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ABSTRACT

A study on soil water characteristic curves (SWCC) and unsaturated hydraulic conductivity
(UHC) of lateritic soil-Bacillus coagulans mixes was done. Three well known models (i.e van
Genuchten (VG), Brooks-Corey(BC) and Fredlund-Xing (FX)) were used to predict SWCC
and UHC from laboratory test results. Soil samples for the test were admixed with B.
coagulans at one-third (1/3) pore in step suspension densities of 0 to 2.4x10%ells/ml. Soil
samples were then compacted differently with Reduced British Standard light (RBSL), British
Standard light(BSL),West African Standard (WAS) and British Standard heavy(BSH)
compactive efforts. Cementitious reagent was injected into the compacted soil using gravity up
until saturation was attained. Specimens after being compacted were then cored out from the
mould using stainless steel cylindrical moulds. The specimens (i.e., inside the stainless steel
cylindrical moulds) were then immersed in water chamber till the samples were completely
saturated via capillary action and thereafter allowed to undergo a pressure plate drying(PPD)
test. Matric suctions of 0, 10, 30, 100, 500, 1000 and 1500kPa, respectively, were used. Result
of SWCCs show that with a rise in matric suction, the volumetric water content(6) declined
progressively for all the models (i.e van Genuchten (VG), Brooks-Corey(BC) and Fredlund-
Xing(FX)) and the experimental measured values. The UHC slightly reduced with rise in
B.coagulans suspension density for VG, BC and FX models. At 500 and 1500kPa matric
suctions (MS), BC model documented the least UHC values and satisfied the regulatory lowest
hydraulic conductivity value of 1.0x10°m/s for use in containment system. Thus, is suggested
for modelling the UHC of lateritic soil-B.coagulans mixtures.

1. Introduction

The use of sanitary

landfills to mitigate the
environmental impact of disposed waste in the

relies profoundly on the hydraulic performance of the
barrier system. Compacted soil liners are thick compacted

environment has been in existence for long [1]. One of the
promising approaches is the application of compacted soil
liners and cover systems as barrier materials in the
construction of sanitary landfill to decrease the movement
of unwanted chemical species called leachate from landfills
and lessen their influence on ground water. The important
principle regulating the performance of sanitary landfills
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layer of fine-grained soil constructed at the construction
site established on the soil’s compaction properties.
Compacted soil liner could efficiently mitigate leachate
movement by either the mechanism of advection or that of
diffusion into the immediate environment in that way helps
in reducing ground pollution [2-5]. However, certain
compacted soil liners are not suitable for landfill practice in
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their natural formed thus, is essential to upgrade them by
means of industrial produced additives like cement are
quite costly and not responsive to eco-system. The practice
of using pozzolanic materials with cementing properties
from industrial and agro waste are also not responsive to
eco-system.

Therefore, the need for a novel, environmentally
welcoming and sustainable soil enhancement method that
encompasses the utilization of soil micro-organisms (B.
coagulans) to precipitate calcite is named microbial-
induced calcite precipitation (MICP). MICP being a
natural process were carbonates are produced as by product
of microbial metabolic activities. The practice comprises a
cementation technique were chemical reagent are used to
influence urea hydrolysis and thus induce precipitation of
calcite [6]. Thus, MICP is a desirable field in geotechnical
engineering that comprises the practice of using microbial
methods for soil improvement. This is a desirable
technique for soil improvement for the reason that the
calcite precipitation induced as a product of microbial
activities is environmentally friendly. MICP process
effectively improves soil by the practice of urea hydrolysis,
in that way increasing strength and stiffness and also
decreasing water permeability [7-10 ].

Compacted soil liner and covers are mostly unsaturated in
the field, thus the need to measure their unsaturated
properties is important. Measurement of UHC in the field
is very costly and very monotonous due to the
inconsistency of soil properties in the field, time spending
and relatively high cost of equipment required for the test
in the field. Therefore, because of the mentioned factors,
several efforts was put in place by researchers to forecast
using mathematical expressions the unsaturated soil
permeability properties[11-18] in the laboratory. These
processes utilise the SWCC and the corresponding soil
saturated coefficient of permeability (Ks).

