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Abstract

Overburden of industrial waste is a geoenvironmental concern, and its utilization in revamping the properties of expansive
clays is an adoptable sustainable solution. Processed left outs from sugarcane based industries generates bagasse ash (BA) in
voluminous amounts, the same can be used to detain the volume change attributes of the expansive soil which is presented
in this paper. The bagasse ash was added to the expansive soil in increasing percentages by weight ranging from 0 to 20%.
The parameters that are vital for the stabilisation criterion were assessed even with the presence of lime. Because it is nec-
essary to lessen the effects of the expansive soil’s repeating wetting—drying phenomena, wetting—drying cycles tests were
also conducted on the expansive soil blended with bagasse ash, both by itself and in combination with lime. The reactivity
between additives and the expansive soil was examined through powdered X-ray diffraction, field emission scanning electron
microscopy (FE-SEM) and energy dispersive spectroscopy (EDS) along with Fourier transform infrared (FTIR) analyses.
Based on the analysis of the experimental results, it was found that the bagasse ash helped in particle adhesion and pozzolanic
reaction initiated in the presence of lime helped in attaining dense micro structure which was evident from FESEM images.
This proved that ternary blends (expansive soil, bagasse ash and lime), are more effective when compared to binary blends
of BA and expansive soil. The addition of 5% of lime and 15% of bagasse ash was found to be a more effective sustainable
solution in combating the volume change attributes of the black cotton soil.

Keywords Black cotton soil - Stabilization - Bagasse ash - Problematic clays - Swell-shrink cycles - Expansive soils -
Lime - Waste management

Introduction behaviour of the clay is due to the presence of montmoril-

lonite mineral [2]. The annual loss incurred due to expansive

Black cotton soils (BC) also called as expansive soils are
prominent in many parts of world constantly present chal-
lenges to geotechnical engineers. The issue with the expan-
sive soil is that they volume changes ascribed, to the pres-
ence of clay mineral presence that evinces shrink-swell
characteristics depending upon the proportion of moisture
content. This property makes the clay unsuitable as a subsoil
and foundations surrounded by such soils are in peril [1].
Structures built on such soils undergoes settlement due to
the problematic nature of the soil. Shrinking and swelling
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soils is greater than the damage ensued by natural calamities
[3].

Diverse ground improvement techniques are in practice
that include special foundation techniques, physical and
chemical methods of stabilising expansive clays by blend-
ing with lime, cement, calcium and sodium chlorides, lignin
and other cementing agents [4—7]. In recent years, various
industrial wastes are being effectively used for ameliorating
the volume change attributes of the expansive soils. The poz-
zolanic reactivity of the soil with these industrial left outs
helps in mitigating the waste reaching the fill with economic
benefits.

Fly ash which is considered as a by-product of coal-based
power generation, has generated plethora than its utilization
[8, 9]. This brought the necessity in the utilization of fly
ash as a substitute to raw materials in the construction of
embankments, roads and manufacturing of blended cement
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[10, 11]. Extensive research works were also carried out on
usage of fly ash in various civil engineering projects. Ther-
mal power plants also generate bottom ash, which has been
used in the treatment of fine grained soil. Studies revealed
that the bottom ash also can be replaced by up to 30% in
fine grained soils for both strength and replacement aspects
Geopolymerization techniques were also adopted for mini-
mizing the volume change attributes and strengthening of
expansive soils. To form cementitious geopolymers, natural
pozzolans and alkalis of potassium hydroxide (KOH) or cal-
cium hydroxide [Ca(OH),] along with pozzolans are used in
the geopolymerization technique [12].

Silica fume, a by-product produced from the silicon
industries, is also used in ameliorating the problems of
expansive soils. When expansive soil is subjected to cycles
of swelling and shrinkage, the addition of 20-30% silica
fume lessens the progressive deformation [13]. During the
first swell-shrink cycle, the greatest reduction was noticed.
In addition, it was shown that adding 15% silica fume sig-
nificantly altered the properties of expansive soil [14].

