compactive effort. At all compactive effort there was a
drop in strength beyond 1.8 x 10° cells/mL of B. pumilus
suspension density. This result is in consistent with the reports
by Osinubi et al., (2017); Osinubi et al., (2019) and Osinubi et
al., (2020).
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Conclusion

Based on the results of the study todetermine the effects of
curing time and compactive effort on unconfined compressive
strength test of microbial induced calcite precipitate treated
lateritic soil, it can be concluded that:

1. The liquid limit, plasticity index and linear shrinkage
decreases with increase in B. pumilus suspension density
to a minimum value of 34 %, 9.17 % and 7.27 %
respectively at 1.2 x10° cells/mL B. pumilus suspension
density. The plastic limit on the other hand increases
with increase in B. pumilus suspension density to a
maximum value of 24.83 at 1.2 x x10%ells/mL B.
pumilus suspension density.

2. The compaction characteristic shows that the maximum
dry density decreases with increase in B. pumilus
suspension density after an initial increase but higher
MDD were recorded at BSH compaction energy. The
optimum moisture content (OMC) on the other hand
increases with increase in B. pumilus suspension density
after an initial decrease except the sample compacted
with BSH that reduces after 1.2 x 10° cells/mL B.
pumilus suspension density. BSL compaction gave a
higher OMC while BSH compaction gave a lower OMC
values.

3. The UCS test result shows an increase with increase in B.
pumilus suspension density and also with increase in
compactive energy.

4. The UCS values obtained shows an increase with curing
days i.e. value increase between 7 days curing and 28
days curing but beyond 28 days curing period UCS value
obtained were constant.

5. The UCS result also shows that long time curing (beyond
28 days) do not increase the UCS value and the value do
not decreases either which indicates that MICP process
has sustainability strength values even after long time
curing which is an indication of a very good construction
material.

6. The peak UCS values were obtained at 1.8 x 10° cells/ml
of B. pumilus suspension density for all compactive
effort considered and all curing days considered.

Conflict of Interest
Authors have declared that there is no conflict of interest
reported in this work.

Acknowledgments

The authors wish to thank Tertiary Education Trust Fund
(TETFund), Nigeria for sponsoring this research under the
year 2015 TETFund Research Projects (RP) Intervention, with
reference TETFund/DRSS/NDA/KADUNA/2014/RP/VOL. 1.
The authors also gratefully acknowledge the immense support
received from the Department of Civil Engineering, Nigerian
Defence Academy (NDA) Kaduna, Nigeria for providing their
Geotechnical Laboratory where the experimental works of this
research were conducted; and also thank the Department of
Microbiology, Ahmadu Bello University, Zaria, Nigeria for
providing their Laboratory where the micro organism was
identified and cultured to produce the Bacillus pumilus
suspension density and the cementitious reagent needed for
the research.

References

AASHTO 1986. Standard Specifications for Transport
Materials and Methods of Sampling and Testing. 14th
edn. American Association of State Highway and
Transport Officials (AASHTO), Washington, DC.

Abo-El-Enein SA, Ali AH, Talkhan FN & Abdel-Gawwad
HA 2012. Utilization of microbial induced calcite
precipitation for sand consolidation and mortar crack

FUW Trends in Science & Technology Journal, www.ftstjournal.com
e-ISSN: 24085162; p-ISSN: 20485170; December, 2020: Vol. 5 No. 3 pp. 642 - 648

remediation. J. Housing and Building Natl. Res. Center,
8:185-192.

Achal V, Pan X & Ozyurt N 2011. Improved strength and
durability of fly ash-amended concrete by microbial
calcite precipitation. Ecological Engineering, 37(4): 554
—559.

Amadi AA & Eberemu A O 2013. Potential application of
lateritic soil stabilized with Cement Kiln Dust (CKD) as
liner in waste containment structures. Geotech. and Geol.
Engr., DOI 10.1007/s10706-013-9645-3.

Anderson SA & Hee B 2000. Lateritic soil in landfill and
covers. In: Acar YB et al. (Eds.), Geoenvironment 2000:
Characterization, Containment, Remediation and
Performance in Environmental Geotechnics.ASCE
Special Publication, pp. 936-947.

