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Abstract
Black cotton soils exhibit high shrinkage and swelling characteristics due to the variation in moisture content. To over-
come this problem, many techniques are adopted, among which is the soil stabilization technique. Rapid industrialization 
and urbanization lead to the generation of waste products; the major by-products are rice husk ash (RHA) and carbide 
lime (CL). These by-products show excellent pozzolanic property. In this paper, an attempt has been made to stabilize 
black cotton soil with rice husk ash (RHA) along with carbide lime (CL) and other additives. Based on strength test results, 
the optimum dosage of RHA and CL was found to be 20% and 8%, respectively. The effect of sodium salts on index prop-
erties and unconfined compression strength (UCC) test at different moulding water contents for immediate testing and 
at different days of curing are studied. Results show that plasticity index of the soil treated with additives was decreased 
both for immediate and for 7 days of curing period due to the decrease in diffuse double-layer thickness. Soil–RHA–CL 
composite treated with 1% sodium chloride and 1% sodium hydroxide improves the Unconfined compression strength 
and shows a better strength compared to carbide lime-treated soil due to the formation of alkali silicate and alkali alu-
minate hydrated gel along with other cementitious products. The microstructural changes in the stabilized composite 
can be observed with XRD and SEM analysis. The addition of carbide lime and salts binds the particle with hydrated gel 
and shows denser environment compared to unstabilized soil.
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1  Introduction

Expansive black cotton soils (BC soil) in India are suit-
able for agriculture purposes. The presence of montmo-
rillonite mineral causes high changes in volume due to 
the influence of moisture content. The alternate swelling 
and shrinkage due to moisture fluctuations caused by 
seasonal variations lead to the damage in lightly loaded 
structures, such as buildings, pavements and pipe-
lines, which are founded on them. Hence, stabilization 
of such problematic soil is required. Several methods 

are available to stabilize the BC soil; however, chemical 
stabilization is accepted to stabilize fine-grained soils 
[1]. Paddy is one of the major agricultural products of 
Asian countries. Paddy is milled in order to obtain the 
carbohydrate-rich raw food known as rice. To enrich the 
food value, the husk must be removed. Commercial-scale 
enrichment process is generally carried out in mills. In 
mills, paddy is converted into three major parts, namely 
rice grain, bran and husk. Rice grain is used for the pro-
duction of a range of food products. The oil manufac-
tured from bran, also known as rice bran oil, can be used 
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as food as well as a blending agent in lamp oils. The husk 
is either sold out or fired to generate power for milling 
operations. The firing process results in a final residue 
known as ash which is a rich source of amorphous silica. 
From available literatures regarding rice milling opera-
tions, for every 1000 kg of paddy milled, about 220 kg 
(22%) of husk is produced, and upon burning this quan-
tity of husk, about 55 kg (25%) of ash is generated. Ash 
residue which accounts for 20% of the 649.7 million tons 
of rice produced annually worldwide. Rice husk ash (RHA) 
is available abundantly in India. The annual production 
of paddy in India is about 100 million tons out of which 
4 million tons of RHA is produced annually [2]. Hence, 
RHA is a major non-hazardous waste and excellent pozzo-
lanic material which can be used effectively in improving 
the geotechnical properties of soil. However, strength of 
the RHA-stabilized soil is minimum due to lack of lime 
content [3]. Hence, calcium-rich additives form excellent 
pozzolanic products. Carbide lime (CL) is a by-product of 
acetylene gas production and is produced 2 million tons 
annually. CL is composed of 70–80% of calcium hydrox-
ide and it resembles the properties of lime and cement 
[4]. Strength of BC soil treated with lime results in the 
formation of gelatinous products; lime reacts with water 
and leads to calcium hydroxide which increases the pH 
of the solution. The increase in pH dissolves alumina and 
silica from the soil and RHA composite, leading to the for-
mation of hydrated products. Hydrated products which 
bind together with soil particle lead to the increases in 
the strength of soil. Strength of BC soil treated with lime 
is more on the dry of optimum due to the existence of 
the flocculated structure, and also enhancement in the 
strength is observed with the addition of two other mate-
rials such as RHA and lime [5, 6]. The addition of industrial 
and agro-industrial waste such as carbide lime–biomass 
ash mixture, fly ash and lime mixture along with salts 
acts as a cementing agent for improving strength of a 
clayey soil [7–11]. This leads to the development of a 
large volume of alkali silicates and aluminate hydrated 
products as opposed to calcium hydrated products. 
Strength enhancement is better for sodium hydroxide 
when compared to sodium chloride. This due to ampli-
fied pH with sodium hydroxide reacts with additional 
silica and alumina can produce alkali silicate hydrated gel 
along with the C-S-H and C-A-S-H. Water–binder ratio is 
an important factor for strength-gaining process of stabi-
lized soils, especially for pozzolanic reactions involved. To 
form cementitious compounds through pozzolanic reac-
tion, the available quantities of calcium hydroxide, water, 
pozzolanic materials as well as their relative proportions 
are important factors. The further acceleration in the 
strength of the stabilized composite can be achieved by 
adding accelerators such as sodium chloride and sodium 