The paper production industries produce lignosulfonate,
a waste by-product. The stabilisation of expansive soils has
been successfully attempted utilising this waste [15, 16].
Several researchers observed that using industrial wastes
or industrial by-products along with lime was found to
be more effective rather than using them alone [17]. It is
also observed that, the properties of expansive soils when
blended with volcanic ash alone is proved to be less effec-
tive in comparison with the mixture of lime and volcanic ash
with black cotton soil [18]. The geotechnical parameters of
expansive soils blended with lime mixture and silica fume
were also studied [19]. Silica fume very slightly altered the
expansive soil behaviour, while binary combinations of sil-
ica fume and lime were found to be extremely successful at
altering expansive soil’s behaviour [13]. It is also observed
that binary addition of lime and lignosulfonate on the stabili-
zation of expansive soils exhibited better performance rather
than using lignosulfonate alone with expansive soils [20].

Bagasse ash, a waste generated from the sugar cane based
industries. Extensive farming of sugarcane crop worldwide
and substantial amount of its cultivation in India, almost
10 million tonnes of bagasse ash generated is left unuti-
lized [21, 22]. Bagasse ash are fibrous in nature, also con-
tain calcium and magnesium ions. The pozzolanic activity
initiated by such minerals helps in combating the volume
change attributes of the expansive nature of clay. Advantages
being low cost and eco-friendly material effectively utilised
in stabilising the subgrade. [23, 24]. Several studies have
been performed to control the swell-shrink cycles of expan-
sive soil due to its pozzolanic properties [25-28]. However,
the studies reveal that the volume change attributes are not
completely ceased or reduced to an acceptable level for any
percentage of addition of bagasse ash. Moreover the internal
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mechanism with micro-structural analysis in the utilization
of bagasse ash was not revealed.

Based on the previous research it is observed that, there
is a need to explore the possibility of sustainable solution
in utilization of bagasse ash to completely cease or mini-
mize the idiosyncrasy of an expansive soils to an accept-
able level. Hence to attain a sustainable solution, bagasse
ash in conjunction with lime was explored in the present
study, as the lime could trigger the pozzolanic activity and
control the volume change attributes of the black cotton soil
to an acceptable level. The impact of lime on the proper-
ties of black cotton soils blended with different proportions
of bagasse ash were explored in this present investigation.
Thus, this paper aims to provide a sustainable solution for
utilization of bagasse with lime in combating the volume
change attributes of the black cotton soil.

Materials and Methods
Expansive Soil

The black cotton soil (BC) was gleaned from the natural
clay deposits of Amalapuram sedimentary basin, Andhra
Pradesh, India at 16°38"25" N 82°06'14" E. The geology of
parent rock for the soil obtained is of paleo-tidal lithologi-
cal origin. The disturbed black cotton soil was collected by
open excavation, from a depth of 0.5 m from the ground
level of this basin. This soil was placed in plastic bags and
transported to the laboratory. Smectite group clay minerals
are abundant in these deposits that constitute montmoril-
lonite, kaolinite, feldspar and illite. The mineralogical com-
position obtained from EDS is represented in Fig. 1(a) and
(b). The liquid limit (W}) and plastic limit (W) of the black
cotton soil was found to be 86% and 41% respectively. The
shrinkage limit of the black cotton soil was found to be 13%.
The gravel content, sand content and silt and clay content
in the black cotton soil were found to be 0.9%, 25.1% and
74% respectively. Soil group is identified to be clay of high
plasticity (CH) according to the Unified Soil Classification
System. The free swell index (FSI) of the soil is 130%. The
degree of expansiveness of the soil is categorised as very
high based on the value of FSI [29].

