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Abstract

Lime stabilization has been and still is one of the most preferred methods for stabilization of expansive soils.
However, in the recent times, utilization of solid waste materials in soil stabilization has gained prominence as
an effective means to manage wastes generated from various sources. In this work, an attempt has been made to
utilize waste materials from two sources as auxiliary additives to lime in the stabilization of an expansive soil.
Bagasse ash (BA), a waste by-product from the sugar industry and Coconut shell powder (CSP), a processed
waste obtained from left over coconut shells of oil extraction industry were used as auxiliary additives. An
expansive soil obtained from a local field was subjected to chemical, mineral, microstructural and geotechnical
characterization in the laboratory and stabilized using 3% lime. The waste materials were subjected to chemical,
mineral and microstructural characterization. The stabilization process was amended with four different contents
viz. 0.25%, 0.5%, 1% and 2% of BA and CSP separately and the effect of the amendment was studied on the
unconfined compressive strength (UCS), plasticity, swell-shrink and microstructural characteristics of the
expansive soil. The results of the study indicated that BA amendment of lime stabilization performed better than
CSP in improving the UCS, plasticity, swell-shrink and microstructure of the lime stabilized expansive soil.
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1 Introduction

Soil stabilization may be defined as the beneficial modification of the engineering behaviour
of problematic soils to make them suitable for engineering and infrastructural applications.
Lime and cement have been the most common stabilizers adopted for improving poor soils.
Lime stabilization has been the preferred method for improvement of high plastic clays and
expansive soils due to the fact that effectiveness of cement stabilization becomes marginal for
high plastic clays [1]. Lime stabilization has been extensively studied in mitigating the
disastrous effects of swelling soils. Solid waste stabilization of problematic soils has been
attempted by several researchers as a means for putting to use the huge quantities of wastes
generated from various sources for beneficial use. However, it has been found that
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effectiveness of solid wastes and lime stabilization is magnified by adopting the solid wastes
in combination with primary stabilizers like lime and cement [2]. Several solid wastes have
been investigated in recent times with varying degrees of depth, in soil engineering. Two such
solid wastes are sugarcane bagasse ash (BA) and coconut shell powder (CSP). The former has
been fairly investigated for its potential in soil stabilization whereas the latter has not been
afforded the same level of investigation in soil stabilization. Utilization of BA in stabilization
of soil, stabilized earth blocks, sintered earth blocks and landfill liners have been investigated
by several researchers both as a standalone stabilizer [3—7] as well as in combination with
lime and cement [8—13]. CSP on the other hand, has been rarely adopted in soil stabilization
activities with only a few investigations reporting its use [14—16]. In this investigation, an
effort has been made to compare the performances of these two solid wastes adopted as
auxiliary additives to lime in stabilization of an expansive soil in improving its unconfined
compressive strength (UCS), plasticity, swell-shrink and microstructural characteristics.

2 Materials and Methods

This section describes the various materials that were adopted in this work and the
methodology adopted in going about the investigation.

2.1 Virgin expansive soil

The virgin soil was collected from Tiruvallur District of Tamil Nadu, India. The soil was
tested in the laboratory for its various geotechnical properties. Table 1 shows the geotechnical
properties of the soil as determined in the laboratory. The soil was also subjected to chemical,
mineral and microstructural characterization. The mineralogy of the soil revealed the presence
of montmorillonite, quartz, moganite, magnetite and cristobalite among others. The
microstructure shows aggregations of platy clay particles as seen in Figure 1.