hydroxide. These accelerators dissolve additional silica 
and alumina from the composite and lead to the devel-
opment of additional alkali silicate products. The addi-
tion of accelerator such as NaCl leads to large voluminous 
pozzolanic products which can bind silica particles with 
high water content, leading to augmented strength [12]. 
However, studies related to RHA and CL on the strength-
gaining process at different moulding water contents 
were limited. Therefore, an attempt has been made to 
study the microstructural changes in the stabilized com-
posite which is responsible for the enhancement of the 
strength properties of soil.

2 � Materials and Methodology

2.1 � Materials

Materials procured from the sites and their preparation for 
the study are presented below.

2.1.1 � Black cotton soil (BC soil)

BC soil was sampled from an open pit of 1.5 m below the 
natural ground level from Hubli, Karnataka State, India. The 
soil was air-dried and pulverized in a ball mill after separat-
ing the pebbles and sieved through 425 micron. The basic 
properties of BC soil are shown in Table 1. 

2.1.2 � Rice husk ash (RHA) and carbide lime (CL)

RHA was collected from Davanagere district, and carbide 
lime is collected from an oxyacetylene gas welding plant 

Table 1   Basic properties of BC soil

Sl No Properties Value

1 Colour Black
2 Particle size distribution

 Fine sand (%) 4
 Silt (%) 36
 Clay (%) 60

3 Specific gravity 2.65
4 Consistency limits

 WL (%) 91
 WP (%) 39
 SL (%) 11

5 BIS soil grouping (Bureau of Indian Standard) CH
6 Compaction parameters

 OMC (%) 32
 MDU (kN/m3) 13.00

7 Unconfined compression strength (kPa) 180
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at Karnataka State, India, which is in amorphous form. 
Both RHA and CL are air-dried and passed through 425 
micron, and they are oven-dried at 1050 C for a period of 
24 h; physical properties and chemical composition of 
RHA and CL are shown in Tables 2 and 3. Gradation curves 
of expansive BC soil and RHA were determined from the 
grain size analysis, and results are shown in Fig. 1.

2.1.3 � Sodium chloride and sodium hydroxide

Chemically pure sodium chloride and sodium hydroxide 
are used to know the consequence of brackish water on 
geotechnical properties of BC soil–RHA composite. 1% 
sodium chloride is added along with carbide lime. In gen-
eral, maximum salt content in a soil mass does not exceed 
1% based on mass of solids. The powerful base sodium 
hydroxide is capable of forming sodium silicates, by react-
ing with silica present in RHA. However, higher dosage 
(exceeding 1%) of sodium hydroxide is not economical 
[13]. Hence, sodium salts of 1% were used in this study for 
BC soil–RHA composite.

2.2 � Methodology

Index properties and unconfined compression tests for BC 
soil with varying percentages of RHA and CL along with 
sodium salts are tested as follows. To arrive optimum per-
centage of additives, samples were prepared with varying 
percentages of RHA form 5 to 40%. Similarly CL was added 
in an increment of 2% up to 16%.

2.2.1 � Consistency limits

The consistency limits were determined by following the 
procedures given in IS: 2720 (Part V)-1985 [14].

2.2.2 � Compaction test

The compaction experiment was carried out using mini 
compaction test device (Sridharan and Sivapullaiah [15]).

2.2.3 � Unconfined compression strength test

Unconfined compression strength (UCC) of soil alone as 
well as the stabilized soil mix was determined as per the 
procedures IS: 2720 (Part X)-1973 [16].