Additives

Processed Bagasse ash (BA) for the study was acquired from
sugar mill research institute, Vellore, Tamil Nadu, India. The
bagasse ash was calcinated for the further usage. The fibrous
portion of burnt ash was filtered out through 425-micron
sieve to eliminate the organic traces of sugarcane from ash
and to attain uniformity. Good proportions of aluminium,
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amorphous silica, calcium and iron oxides suggests the bind-
ing and pozzolanic properties of material procured.
Hydrated lime procured from commercial store, was used
in the present study for modifying the soil behaviour. The
amount of lime needed for stabilization depends on several
factors [30]. Type of lime, type of soil, moisture content,
pH level of the soil and curing time are the factors to be
considered while adding lime for stabilization. Initial blends
of 1%, 3%, 5% and 10% is tested for consistency limits and
swell index properties, imply that 5% lime is suitable for
imparting pozzolanic reactivity between clay and bagasse

Elemental composition of L+BA mixes by EDS

L+5BA

L+10BA
% (BA)

L+15BA L+20BA

ash. This bolstered the expansive clays in reducing swelling
in moisture presence and shrinkage upon desiccation.

Methods

Sample Preparation

The soil was air dried for duration of 24 h at ambient tem-
perature to attain the equilibrium. After the process of air

drying, sample is oven dried, and lumps being tamped and
pulverized. The soil is then sieved as per the test procedures
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to required particle sizes and required proportional sam-
ples in weight. Preliminary index property tests on soil like
Atterberg limits and free swell were conducted in differed
percentages of lime namely 1%, 2%, 3%, 5% and 10% by dry
weight of the soil and 5% lime is proved to be optimum. Dif-
ferent percentages of BA content (5-20%) with increments
of 5% by total dry weight of the soil was adopted. The lime
content and bagasse ash were adopted based on the prior
studies [6, 7, 26, 27].

Swell Potential and Swell Pressure Tests

Swell potential is calculated using the ratio of the final thick-
ness increase to the initial thickness, when the soil is sub-
merged and is expressed in percentage [31]. This test was
performed on a soil specimen prepared with the required
unit weight and the appropriate water content. A seating
pressure of 0.7 kPa was then applied to the specimen. The
specimen was flooded and allowed to heave after the seating
pressure was applied. Up until there were no more changes
in the swelling, the swellings were periodically monitored
using a displacement transducer. The swell potential S, is
expressed as

AH
Sp=—x100
r= (1)

where

AH—swelling/heave (mm) and

H—initial thickness of the specimen (mm).

Swelling pressure is defined as the pressure needed to
recompress the fully heaved soil to its original voids ratio
[31]. Swell potential and swelling pressure tests were per-
formed in the one dimensional odometer test apparatus
as per to ASTM standards [32]. The test was done in the
consolidometer test apparatus. The specimen placed in the
consolidometer at a desired unit weight was immersed and
left to swell at a seating pressure, until primary heave was
completed. The swell pressure was determined from voids
ratio (e) versus pressure (P) curve (e-logP curve) in accord-
ance to the initial thickness.

Swelling-Shrinkage Cycles Test

Better repeatability of the test is the biggest benefit of per-
forming swelling-shrinkage cycles tests. [33, 34]. This
research was carried out to see the benefit of adding lime
on the behaviour of BA stabilised BC soil, subjected to the
cycles of swelling and shrinking. Every specimen was totally
submerged in water, causing them to heave. After the speci-
mens had fully swelled, the water was drained off, and it
was left to dry until the water content was nearly equal to
the original moisture level. The specimens were dried in the
consolidation cell after which the consolidation cell with the
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specimen was kept in the odometer test setup. Following
that, water was used to flood the specimens, allowing them
to swell. This consisted of a single cycle of the wetting and
drying phenomena. Also, the samples have gone through
five rounds of swelling and shrinking. According to earlier
research, the outcomes following five cycles of swelling and
shrinkage did not significantly differ [13, 33, 35]. Therefore,
the wetting—drying tests in the current investigation were
therefore stopped after 5 cycles of wetting—drying.