2.2 Lime

Laboratory grade hydrated lime was adopted in stabilizing the virgin expansive soil. The
laboratory grade hydraulic lime supplied by M/s. Nice Chemicals India Pvt. Ltd. was adopted
in this investigation. The laboratory grade lime was not subjected to any preparation and was
used as available from the packaged containers supplied by the manufacturer. Adoption of
laboratory grade lime enabled better control over the results due to much lesser variation in
the quality and composition of the lime. The mineralogy of lime indicated calcium hydroxide
which was obvious and expected result of the analysis. The microstructure (Figure 1) showed
that lime had a very fine particle nature.
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Table 1: Properties of Soil

Property Value
Liquid Limit 68%
Plastic Limit 27%
Plasticity Index 41%
Shrinkage Limit 10%
Specific Gravity 2.76
90Gravel 0

90Sand 2.5

%Silt 60.5
9%Clay 37

MDD 15.3 kN/m’
OoMC 25%

UCS 115.8 kPa
Free Swell Index 100%
Soil classification CH
Degree of Expansion | High
Degree of Severity Critical

2.3 Solid wastes

The solid wastes adopted in this investigation include BA and CSP. BA was collected from
M/s. Thirutthani Sugar Mills Pvt. Ltd., Arakkonam, Tamil Nadu, India. CSP was obtained
from a small-scale manufacturer involved in processing and grinding of coconut shells based
in Pollachi, Tamil Nadu, India. BA was cleaned, crushed, pulverized and sieved through
Bureau of Indian Standards (BIS) 300-micron sieve whereas CSP was sieved through BIS 75-
micron sieve for preparation. The former did not yield much fines on sieving through 75-
micron sieve. The solid waste materials were also subjected to chemical, mineral and
microstructural characterization. Table 2 gives the chemical composition of the various
materials adopted in the study. The microstructure of the materials used in the study is shown
in Figure 1 along with other materials. The mineralogy of the materials used in the study is
given in Figure 2. The mineralogy of BA revealed the presence of cristobalite, quartz and
calcium carbonate whereas the mineralogy of CSP revealed the presence of quartz,
cristobalite and microcline. Others have reported the presence of quartz, cristobalite, calcite,
calcium phosphate, mullite, iron oxide among others in BA [17-20]. The microstructure of
BA revealed the presence of bulky grains as well as flakes of burnt bagasse. A comparison of
microstructure of BA from various investigations also concluded that BA consisted of both
organic as well as inorganic fractions [21]. The microstructure of CSP revealed fine grained
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particles. Aggregation and flocculation of particles was clearly seen. Both platy as well as
bulky particle shapes were visible.

Table 2: Chemical Composition of Materials

48

Component (%) Soil Lime BA CSp
Al>O3 18.818 0.053 0.281 3.007
CaO 2.297 72.767 2.071 2.041
Fe;03 7.484 0.037 5.217 6.017
K20 2.288 0.003 3.745 3.221
MgO 1.737 14.604 0.908 0.948
MnO 0.035 0.004 0.038 0.090
Na;O 1.415 0.047 0.012 0.243
P20s 0.043 0.005 1.034 0.315
Si0; 63.615 0.245 35.168 20.592
TiO> 0.876 0.003 0.021 0.195
SO3 0.207 0.048 0.027 0.031

Figure 1: Microstructure of (a) Soil (b) Lime (c) BA (d) CSP
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Figure 2: Mineralogy of Soil, Lime, BA and CSP

2.4 Methodology

The virgin soil was prepared in the laboratory in accordance with IS 2720: Part 1 [22]. It was
subjected to geotechnical characterization that included liquid and plastic limit done in
accordance with IS2720:Part 5 [23], shrinkage limit done in accordance with 1S2720:Part 6
[24], specific gravity in accordance with I[S2720:Part 3 [25], grain size distribution in
accordance with 1S2720:Part 4 [26], compaction characteristics in accordance with
1S2720:Part 7 [27], free swell index in accordance with IS720:Part 40 [28] and UCS in
accordance with IS2720:Part 10 [29]. The soil as well as the solid waste materials were also
subjected to chemical, mineral and microstructural characterization. The soil was stabilized
with 3% lime for improving its properties. Bell [30] stated that 1-3% lime content was
sufficient to stabilize most of the soils. The lime stabilized soil was amended with various
randomly selected doses of BA and CSP (0.25%, 0.5%, 1% and 2%) to study the effect of
amending lime stabilization with solid wastes. The lime stabilized soil was adopted as control
for studying the effects of solid waste amendment. The lime stabilized soil as well as
amended specimens were subjected to curing for 28 days before the tests were conducted. The
stabilized soil samples were subjected to UCS, Atterberg limits and free swell index tests and
the results were compared. The stabilized soil specimens were also subjected to
microstructural analysis to perceive the changes in the soil structure. The methodology has
been adopted from earlier works [31, 32].
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3 Results and discussion

The results of the UCS, plasticity and swell-shrink investigations have been discussed in the
following sections.