Study on SWCC for different applications has been
reported in many literatures recently [16-19]. For instance,
Isidro et al., [18] carried out a study on collapsible soil in
Peru. Findings from their studies show that a relation exists
between the soil bearing capacity and the SWCC of the
collapsible soil. Carnavale et al., [17] reported on a
resistivity study performed. They established a solid
association amongst the soil resistivity values and suction
of the soil. Thus, by resistivity measurement, the SWCC of
a soil can be determined. This study is a build-up on the
previously published conference paper by Osinubi et al.,
[19]. A more comparative study using varying energy
levels for three models was conducted.

1.1 Background Study
A study on the coefficient of permeability (k) by Fredlund

et al., [20] and Arezoo et al., [13] for unsaturated soil
shows that k is usually not a constant. There are several
factors or parameters that influence k which include the
volumetric water content 6, which is equally defined by the
soil suction (). y is a principal stress state parameter that
has impact on the performance of unsaturated soils(USs).
According to Fredlund et al., [20], who proposed that the
word permeability function for USs could be made use of
to signify the association between the k and y. Where k at
whichever soil suction, k(y), is referred to the saturated
coefficient of permeability (ks), Thus k; (y) defined as the
relative coefficient of permeability expressed as:

k
) = < M

The (ki(y) or k«(0)), is defined as scalar function, while ks,
is determine via laboratory study using falling head
permeability test. Not like the ks, The UHC is derived from
developed numerical models which connect the ks with the
numerous variables derived from SWCC. Conversely,
inconsistency usually occurs amid results projected from
diverse models, this is due to its difficulty to define the
UHC of soil as it is dependent on time, time wasting and at
variation.

Established by van Genucheten model [21], relative
hydraulic conductivity comparative to SWCC appropriate
parameters is defined by:

{1—(ap)" 1+ (@P™]™™F

K, = 2
' [+ ()2 @

m, n and p are terms in SWCC.

Established by Brooks-Corey model [22], relative

hydraulic conductivity relative to SWCC parameters is set
as:

1 ;Y S Y
K, = <%>2+31 s (3)

Leong and Rahardjo [ 23] proposed a method for
estimation of K; in connection to SWCC appropriate
parameters stated as[24]:

_ 1
e {ln [e + (%)b]}c v
and
6 —0,
0= )
Where: S

®= relative degree of saturation, 0s = saturated 0,

Or= the residual 6.
A representative SWCC curve shows affiliation between
water content and pore water suction as given in Fig. 1.
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Fig. 1. A typical plot SWCC [14]
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Numerous equations have been recommended to denote

SWCC. Commonly applied models comprise the BC, VG,

and FX equations. The Brooks and Corey [22] model is

denoted as:
()
0s — 6, l}

(6)

Thus Or, y, and A are the optimized factors and A= pore-
size distribution index, connected to the gradient of the
curve.

van Genuchten [21] defined his model as:

6, — 6, 1

)]

the optimised factors include Or ,oc, n and m. as described
in [23].

m (7

The Fredlund and Xing [11]model is denoted as:
6, — 0, 1

= 8)
- b1\ € (
O = 6r {Ln [e + (%) ]}
It is presumed that 6, is negligible. Therefore equation
(8) becomes equation (9):
6 1
A E——— €))

S il &)

Thus, optimized factors are a,bandc [25].

2. Materials and Methods

2.1 Materials

2.1.1 Soil sample

Soil was acquired from Anambra state. Disturbed sample
was collected. Sample after collection, was dried, crushed
and sieved over a standard sieve with aperture size 4.76mm
(BS No. 4 sieve) prior to geotechnical testing.

2.1.2 Microorganism

Bacillus coagulans, a urease positive bacterial was utilised
for the study, categorized ATCC 8038[26].

2.1.3 Cementation reagent

20 g of urea, 10 g of NH,CI, 2.8 g CaCl, 3g of Nutrient
broth and 2.12 g of NaHCO; was the Cementitious
reagent used as proposed in literatures[27-28].