Unconfined Compression Test

Unconfined compression test was conducted to determine
the undrained strength of the soil with and without additives.
The test was conducted according to ASTM standards [36].
Specimen of size 76 mm in length and 38 mm in diameter
were prepared at the maximum dry unit weight correspond-
ing to the optimum moisture content as determined from
the compaction test for a given additive content as shown in
Table 1. All the specimens were tested, after the specimens
were allowed to get cured for 7 days in the vacuum desic-
cators. In order to identify the reasons for difference in the
properties of the BC soil due to the above additives, FE-
SEM analyses were also performed on the specimens after
conducting unconfined compression test.

Results and Discussion
Consistency Limits

On every soil sample that was blended with additives, plas-
tic limit and liquid limit tests were conducted in accord-
ance with ASTM standards [37]. Figure 2 shows how the
additive content affects the plasticity characteristics of the
black cotton soil. It should be noted that the plasticity index
decreases as the BA level rises. The plasticity index dropped

Table 1 Standard compaction test results

S1. No Samples Optimum Maximum dry
moisture con-  unit weight (kPa)
tent (%)

1 BC soil without addi- 24 15.20

tives

2 BC soil +5%BA 26.5 14.12

3 BC soil + 10% BA 28 13.34

4 BC soil+15% BA 29.2 13.39

5 BC s0il +20% BA 31 13.30

6 BC soil +5%L+5%BA 25 14.20

7 BC soil +5%L+ 10%BA 29 14.50

8 BC soil +5%L+ 15%BA 30 13.69

6 BC soil +5%L+20%BA 32 13.38
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Fig.2 Effect of Bagasse Ash (BA) and Lime (L) on the plasticity
index of BC soil

with 20% BA from 45 to 27.5%. Similarly the plasticity
index decreases as lime content increases, but it can be seen
that plasticity index reduced significantly when the BC soil
treated with lime and BA soil. When 10% of lime was added
to the BC soil, the plasticity index dropped from 45 to 4%.
As the lime content was raised from 0 to 5%, the plasticity
index of BC soil decreased quickly, and only less variation
once it reached 10%. To investigate the impact of lime on
the BC soil-bagasse ash blends, 5% of lime was added. Other
researches [7, 38] also adopted similar optimal proportion
of lime. Figure 2 shows that by adding 5% lime to the BC
soil blended with any percentage of BA, the plasticity index
was further lowered. It was discovered that the BC soil’s
plasticity index was 5% when combined with lime and 20%
BA content. When 5% of lime was added to BC soil mixed
with 20% of BA, the plasticity index decreased by 80%. The
decrease in the plasticity index is a sign that the characteris-
tics of the black cotton soils that are likely to cause volume
change have decreased [20, 39]. The decreased double layer
and agglomeration of soil particles cause a decrease in the
surface area of the clay particles, which in turn causes a
decrease in the plasticity of the black cotton soil [40].
Shrinkage limit is an another important property par-
ticularly for the expansive soil which measures the volume
change attributes and desiccation cracks of the soil upon
drying [20]. The test was done as per ASTM standards [41].
The shrinkage limit was found to increase marginally with an
increase in the BA content as shown in Fig. 3. Even at 20%
of bagasse ash content the volumetric shrinkage was found
to be 20%. The changes in the shrinkage limit observed upon
addition of bagasse ash is similar to the results obtained in
earlier research [26, 27]. It can be noted that the shrink-
age limit increased along with the lime content accordingly.
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Fig.3 Effect of Bagasse ash (BA) and Lime (L) on the Volumetric
Shrinkage of BC soil

Even with less content of lime, the shrinkage limit was high.
Blending of lime and the BC soil reduces the plasticity char-
acteristics, which became more friable in nature and requires
more water content for the change in the volume of the soil.
Hence adding lime to the BC soil blended with BA, helped
to reduce the shrinkage properties of the soil. By adding 5%
of lime, the volumetric shrinkage of the BC soil mixed with
20% of BA was found to be 36% (Fig. 3). This indicates that
the soil will undergo less shrinkage upon drying in addition
of 5% of lime to the black cotton soil stabilized with BA.