3.1 Effect of solid wastes on the plasticity of lime stabilized soil

Figure 3 shows the effect of BA on the plasticity of 3% lime stabilized soil. It can be seen that
the addition of BA results in a significant modification in liquid limit of the soil and a
noticeable alteration in plastic limit of the soil, resulting in the modification of soil plasticity.
Addition of 0.25% BA results in a significant reduction in liquid limit from 63.76% to
55.44% but thereafter further addition of BA results in an increase in liquid limit of the soil.
The liquid limit increase stabilizes above 1% addition of BA. In the case of plastic limit,
0.25% BA addition raises the plastic limit to 34.63% from 32.56% for pure lime stabilized
soil. On further increasing the BA content, there is a slight reduction in plastic limit till 2%
addition. The combined effect on the plasticity of the soil can be seen in the form of a
reduction in plasticity of close to 11% at 0.25% BA dosage. The plasticity drops from 31.2%
to 20.81% for BA dosage mentioned above. However, any further increase in BA dosage
increases the plasticity, but still it is lesser than the plasticity of pure lime stabilized soil.
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Figure 3: Effect of BA on the Plasticity of 3% Lime Stabilized Soil

Manikandan and Moganraj [8] also reported that optimal addition of BA to 3% lime stabilized
soil reduced plasticity but further increase in the BA content resulted in an increase in the
plasticity of the soil. Muazu [33] found that addition of BA to cement stabilization further
aided the aggregation and flocculation of the clay particles leading to a reduction in liquid
limit of the soil. Manikandan and Moganraj [8] also cited flocculation-aggregation due to ion
exchange as reason for reduction in plasticity of BA amended lime stabilized expansive soil.
Wubshet [34], in his study, states that significant reduction in plasticity due to addition of BA
in combination with lime is due to more availability of calcium for ion exchange and partial
replacement of plastic soil particles with non-plastic BA particles. Moreover, BA is also rich
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in silica, which also contributes to pozzolanic interactions leading to alteration in soil
structure resulting in altered plasticity.

The effect of addition of CSP on the plasticity of lime stabilized soil is shown in Figure 4. The
addition of CSP to 3% lime stabilized soil results in a reduction in liquid limit of the stabilized
soil until 0.5% dosage of CSP. The liquid limit reduces from 63.76% to 58.33% for 0.5% CSP
addition. Further increase in the CSP content results in increase in liquid limit of the stabilized
soil, however, it stabilizes beyond 1% addition of CSP. The plastic limit of the stabilized soil
increases on addition of 0.25% CSP which then reduces on further increase in CSP content
and becomes more or less stable above 0.5% CSP content. The plastic limit increases from
32.56% to 37.74% for 0.25% addition of CSP. The effect of these changes can be seen as a
significant drop in the plasticity of the stabilized soil at 0.25% CSP content. The plasticity of
3% lime stabilized soil reduces significantly from 31.2% to 22.08% beyond which the
plasticity increases steadily till 2% CSP addition to 25.86%. A look at the composition of
CSP clearly reveals silica as a major component, which can contribute to pozzolanic activity
taking place between soil and lime. However, the organic nature of CSP may be responsible
for the detrimental effects seen in consistency limits. Huang et al. [35] state that organic
matter in soil increases both liquid and plastic limits but water adsorption capacity of organic
matter exceeds the reduction in limits caused by organic matter induced aggregation of soil.
Puppala et al. [36] found that addition of organic dairy manure compost to soil resulted in a
reduction in plasticity of the amended soil whereas biosolids compost amendment resulted in

an increase in plasticity, which they attributed to variations in hydrophilic organic content and
cation exchange capacity.