ASTM 1992. Annual Book of Standards, vol. 04.08,
American  Society for Testing and Materials,
Philadelphia.

Baveye P, Vandevivere P, Hoyle B, DeLeo P & de Lozada DS
1998. Environmental impact and mechanisms of the
biological clogging of saturated soils and aquifer
materials. Critical Rev. in Envtal. Sci. and Techn., 28(2):
123 -191.

BS 1377 1990. Methods of Testing Soils for Civil Engineering
Purposes. British Standard Institution, London.

Castainer S, Le Métayer-Levrel G & Perthuisot JP 1999.
“Cacarbonates precipitation and limestone genesis — The
microbiogeologist point of view. Sediment Geol., 126(1-
4): 9-23.

Delong JT, Fritzges MB & Nisslein K 2006. Microbially
induced cementation to control sand response to undrined
Shear. J. Geotech. and Geoenvtal. Engr., 132: 1381 —
1392.

DeJong JT, Mortensen BM, Martinez BC & Nelson DC 2010.
Bio-mediated soil improvement. Ecol. Engr., 36(2): 197-
210.

Ehrlich  HL 1999. Past, present and future of
biohydrometallurgy. Process Metallurgy, R. Amils & A.
Ballester, eds., Elsevier, pp. 3 — 12.

Frempong EM & Yanful EK 2008. Interactions between three
tropical soils and municipal solid waste landfill leachate.
J. Geotech. and Geoenvtal. Engr., ASCE, 134(3): 379-
396.

Gabas SG, Boscov MEG & Sarkis JES 2007. Cadmium and
lead adsorption in a compacted lateritic soil. CD-ROM of
presentations at the First International Conference on
Environmental Research, Technology Policy ERTEP
2007, Ghana. July 16-19, 2007. Session E3.18: State of-
the- art technologies for environmental Performance and
Protection, pp. 1-12.

Goswami RK & Mahanta C 2007. Leaching characteristics of
residual lateritic soils stabilized with fly ash and lime for
geotechnical applications. Waste Management, 27(4):
466-481.

Hanifi C, Waleed S & lbrahim HK 2015. Bacterail calcium
carbonate precipitation in peat. Arab J. Sci. and Engr. 40:
2251-2260DO0I 10.1007/s13369-015-1760-4

Harkes M P, VVan Paassen LA, Booster JL, Whiffin VS & Van
Loosdrecht MCM 2010. Fixation and distribution of
bacterial activity in sand to induce carbonate
precipitation for ground reinforcement. Ecol. Eng., 36(2)
112-117.

Ivanov V & Chu J 2008. Applications of microorganisms to
geotechnical  engineering  for  bioclogging and
biocementation of soil in situ. Rev. Environ. Sci.
Biotechnol., 7: 139-153.

Joachin AWR & Kandiah S 1941. The composition of some
local laterites, Soil concretions and clays. Tropical
Agriculturist, 96: 67-75.

647



http://www.ftstjournal.com/

Compressive Strength Test of Microbial Induced Calcite Precipitate Treated Lateritic Soil

Lian B, Hu Q, Chen J, Ji J, & Teng H 2006. Carbonate
biomineralization induced by soil bacterium Bacillus
megaterium. Geochim. Cosmochim. Acta, 70(22): 5522-
5535.

Lu W, Qian C & Wang R 2010. Study on soil solidification
based on microbiological precipitation of CaCOs.
Science China Techn. Sci., 53(9): 2372 — 2377.

McFarland J 1907. Nephelometer: An instrument for media
used for estimating the number of bacteria in suspensions
used for calculating the opsonic index and for vaccines.
J. Am. Med. Assoc., 14: 1176-8.

Miller GA & Azad S 2002. Influence of soil type on
stabilization with cement kiln dust. Construction and
Building Materials, 14: 89-97.

Mitchell JK & Santamarina JC 2005. Biological
considerations in geotechnical engineering. ASCE J.
Geotech. and Geoenvtal. Engr., 131(10): 1222 — 1233.

Moses G & Afolayan JO 2011. “Foundry Sand Treated With
Cement Kiln Dust As Hydraulic Barrier Material.
Electronic J. Geotech. Engr., 16: 337-355, Bund C,
USA.