Free Swell Index Test

Free swell index test helps to measure the degree of expan-
siveness of the soil. Hence, the free swell index tests were
intended to estimate the influence of bagasse ash and lime on
the degree of expansiveness of the BC soil. Figure 4 shows
the variation of free swell index (FSI) by adding different
proportions of BA to the BC soil. Figure 4 also depicts the
influence of 5% lime on the BC soil blended with same
proportion of BA content. It can be noticed that the FSI
of the BC soil reduces from 130 to 70%, when BA content
increases to 20%. When 5% of lime is added to BC-BA mix-
tures, the free swell index is found to decrease further. FSI
is determined to be 31.5% for 5% lime and 20% BA content.
Black cotton soil’s degree of expansiveness decreased from
very high to high when 20% BA was added, but it dropped
from very high to moderate swelling, when 5% lime was
added to the BC soil mixed with 20% BA. There is a very
solid indicator that adding lime along with bagasse ash
causes a significant shift in the black cotton soil's behaviour.
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Fig.4 Influence of Lime (L) on the free swell index of BC soil
amended with BA

Influence of Lime on the Swelling Properties
of Black Cotton Soil

Figures 5 and 6 show the effects of lime on the swell-
ing potential and swelling pressure of BC soil blended
with various BA concentrations. With a rise in BA con-
centration, the swelling potential (Sp) and swelling pres-
sure (Ps) gradually decrease. The decrease in maximum
density and the rise in optimal moisture content are the

18

16

" —o—BA ——5%L +BA

Swell potential (%)

0 10 20 30
Bagasse ash (%)

Fig.5 Swell potential of black cotton soil stabilized using bagasse
ash (BA) and lime (L)
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Fig.6 Influence of Lime on the swell pressure of BC soil stabilized
using BA

major causes of the decrease in swelling potential and
swelling pressure. Table 1 provides a summary of the
moisture content and maximum dry unit weight values
for the BC soil combined with various BA proportions.
Lower maximum dry density and lower optimal moisture
content result in lower swell potential (Sp) and swelling
pressure (Ps) [13, 34]. On the other hand, though there is
an marginal increase in maximum dry density, by adding
5% of lime to BC soil combined with any percentage of
BA content, further lowered these values of swelling pres-
sure and swelling potential due the pozzolanic reactions.
These values of swelling potential and swelling pressure
decrease, as the BA content rises. The swell potential of
BC soil decreased with the addition of 20% BA content,
falling from a starting value of 16.62-5.94% for the natural
soil. Likewise in regard to 20% of BA in the BC soil the
swell pressure changes from 198 to 78.5 kPa. A Similar
trend is also observed in the past works [25]. The interac-
tion between the ions present in the BC soil, lime, and
BA, is another factor contributing to the decline in the
swell potential and swelling pressure of the BC soil. Both
the soil and bagasse ash in BC contain silica and alumina
ions in large quantities. Calcium silicate hydrates (CSH)
and calcium aluminium hydrates (CAH) are the products
of these ions’ interactions with the calcium ions in lime.
Due to the presence of magnesium ions in bagasse ash,
further novel compounds of magnesium silicate hydrate
(MSH) are produced. The hydrates stabilise the soil, which
in turn lessens the BC soil's propensity to swell. The scan-
ning electron microscopic pictures presented later ensure
the production of these hydrates (Sect. “Micro-Structural
Studies™).
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Swelling-Shrinkage Cycles