70

l

S @

|

Water Content (%)
=

— N W A W
[ <>

=®-Liquid Limit =#=Plastic Limit Plasticity Index

>

0 0.5 1 1.5 2 25
3% Lime + % CSP

Figure 4: Effect of CSP on the Plasticity of 3% Lime Stabilized Soil

3.2 Effect of solid wastes on the classification of lime stabilized soil

Figure 5 indicates the plots of the position of lime-BA stabilized soil combinations on the
plasticity chart. It is revealed that the addition of BA to 3% lime stabilized soil goes a long
way in changing the classification of the soil. Addition of lime alone brings it just below the
A-line whereas the addition of BA to it, results in significant move towards intermediate
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plasticity at 0.25% BA addition. A clear look at the plots of the various combinations on the
plasticity chart is enough to understand that CSP produces beneficial movement of the points
on the chart in the case of 3% lime stabilized soil wherein the addition of CSP resulted in the
movement of the plot points leftward and downwards when compared to the control lime
stabilized soil.

)
=

W,=35 W,=50

-2
=

N
=

CH

n
=

Cl
CL

Plasticity Index (%)
w -
] ]

[
=

—
=

(4
AL
MI/OI
; ML/OL

0 20 40 60 80 100

=

Liquid Limit (%)
¢ 3L0.25BA +3L0.5BA +3L1BA ¢ 31L2BA *3L
® 310.25CSP ® 3L0.5CSP * 3L1CSP ® 3L.2CSP

Figure 5: Location of Lime-Solid Waste Stabilized Soil on Plasticity Chart

3.3 Effect of solid wastes on the swell-shrink of lime stabilized soil

Free swell of lime stabilized soil amended with BA and CSP is represented in Figure 6. The
addition of BA to 3% lime stabilized soil results in a reduction in free swell of the stabilized
soil. The swell of 3% lime stabilized soil reduced initially from 50% to 33.33% for addition of
0.5% BA, but increased on further increase in BA content to 39.39% for 2% BA. Sabat [37]
alludes to the pozzolanic reactions of silica and alumina present in BA and soil with lime as
reason for the reduction in swell pressure of the stabilized soil. Wubshet [34] cites cation
exchange and flocculation as responsible phenomena for reduction in swell of the stabilized
soil along with reduction in expansive clay fines due to their replacement by BA.

At 3% lime-stabilized soil, addition of CSP reduces swell initially but raises swell on further
increase in CSP content of the stabilized soil. The swell reduces to 45% from the control
value of 50% for 0.25% CSP amendment. Thereafter, swell increases to 57.5% for 2% CSP
addition. The organic nature of CSP may be responsible for the increase in swell with
increased CSP content. James and Pandian [38] found that addition of organic tamarind kernel
powder to soil for stabilization purposes resulted in an increase in free swell of the soil.
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Figure 6: Effect of Solid Wastes on Swell of 3% Lime Stabilized Soil

The effect of BA and CSP on the shrinkage limit of the stabilized soil is displayed in Figure 7.
It is evident that addition of BA results in an increase in shrinkage limit of the lime stabilized
soil. It can be seen that increase in shrinkage limit is steep till 0.5% BA addition beyond
which the increment stabilizes and the variation stays flat. The shrinkage limit increases from
17.31% to 23.76% at 1% BA addition for 3% lime stabilization. Schettino and Holanda [18]
found that partial replacement of quartz with 1.25% optimal BA content reduced the linear
shrinkage of ceramic tiles. Dang et al. [12] found that 25% addition of combinations of lime-
BA in 1:3 ratio resulted in an 83.5% reduction in linear shrinkage when compared to 64%
reduction achieved by pure lime alone. It is plain that addition of CSP results in a reduction in
shrinkage limit of the lime stabilized soil for lime content of 3%. The shrinkage limit of the

lime stabilized soil amended with CSP steadily decreased from 17.31% to 14.5% for increase
in CSP addendum to 2%.
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Figure 7: Effect of Solid Wastes on Shrinkage Limit of 3% Lime Stabilized Soil
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3.4 Effect of solid wastes on the UCS of lime stabilized soil