2.1.4 Bacteria solution
The solution used for microbe inoculation is as described
by Osinubi et al., [28].

2.2 Methods

2.2.1 Bacterium Specie Isolation

Serial dilution method was adopted for the isolation of
microbes in the soil as stated in Osinubi et al., [19]. The
process continues for higher dilutions required. Storage of
the isolates was done at 4°C.

2.2.2 The Culture medium and growth conditions
The method used was in agreement with that defined by
Stocks-Fischer et al., [27].

2.2.3 Unsaturated hydraulic conductivity

Specimens for the test were admixed before being
compacted with a proportion of liquid B. coagulans
solution at a relative one-third (1/3) pore volume (i.e based
on the suggestion of Rowshanbakhta et al., [29] for O, 1.5
x10°, 6 x10%, 1.2 x10°, 1.8 x10° and 2.4 x10%ml,
suspension densities respectively. Specimens were mix at
optimum moisture content (OMC) and compacted with the
respective energies that were considered for the process.
Cementation reagent was added to the compacted specimen
and was permit to flow by gravity to a point that saturation
was attained. The procedure was carried out in three cycles
at 6 hours interval. Then a stainless steel cylindrical
moulds were used to cure the specimens. The specimens
(i.e., inside the stainless steel cylindrical moulds) were then
immersed in water basin till the specimens were
completely soaked in water via capillary action (for about 3
weeks) before subjecting to PPD test. Application of
pressure was done as suggested in literature [30].
Specimens after being saturated were lay open to pressure
of 0 to 1500 kPa, individually. At every one pressure
applied (first from 0 up to 1500kPa), the system is
permitted to ditch out entirely the water at that applied
pressure till definitely no water drip was witnessed at the
corresponding outlet. The specimens were after that
detached, weighed and put back over again for the
succeeding application of pressure. The pressure is further
raise and the process reiterated to the determined pressure
of 1500 kPa. For each succeeding application of pressure,
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the setup was checked carefully for any pressure leakages
that might affect the result. These processes were carried
out with all caution to avoid accident and erroneous results.
After maximum pressure application; specimens were oven
dry to determine their final gravimetric water content. Test
process is shown in Fig. 2-4.

Fig. 2 Soil specimens b'eing saturated in a water bathe
before setting upin pressure plate cell.

Fig. 4 Pressure plate extractor setup in the laboratory

3. Results and Discussion
3.1 Prediction of SWCC

SWCC for laboratory experimental results and the
corresponding projected values using VG, BC and FX
models are shown in Figs. 5a-f. Equations (7— 9) were
applied to model the SWCCs for the models and compared
with the laboratory experimental values. According to the
recorded results, VG model overestimated 6 at lesser
matric suction (shown with higher values above the other
values) over laboratory measured as well as BC and FX
models for all the bacteria suspension density deliberated.
However, as the matric increased beyond 30kPa, FX model
overestimated 0 values. Values of 0.1460, 0.14599, 0.1452,
0.1444, 0.1443 and 0.1442 were documented for FX model
at matric suction of 10 up to 1500kPa in that order. In the
case of lab measured 0 values, 0.145, 0.143, 0.139, 0.138,
0.135 and 0.133 were noted for variable matric suctions of
10 up to 1500kPa in that order. Similar trend were noted
with varying microbial density and compaction energies. In
general, with increment in the matric suction (i.e., 10, to
1500 kPa), 6 declined progressively for all the models and
the laboratory experimental values. With increment in
metric suction starting from 30 upto 1500kPa, FX model
overestimated the 6 over VG and BC models. The VG and
BC models slightly over-estimated the 6 above the
laboratory experimental values. However, it was observed
that 0, did follow neither the pattern of over nor under
estimation when related to the laboratory experimental
SWCC results as stated by researchers [19, 25, 31-34 ].
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Fig 5a-f: Laboratory experimental values and modelled SWCCs for B. coagulans suspension density at OMC: (A) 0/ml (B) 1.5 x 10%/ml
(C) 6 x 10%ml (D) 1.2 x 10%ml (E) 1.8 x 10°/ml and (F) 2.4 x10%ml (BSL compaction).