Buildings, pavements, canal linings, waste containment
liners, and cover systems are all adversely affected by the
substantial progressive deformation of BC soils caused by
the cyclic swelling-shrinkage phenomenon [13, 33]. By
investigating wetting—drying cycles, the effect of swelling-
shrinkage cycles on the swelling potential of the BC soil
can be noticed. Figure 7 shows the outcomes of cycles
of swelling and shrinking. According to the figure pre-
viously mentioned, it is clear that when the number of
swelling-shrinkage cycles rises, the swell potential of the
BC soil tends to decrease slightly. The marginal decrease
is because of the repositioning and readjusting of the
structural components of the micro-aggregates. It should
be observed that even after three cycles of wetting and dry-
ing, the BC soil mixed with BA did not exhibit a noticea-
ble decrease in swelling. After the first swell-shrink cycle,
the BC soil’s swell potential is noticeably reduced by the
addition of 5% lime and 20% BA. With stabilised BC soil
containing 15-20% BA (for 5% of lime and 20% of BA is
only given in Fig. 7), equilibrium is reached after the first
swell-shrink cycles. The fact that BC soil and BA’s swell
potential decreases after the first swell-shrink cycle ceases
is a significant findings of the present research. The cause
is that, following the initial wetting—drying cycle, the ion
exchange process and pozzolanic reactions are complete.
Hence, following the initial cycles of swelling and shrink-
ing, the BC soil remains inactive to volume changes when
susceptible to additional wetting and drying cycles. This
demonstrates the efficacy of lime is effective in enhancing
the pozzolanic activity of the expansive soil treated with
BA.

—e—BC Soil —e—20% BA 5%L+20%BA

Swell potential (%)

0 1 2 3 4 5 6

No. of swell-shrink cycles

Fig.7 Swell potential of admixture- stabilized BC soil exposed to
swell-shrink cycles

Unconfined Compression Test

The Unconfined compression test was performed to deter-
mining the unconfined compressive strength (UCS) of the
BC soil using additives. Each and every specimen was
compacted at an (OMC) optimum moisture content deter-
mined from standard proctor compaction test. The soil
specimen was cured for period of 7 days had significant
influence on the increase in the unconfined compressive
strength for clays of high plasticity. Hence the curing pro-
cess was fixed for a period of 7 days. Figure 8 display the
stress—strain behaviour of the BC soil merged with 5% of
lime and for varying content of BA. It can be seen that
the compressive strength of the BC soil improves with a
raise in 15% of BA content. The stress—strain behaviour
of BC soil, show an increase of stress with strain up to a
certain stage and thereafter the stress remains almost the
same with increasing strain. On addition of BA content,
the stress is found to increase significantly at a relatively
low strain. The unconfined compressive strengths found
to improve with an improvement in the amount BA. The
unconfined compressive strength was observed to be ele-
vated for the BC soil mixed with 15% of BA and 5% of
lime. Beyond 15% of BA, the UCS was found to decrease.
This resulted in the increment of BA content beyond 15%
which reduces the plasticity characteristic of the BC soil
leading to brittle failure. Based on the unconfined com-
pressive strength, the optimum percentage of lime and
bagasse ash is found to be 5% and 15% respectively.

250
——L+20BA%
——L+5%BA

200 —o—L+10%BA

Stress (kPa)

0 0.01

0.02 0.03
Strain (%)

0.04

Fig.8 Influence of lime (L) on the stress—strain behaviour of BC soil
stabilized using bagasse ash (BA)
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Micro-Structural Studies
X-Ray Powder Diffraction (XRD) Analysis

X-Ray powder Diffraction (XRD) analysis is used to identify
peak alterations in intensities with respect to the diffraction
angle this is observed through illustrations of X-ray diffrac-
tion. Bagasse ash utilised for all the 8 mixes is calcinated
at temperature of 700° C for a time period of 180 min this
activates the pozzoloans in bagasse ash [24]. Black cotton
soil is primarily analysed to match with the other mixes to
assess the rate of pozzolanic reaction happened. Studies on
bagasse ash reported the significance of diffraction angle for
BA ranging from 15° to 35° and such range indicate pres-
ence of amorphous substances [12].