The UCS tests were conducted on the lime stabilized and amended specimens after 28 days of
curing. Figure 8 shows the comparison of 28-day strength of lime stabilized soil amended
with BA and CSP. It can be clearly seen that the addition of BA is beneficial to lime
stabilization of soil with a further increase in strength of the stabilized soil whereas the
addition of CSP resulted in a reduction in strength of the stabilized soil. Thus, strength tests
also reinforce BA to be a better auxiliary additive when compared to CSP for lime
stabilization. It can be seen that addition of BA to lime stabilized soil results in an increase in
strength at 0.25% addition of BA. The addition of 0.25% BA to 3% lime has resulted in the
strength increasing from 547.48 kPa to 677.25 kPa at 28 days of curing which is a 23.7% gain
in strength when compared to pure lime stabilization. Thus, it can be seen that addition of BA
to lime in stabilization of expansive soil is capable of improving the strength of even lime
stabilized soil. Sadeeq et al. [39] also reported an increase in UCS of the stabilized soil for
upto 6% addition of BA to different lime contents upto 8%. Dang et al. [12] also reported a
significant increase in UCS when lime and BA were used in the ratio 1:3 for stabilization of
an expansive soil. Addition of CSP, however, to 3% lime stabilization of soil results in a
negative impact on the strength of the stabilized soil. There is a significant drop in the
strength on addition of CSP, however, the strength variation between the various CSP
amended samples is minimal. At 28 days of curing, the strength of the lime stabilized soil
amended with CSP varies from 497.47 kPa to 483.18 kPa for various additions of CSP against
547.48 kPa for pure lime stabilization. Thus, addition of CSP to 3% lime stabilized soil results
in an average reduction of 10.5% in strength of the stabilized soil. Jamgade et al. [15]
reported an increase in CBR when 4% CSP was added to flyash and cement for stabilizing the
soil.

800
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Figure 8: 28-Day UCS of 3% Lime Stabilized Soil Amended with Solid Wastes

3.5 Effect of solid wastes on the microstructure of lime stabilized soil

The amended stabilized soil samples were subjected to microstructural investigations. Based
on the plasticity, swell-shrink characteristics and UCS, 0.25% BA and CSP amended lime
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stabilized soil samples were selected for the microstructural study. Figure 9 shows the
microstructure of 3% lime stabilized soil. It can be seen that the addition of 3% lime has
resulted in the formation of a dense mass of soil. The individual plate like textures noticed on
the clay lumps in the microstructure of the soil cannot be seen. This is due to the destruction
of the microstructure during lime stabilization to form pozzolanic products. Muhmed and
Wanatowski [40] also reported aggregation of soil particles due to lime treatment of kaolin
clay as revealed by SEM studies. Al-mukhtar et al. [41] reported the formation of a dense
compact mass due to stabilization of an expansive soil with lime. However, unreacted chunks
of soil particles are also seen in the microstructure.

SEM MAG: 2.00 kx NANO TECH,ANNA UNIVERSITY,CH

Figure 9: Microstructure of 3% Lime Stabilized Soil

Figure 10 shows the microstructure of lime stabilized soil amended with 0.25% BA. It can be
clearly seen that there is marked difference in the appearance of the microstructure of the
stabilized soil with and without BA. The addition of BA has resulted in the formation of a
denser microstructure with a more uniform distribution of leaf like formations indicating the
formation of hydration products of pozzolanic reactions. However, it can also be noted that
few unreacted lumps of soil particles can also be seen sparsely distributed in the field of view.
Figure 11 shows the microstructure of lime stabilized soil amended with 0.25% CSP. It is
evident that the addition of CSP has resulted in a modified microstructure of the stabilized
soil. The microstructure, though appears to be dense, there seems to be much lesser
aggregation of the soil when compared to either of the earlier micrographs. The leaf like
pozzolanic products that are seen in the earlier two micrographs seem to be much smaller and
sparser in the microstructure of CSP amended stabilized soil. Moreover, there seems to large
zones of unreacted soil with clay platelets dispersed throughout the field of view. This may be
indicative of a slower progress of pozzolanic reactions as evident from UCS with lesser
strength due to CSP amendment at 28 days of curing.
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SEM HV: 10.0 kv WD: 25.20 mm VEGA3 TESCAN