2.2.4 � Preparation of soil sample for unconfined 
compression strength test

Samples were prepared by incorporating the maximum 
dry unit (MDU) weight and optimum moisture content 
(OMC) from the compaction curve and stabilizers such as 
RHA and CL were mixed to the soil on weight basis of the 
total soil sample. Tests were carried out at two stages: (1) 
to arrive optimum dosage of the additives and (2) to know 
the effects of stabilizers on strength properties of BC soil 
at different moulding water contents.

For the first series, soil is mixed with varying per-
centages of RHA on weight basis and UCC tests were 

Table 2   Physical properties of RHA and CL

Sl. no. Physical properties RHA CL

1 Colour Grey Greyish white
2 Specific gravity of solids 1.95 2.1
3 Compaction parameters

 OMC (%) 84 –
 MDU (kN/m3) 4.5 –

4 Grain size distribution
 Silt size (%) 72 94
 Clay size (%) 18 6

Table 3   Chemical composition of RHA and CL

Chemical composition CL quantity % RHA 
quan-
tity %

Silica (SiO2) 5.71 85
Alumina (Al2O3) 2.61 2.5
Ferric oxide (Fe2O3) 0.72 0.5
Calcium oxide (CaO) 83.1 1
Magnesium oxide (MgO) 0.8 0.5
Sodium oxide (Na2O) 0.05 0.3
Potassium oxide (K2O) 0.08 0.2
Others 0.29 –
Loss on ignition 5.71 11

Fig. 1   Gradation curve of BC soil and RHA
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performed for pre-curing and curing period of 1 week. For 
the second series, soil is mixed with optimum percentage 
of additives at three different moisture contents and UCC 
tests were determined for different curing periods. Mould-
ing water content and densities are shown in Fig. 4.

3 � Results and discussion

To find the optimum percentages of RHA and CL, compac-
tion and unconfined compression tests are conducted for 
varying percentages of RHA and CL and results obtained 
are discussed and analysed.

3.1 � Compaction characteristics of expansive BC 
soil–RHA mixtures

RHA was mixed with expansive BC soil with an increment 
of 5 per cent from 5 to 40% with respect to dry weight of 
soil, and the compaction characteristics of the mixtures 
are shown in Table 4. Compaction trend of expansive BC 
soil–RHA mixtures is similar to that of cohesion less soil. 
This is because clayey soil particles were replaced by inert 
particles of RHA. The decrease in the MDU varied from 13 
to 11.77 kN/m3. This is due to lower value of specific grav-
ity of RHA in comparison with that of soil [2]. However, 
the OMC is increased from 32 to 39% which is due to the 
increase in the specific surface area of soil and RHA particle 
require more water for compaction.

3.2 � Compaction characteristics of expansive BC 
soil–RHA mixtures treated with carbide lime

The compaction characteristics of CL-treated expansive 
BC soil–RHA mixture are tabulated in Table 5. The increase 
in optimum moisture content of CL-treated expansive 
BC soil–RHA mixture is found due to reaction between 

soil–RHA and CL which creates more air void spaces. The 
increase in air void spaces consumes more water due to 
the formation of flocculated structure. MDU of carbide 
lime-treated expansive soil–RHA mixture declines with the 
rise in carbide lime. This is due to the lower specific gravity 
of composite, and also formation of flocculated structure 
resists the compaction for a fixed compactive effort [2].

3.3 � Optimization of RHA and carbide lime for BC 
soil

The UCC increased marginally for BC soil–RHA mixture 
for immediate testing and 7 days of curing. The increase 
in strength is due to the substitution of soil with a non-
cohesive RHA particle. The strength of the soil and RHA 
composite increases up to 20% of RHA content, beyond 
which strength reduces due to lower density of soil–RHA 
composite. The early marginal increase in strength is 
due to the agglomeration of soil particle since RHA pos-
sesses angular and sub-angular particle which increases 
the frictional properties of the composite and leads to 
agglomeration, resulting in the increase in the strength 
[17]. Hence, 20% RHA is chosen as optimum dosage for the 
stabilization of soil–RHA mixture. Figure 2 shows the effect 
of various percentage of RHA on strength parameters for 
immediate and 7 days of curing period.