The BA addition did not widely alter the major dif-
fraction peak of quartz but upon lime supplementation
the presence of portlandite is diminished due to the reac-
tivity between clay minerals indicating the consumption
of lime. Mineralogical transformations occurred due to
amendment of pozzolans is sensed with change in diffrac-
tion angle. Change in the diffraction angle 20 values indi-
cate the change in crystalline size (Dp) of the particle of
each mix (Table 2). Increase in DP average values of lime
blended mixtures except at 10% BA is noticed with the
help of curve fitting software and presence of clay mineral
at 28° is in line with study done by Ekrem Kalkan [13].
Figure 9 shows typical XRD patterns of the 5%BA mix at
curing period of 7 days. Even though increase in crystal-
line size of particle, the diffraction angle and Full width
half maximum of major SiO, peak remains same for both
L+ 15%BA and clay samples, this suggests the optimum
proportion of incorporation of admixtures. This statement
is reinforced by the incremental trend of UCC values upon
addition of lime resulted from agglomeration of particles
with CAH and CSH bond formation proves the pozzolanic
activity. Bond formation is assessed with the help of FT-IR
analysis and new elements are traced by XRD peaks. The
Virgin clay has minerals that include quartz, mica as basic

Table 2 Crystalline size and FWHM from X-Ray diffraction analysis

Mix DP Average FWHM 2theta
Clay 14.88 0.2919 26.86
SBA 21.58 0.197 27.04
10BA 32.23 0.243 51.46
15BA 30.31 0.197 26.96
20BA 27.59 0.157 26.92
L+5BA 27.76 0.157 26.8

L+ 10BA 24.70 0.118 26.92
L+15BA 38.91 0.197 26.88
L+20BA 53.70 0.118 28.07
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Fig.9 XRD peak of 5%BA with BC soil assessed for FWHM value
by Gaussian fit

elements and clay minerals like montmorillonite, kaolin-
ite, attapilgite and illite. With incorporation of bagasse
ash cristabalite, hematite, hydrated hayllosite are traced.
Reactivity between Bagasse ash, lime and Soil is assured
on formation of alumino silicates of magnesium, hydrogen
and potassium imputed to 20 =8.490, 25.870 and 30.610.

Fourier Transform-Infrared Radiation (FT-IR)

Elements in the soil samples are tested for its concentra-
tion, functional groups and their covalent bond information
based on absorbance and transmittance of the infrared rays
emitted back from the soil compound. Minute variation in
peaks is observed for all the samples of clay blended with
bagasse ash and samples when lime is added. Inner —-OH
stretching bond of hydroxyl groups indicates the presence
of water on to the surface of clay mineral witnessed in the
range of 3342 and 3616 cm™"'. Si—O stretching is observed
within 991-1001 cm~! for all the mixes whereas replace-
ment of clay minerals by Mg and Fe is seen at 914 cm™!
wavelengths which indicates the isomorphous substitution
between the compounds. Si—O bonds at 794 and 777 cm™!
wavelengths and Si—O-Si bonds at 682—-692 cm™! range
shows the presence of quartz which is major peak in all
the mixes in XRD analysis whereas 501-520 cm™! range
shows Al-OH and Si—O-Al functional groups additional
OH group is present in all mixes that are blended with
lime. Detailed discussion is attached in Table 3.
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Table 3 FT-IR test results