Mujah D, Shahin MA & Cheng L 2017. State-of-the-art
review of biocementation by microbially induced calcite
precipitation (MICP) for  soil stabilization.
Geomicrobiology Journal, 34(6): 524-537, DOI:
10.1080/01490451.2016.1225866

Okwadha GD & Li J 2010. Optimum conditions for microbial
carbonate precipitation. Chemosphere, 81(9) 1143- 1148.

Osinubi KJ, Eberemu AO, ljimdiya 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: Clean-
ups, Paper #64, Pp. 1 — 6.

Osinubi KJ & Nwaiwu CMO 2008. “Desiccation induced
shrinkage in compacted lateritic soil. J. Geotech. and
Geol. Engr., Springer, Netherlands, ISSN 0960-3182
(Print), 1513-1529 (Online).

Osinubi KJ, Amadi AA & Eberemu AO 2009. Diffusion of
Municipal Waste Contaminants in Compacted Lateritic
Soil treated with Bentonite.” 10th Int. Symposium on
Envtal. Geotech. and Sustainable Devt. (TFH-ISEGSD
Bochum 2009), Bochum, Germany, 7 — 11 September,
Ed. Otto, Frank, Science Publishers, Stuttgart, pp. 102 —
106.

Osinubi KJ, Eberemu AO, ljimdiya TS, Yakubu SE, Gadzama
EW, Sani JE & Yohanna P 2020. Review of the use of
microorganisms in geotechnical engineering applications.
SN Applied Sciences. A Springer Nature Journal, 2: 207

FUW Trends in Science & Technology Journal, www.ftstjournal.com
e-ISSN: 24085162; p-ISSN: 20485170; December, 2020: Vol. 5 No. 3 pp. 642 - 648 648

Published online: 13 January 2020
https://doi.org/10.1007/s42452-020-1974-2

Osinubi KJ, Eberemu AO, Sani JE, ljimdiya 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, Sani JE, Eberemu AO, ljimdiya TS & Yakubu SE
2019. Unconfined compressive strength of Bacillus
pumilus treated lateritic soil.” Proceedings of the 8™ Int.
Congress on Envtal. Geotech. ICEG (2018); Towards a
Sustainable Geoenvironment. Edited by Liangtong Zhan,
Yunmin Chen and Abdelmalek Bouazza, 28" October —
1t November, Hangzhou, China,© Springer Nature
Singapore Pte Ltd, Vol. 3, 410-418, On-
line:https://doi.org/10.1007/978-981-13-2227-3 51.

Portelinha FHM, Lima DC, Fontes MPF & Carvalho CAB
2012. ‘Modification of a Lateritic Soil with Lime and
Cement: An Economical Alternative for Flexible
Pavement.

Qabany AA, Mortensen B, Martinez B, Soga K, & Dejong J
2011. Microbial carbonate precipitation correlation of s-
wave velocity with calcite precipitation. Geo-Frontiers
2011, pp. 3993- 4001.

Salahedin M 2013. Effects of CEC on Atterberg limits and
Plastic Index in Different Soil Textures .International
Journal of Agronomy and Plant Production, 4 (9): 2111-
2118.

Salahudeen AB, Eberemu AO & Osinubi KJ 2014,
‘Assessment of cement kiln dust —treated expansive soil
for the construction of flexible pavements. J. Geotech.
and Geol. Engr., GEGE, Springer International
Publishing Switzerland, Online, DOl 10/1007/s10706-
014-9769-0.

Stocks-Fischer 'S, Galinat JK & Bang SS 1999.
Microbiological precipitation of CaCOs: Soil Biol.
Biochem. 31, No. 11, 1563-1571.

Stoner DL, Watson SM, Stedtfeld RD, Meakin P, Griffel LK,
Tyler TL, Pegram LM, Barnes JM & Deason VA 2005.
Application of stereo lithographic custom models for
studying the impact of biofilms and mineral precipitation
on fluid flow. Appl. Environ. Microbiol., 71(12): 8721-
8728.

Townsend FC 1985. Geotechnical characteristics of residual
soils. J. Geotech. Engr. Division, ASCE 111(1): 77-94.



http://www.ftstjournal.com/
https://doi.org/10.1007/s42452-020-1974-2
https://doi.org/10.1007/978-981-13-2227-3_51