The addition of RHA is only a mechanical stabilization, 
and the strength is almost lost upon saturation. Additional 
calcium-based additives such as CL to the BC soil–RHA 
mixture enhance the strength further. The variation of 
strength of CL-treated BC soil–RHA mixture is shown 
in Fig. 3. From the results, it was found that strength of 
the composite increased significantly with the addition 
of CL up to 8%. This is due to pozzolanic reaction of BC 
soil–RHA–CL composite; it is a known fact that cement-
ing materials like calcium silicate hydrate reaction (C-S-
H) and calcium aluminate hydrate (C-A-H) formed during 

Table 4   Compaction characteristics of expansive BC soil–RHA mix-
tures

RHA (%) OMC (%) MDU (kN/m3)

0 32 13.00
5 33 13.00
10 33 13.00
15 34 12.85
20 34 12.75
25 35 12.55
30 36 12.36
35 37 12.16
40 39 11.77

Table 5   Compaction characteristics of soil and optimum RHA mix-
ture treated with CL

CL (%) OMC (%) MDU (kN/m3)

0 34 12.75
2 34 12.75
4 34 12.65
6 35 12.55
8 36 12.36
10 36 12.36
12 37 12.16
14 37 12.06
16 38 11.96
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pozzolanic reactions between soluble silica and alumina 
from clay- and residual-free calcium from lime filled the 
void space between clay particles [18]. The addition of 
CL to the BC soil–RHA mixture increases the pH of the 
solution. The increase in pH dissolves reactive silica and 

alumina from the soil–RHA composite, leading to the 
development of pozzolanic gel such as C-S-H gel and C-A-
S-H gel. These compounds coat and bind the soil together 
which hardens with time, thereby increasing the soil 
strength. The strength corresponds to CL content of 8% 
that is chosen as optimum dosage. Further addition of CL 
decreases the strength which is due to unreacted carbide 
lime which disturbs the system. Hence, 8% CL is found to 
be optimum [19].

3.4 � Index properties of BC soil–RHA mixtures 
treated with CL and sodium salts

Optimum dosage of RHA and CL was found to be 20% 
and 8%, respectively, from the unconfined compression 
strength test. No change in the consistency limits was 
observed when optimum dosage of RHA is mixed with 
soil at immediate as well as for 7-day tests; the results are 
shown in Table 6. The effect of curing is insignificant on 
consistency limits of BC soil–RHA mixtures [2]. The inclu-
sion of CL to the BC soil and RHA mixture, liquid limit and 
plastic limit of the mixture increases for both immediate 
and 7-day tests as it resembles the property of lime. The 
addition of lime to soil–RHA composite decreases the dif-
fused double-layer thickness and creates flocculation of 
the soil particles, which decreases the plasticity index [20]. 
The addition of RHA to the BC soil increases the shrinkage 
limit due to non-swelling properties of RHA. Results show 
that induced lime increases the shrinkage limit of soil–rice 
hush ash mixtures. This attributes to the increase in the 
attractive forces between the soil–RHA and carbide lime 
which leads to the development of flocculated mixtures. 
When concentration of 1% sodium salts added to the BC 
soil both the liquid limit and the plastic limit increase for 
7 days of curing period due to conversion of calcium sili-
cate hydrate (C-S-H) gel to sodium calcium silicate hydrate 
(S-C-S-H) gel, which rests between the reactive silica, it is 
more roomy for the accumulation of water [12]. The addi-
tion of CL increases the shrinkage limit for immediate and 
7-day tests, which provides calcium ions that reacts with 
the soil–RHA particle and leads to flocculated structure, 

Fig. 2   Effect of various percentages of RHA on the UCC of BC soil 
for immediate and 7 days of curing period

Fig. 3   Effect of variation of percentage of CL on the UCC of BC soil 
and RHA composite for immediate and 7 days of curing

Table 6   Effect of optimum percentages of RHA, CL and sodium salts on the consistency limits of BC soil after immediate and 7 days of cur-
ing

Mix proportions LL (%) PL (%) SL (%) PI (%)

Immediate 7 Days Immediate 7 Days Immediate 7 Days Immediate 7 Days

BC alone 91 90 39 40 11 11 52 50
BC soil + 20% RHA 90 92 49 48 14 14 41 44
BC soil + 20% RHA + 8% CL 99 105 84 94 30 32 15 11
BC soil + 20% RHA + 8% CL + 1% NaCl 101 105 86 95 30 33 15 10
BC soil + 20% RHA + 8% CL + 1% NaOH 103 108 86 97 31 34 17 11
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yielding higher shrinkage limit [20]. Shrinkage limit of 
stabilized soil increases with sodium salts; this is due to 
increased bond strength and enhanced soil–lime reac-
tions. It is interesting to observe that, while curing with 
lime alone, enhanced flocculation is observed and leads 
to the formation of rigid skeleton which resist towards the 
shrinkage [11].