Discussion Clay 5BA 10BA 15BA 20BA 5L+5B 5L+10B 5L+15B 5L+20B
Medium sharp peak indicating inner —OH stretching bond 3616 3614 3614 3614 3614 3616 3614 - -
of inner hydroxyl groups
Absorbed water and intermolecular —-OH bond stretching of 3371 3379 3392 3394 3373 3377 3342 3387 3375
structural hydroxyl groups in smectite
Stretching water caused by less strongly bonded water 1633 1633 1633 1633 1633 1633 1633 1633 1633
H-O-H water bending mode of liquid water
In-plane Si—O stretching 991 999 989 993 997 995 997 997 1001
—OH defor-
mation of
gibbsite
The —OH bending of inner hydroxyl groups vibrations sug- 912 912 912 912 916 916 914
gest Al octahedral was partially substituted by Fe and Mg
Strong —OH bending vibrations of AIFeOH, (A120H) and
AIMgOH minerals in smectite
Al-OH - - - - - 875 875 875 875
Si—O symmetrical stretching - - 794 794 794 796 794 779 796
Si—O strong symmetrical stretching of quartz mineral 777715 719 177 - - 777 - -
Si-O, perpendicular symmetrical bending of the Si—O 686 692 690 690 682 - 692 692 -
group indicates that crystalline form of the quartz O—
Si-O
Al-OH groups, or Si—-O-Al asymmetric 501 503 503 497 501 503 511 501 520
Bending vibrations
Si—O-Si asymmetric bending 455 445 445 453 445 457 457 453 447

Field Emission-Scanning Electron Microscopy Analysis

Morphological changes affiliated to the bond formations
and elemental changes of clay mineralogy for each mix
is observed on thermo fisher quanta 250FEG to examine
information of nano or micro structure of chromium coated
samples. Uncalcinated BA is shown in Fig. 10(a) to depict
the fibrous nature of bagasse ash on comparison with lay-
ered micro structure of calcinated BA in Fig. 10(b) and (c).
Amorphous nature of clay is seen in SBA (Fig. 10d) and
less reactivity of BA with clay due to the less proportion of
BA is visible in 10 BA (Fig. 10e). The sequential adhesion
and reactivity between fibrous bagasse ash particle and lime
treated clay is seen in Fig. 10(h, i and j). Different geometri-
cal shapes of the clay and bagasse ash particles are left un-
bonded in Fig. 10(f) for 20BA and which were bonded due
to cementitious property of lime and pozzolans in Fig. 10(k)
and (1) at L+ 15BA and L +20BA.

Conclusions

The conclusions arrived have been stated below on the basis
of studies done and results obtained:

1. The plasticity index of black cotton soil decreases
nearly 38.5% when black cotton soil is treated with 20%

bagasse ash but the decrease in plasticity is about 80%
when 20% bagasse ash is used in conjunction with 5%
lime. Similarly, free swell index is also found to decrease
by 77% for the above combination of the admixtures.
This shows the efficacy of lime in ameliorating the prop-
erties of black cotton soil stabilised with bagasse ash.

2. When 5% lime is supplied along with 15-20% bagasse

ash, a noticeable decrease in swell potential is observed
after the first wetting—drying cycles; however, this is
not the case when stabilising black cotton soil just with
bagasse ash. This happens because the addition of lime
which supplements the pozzolanic reactions and ion
exchange process makes the BC soil inactive to the vol-
ume change attributes, when subjected further to wet-
ting—drying process.

3. The increase in the unconfined compressive strength

of the lime modified mixes is due to the cementitious
bonding of elements between clay, lime and bagasse ash
which is this is obvious from the formation of C-A-H
and C-S-H bond from the FT-IR test, improved crys-
talline size noticed from XRD. Change in composition
with each mix from EDS and morphological transforma-
tions witnessed through agglomerated clay matrix under
FE-SEM implied the same. This proves ternary blends
are more effective in stabilising aspects when compared
to binary blend of BA and black cotton soil.

@ Springer
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Fig. 10 FE-SEM samples resembling transformation of clay morphology through amendment

4. Based on the strength and other aspects the threshold burden on sugarcane industries in disposal of bagasse
values of lime and bagasse ash were found to be 5% and ash and so it provides a sustainable and cost-effective
15% respectively. This proposed combination of opti- solution for stabilization of black cotton soils.

mum percentage of admixtures to the black cotton soil
is proved to be beneficial in enhancing the engineering
characteristics of the black cotton soil rather than utili-
zation of bagasse ash alone in the stabilization of black
cotton soil. Furthermore, this study also reduces the

@ Springer
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