View field: 63.5 ym 20 ym
SEM MAG: 2.00 kx NANO TECH,ANNA UNIVERSITY,CH

Figure 10: Microstructure of 3% Lime Stabilized Soil amended with BA

SEM HV: 10.0 kV 'WD: 24.58 mm VEGA3 TESCAN

View field: 3.6 pm 20 pm
SEM MAG: 2.00 kx NANO TECH,ANNA UNIVERSITY,CH

Figure 11: Microstructure of 3% Lime Stabilized Soil amended with CSP

4 Conclusion

Based on the investigation conducted on the utilization of solid wastes in amendment of lime
soil stabilization, the following points may be concluded.
(i)  Addition of BA to lime stabilization of soil resulted in a reduction in plasticity of the
stabilized soil by reducing its liquid limit and increasing its plastic limit. However, the
reduction in plasticity was only achieved at low dosages of BA with plasticity increasing
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with higher doses of BA. The influence of BA was more on liquid limit when compared to
plastic limit. 0.25% BA was found to achieve the lowest plasticity of the stabilized soil.

(i1)) Addition of CSP to lime stabilized soil also resulted in a reduction in plasticity
similar to BA, but the reduction achieved by CSP was not as much as that of BA. The
influence of CSP was more on plastic limit when compared to liquid limit. CSP also was
able to achieve reduction in plasticity only at low doses. 0.25% CSP was found to achieve
the maximum reduction in plasticity.

(ii1)) Addition of BA was able to achieve better swell control when compared to CSP.
Both BA and CSP were able to reduce swell at low doses of 0.25% whereas BA reduced
swell even at 0.5% addition. However, further increase in solid waste dosage resulted in an
increase in swell of the stabilized soil. But, increase in swell in BA amended soil was
below that of the swell of pure lime stabilized soil whereas CSP addition resulted in swell
increasing above the swell achieved by pure lime stabilized soil. Thus, BA produced better
swell control compared to CSP.

(iv) Addition of BA resulted in an increase in shrinkage limit of the lime stabilized soil
whereas the addition of CSP resulted in a decrease in the shrinkage limit of the soil beyond
0.25% addition. The increase in shrinkage limit of the soil was higher till 0.5% addition
beyond which the variation was minimal. In the case of CSP, the reduction in shrinkage
limit of the soil was marginal till 0.25% beyond which there was a clear reduction. Thus,
BA was better in improving the shrink nature of the soil compared to CSP.

(v) Addition of BA as auxiliary additive to lime resulted in a further increase in the UCS
of the stabilized soil whereas CSP resulted in a reduction in strength. BA was capable of
achieving a 23.7% increase in strength over pure lime stabilization whereas CSP resulted
in a 10.5% loss in strength on an average.

(vi) The microstructure of BA amended lime stabilized soil showed better aggregation
and compactness compared to CSP amended lime stabilized soil. Moreover, the former
revealed a better progress of pozzolanic reaction leading to formation of reaction products
compared to the latter.

(vii) Based on the investigation conducted, up to 0.5% BA can be considered as optimal
amendment dosage for 3% lime stabilized expansive soil. However, more detailed
investigations need to be conducted with regards to CSP with other soil types and
properties before recommending it in soil stabilization.

Finally, it can be concluded that BA amendment of lime stabilized soil is a better alternative
to CSP amendment of lime stabilized soil and BA can be preferred as an auxiliary additive to
lime-soil stabilization over CSP.
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