3.2 Effect of Microbial density on UHC

The distinction in UHC with Microbial density for
sampls mix at OMC and compacted with respective
energies as projected using VG, BC and FX models at 10,
500 and 1500 kPa suctions are given in Fig 6a-c. In
general, a fluctuating trend in UHC was noticed with rise
in microbial density. The fluctuating results of UHC could
be attributed the soil-water characteristics parameters use
in predicting the UHC. As the suspension density of B.
coagulans increased it is supposed that additional calcites
were manufactured which bound the soil elements together
and the blockage of pores openings within the soil matrix.
The rearrangement of the soil grain and the packaging of
the soil particles with the formation of clods of bigger
particles could be responsible for the variations in the
hydraulic performance of the treated soil. Isidro et al., [18]

established a relation between the soil grain structure and
the SWCC for collapsible soil. They reported in their
findings that the soil density and its corresponding grain
size have significant influence on the SWCC of the
collapsible soil examined. Related behaviour was
described by Abo-El-Enein et al., [35] and Osinubi et al.,
[28], who reported that calcite produced by bacteria
implements the action of binding the sand elements
together. BC model prediction noted higher values at 10
kPa than VG and FX models. With increment in matric
suction to 500 and 1500 kPa, respectively, VG model gave
higher values followed by FX model.

At 500 and 1500kPa matric suctions BC model
documented the least k values and satisfy the regulatory
least k value of 1.0x10°m/s for use in containment system.
Generally, results demonstrated that compactive effort has
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minimal consequence on the UHC of the treated soil. This
because no specific trend was established on the UHC
changes with compactive effort. However, field application
cannot underestimate the packaging effect of the
compacted soil with increment in the compaction energy.
Thus, it implies that the recorded variations in UHC is
basically due to calcite formation and not due to packaging

effect of the compaction rammer. Field application implies
that care should be taken on the application of the microbes
and the cementation reagent as these factors significantly
influence the calcite formation in the soil structure in order
to achieve optimal results.
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3.3 Impact of compactive effort on UHC

The UHC of soil with microbial density for different
energies as predicted using VG, BC and FX models at
OMC are presented in Figs 7a and b, Figs 8a and b, Figs 9a
and b, for matric suctions of 10, 30, 100, 500, 1000 and
1500 kPa respectively. UHC generally increased with
increase in matric suction from 0 upto 1500kPa for VG
model only. Similar behaviour was observed by Oluremi
[36]. The increase with increase in the matric suction could
be attributed to the soil-water characteristics parameters
use in predicting the UHC. In the case of BC and FX
models, reverse is the case were the values reduced linearly
with rise in the matric suction from 0 upto 1500kPa (see
Figs 8 and 9). UHC values significantly decrease when
predicted using BC model while a marginal drop in the
UHC values was documented in the case of FX model.

With respective to the effect of compactive effort, VG
model recorded the highest UHC values with WAS
compactive effort, while RBSL, BSL and BSH recorded
variable results. No specific pattern was recognized for the
effect of compactive effort on the UHC as projected using
BC model. In the case of FX model prediction, UHC
values decreased with increasing compaction energy (i.e
RBSL<BSL<WAS<BSH). In general, field application
cannot underestimate the packaging effect of the
compacted soil with increment in the compaction energy.
During field application, the use of sheep foot rollers that
gives maximum kneading effect will be an added
advantage in achieving desired results, as it gives better
compacted density for fines grain materials when
compared with other rollers types.
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down the lowest k values and satisfied the

4. Conclusion regulatory least k value of 1.0x10°m/s for use in

containment system.

In accordance with the study done, the resulting closes can
be drawn, thus

3. for containment system. During field application,
Volumetric water content (0) declined with rise in care should be taken on the application of the
matric suction (i.e., 10, 30, 100, 500 and 1500 microbes and the cementation reagent more than
kPa). All the models used (i.e VG, BC and FX the compactive effort as these factors significantly
models) overestimated the VWC above the influence the formation of calcite within the soil
laboratory experimental values. structure in order to achieve optimal results.

The UHC marginally decreased with increased Conflict of Interest
microbial density for VG, BC and FX models. At
500 and 1500kPa matric suctions BC model note The authors declare that they have no conflict of interest
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