3.5 � Compaction characteristics of alkali‑treated 
soil, optimum RHA and optimum CL mixture

The sodium salts, namely sodium hydroxide and sodium 
chloride, were added, and it was observed that mar-
ginal changes in the compaction characteristics of BC 
soil–RHA–CL were observed. The addition of 1% of any 
sodium salt changes the nature of the compaction curve. 
The MDU reduces with a marginal rise in OMC [21]. Fig-
ure 4 shows the effect of RHA, CL and sodium salts on com-
paction characteristics of BC soil.

3.6 � Influence of density–moisture content 
for strength properties of stabilized soil mixed 
with RHA carbide lime along with the addition 
of sodium salts

The influence of dry density and moisture content on UCC 
of RHA stabilized BC soil in the presence of carbide lime 
and sodium salts was determined for 95% of the dry unit 
weight, and the corresponding moisture content is taken 
on either side of optimum conditions.

3.6.1 � Effect of RHA on the strength properties of BC soil

The addition of RHA to the BC soil leads to the agglom-
eration of soil and RHA particle. Even though the den-
sity is low, the angular and sub-angular particle of RHA 
increases the frictional properties, thereby increasing the 

strength of the composite which is not so significant [17]. 
Figure 5 shows effect of RHA on the strength properties 
of BC soil. Strength of the soil–RHA composite is more 
on the dry of optimum condition due to the flocculated 
structure of the blended soil mass than at optimum and 
wet of optimum. Strength of blended BC soil–RHA com-
posite is minimum on the wet of optimum due to higher 
water-holding capacity of RHA and also the existence of 
dispersed structure.

3.6.2 � Improvement in strength of CL‑treated BC soil–RHA 
mixture compacted at three significant moisture 
content and dry density

The unconfined compression strength of soil and optimum 
RHA mixture treated with 8% carbide lime compacted at 
different moulding water contents for a curing periods of 
immediate to 90 days is shown in Fig. 6.

Fig. 4   Effect of RHA, CL and 
sodium salts on compaction 
properties of expansive BC soil

Fig. 5   Variation of strength of BC soil + RHA mixture at different 
moulding water contents
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As seen from the previous studies, the addition of RHA 
is only a mechanical stabilization. To improve strength fur-
ther, calcium-rich carbide lime is added to the BC soil–RHA 
mixture. The addition of carbide lime to the BC soil–RHA 
composite increases pH of the composite which dissolves 
alumina and silica from RHA and BC soil mixture and reacts 
with carbide lime, leading to the development of cementi-
tious compounds such as C-S-H gel and C-A-S-H gel which 
increases the strength of the composite [1]. At wet of opti-
mum conditions, the water held within flocs of the poz-
zolanic compounds leads to the decrease in the strength. 
As shown in Fig. 6, the strength of the CL-stabilized soil is 
more when compacted on the dry of optimum irrespective 
of curing periods than that of compacted on optimum and 
wet of optimum. The strength is significantly improved 
within 7 days of curing as compared to other days of cur-
ing since the pozzolanic reaction is time dependent [22].

3.6.3 � Improvement in strength of the RHA‑stabilized BC 
soil in the presence of CL and sodium salts

The compressive strength of BC soil + 20% RHA mixture 
treated with 8% carbide lime and 1% sodium chloride, 
and 1% sodium hydroxide compacted for three significant 
combinations of moisture content and dry unit weight, 
after curing periods from immediate to 90 days is pre-
sented in Figs. 7 and 8.

As seen from results, the addition of sodium salts to the 
stabilized composite increases the strength of the com-
posite due to the formation of additional cementitious 
compounds. The strength of the composite is higher and 
varies from 398 to 2726 kPa and 396 to 2980 kPa for imme-
diate to that of 90 days of curing period. Strength of the 

composite compacted on optimum and wet of optimum 
and varies from 280 to 2455 kPa and 322 to 2609 kPa and 
212 to 2087 kPa and 234 to 2347 kPa for immediate to that 
of 90 days of curing period, respectively.

The addition of NaCl to the composite reacts with 
lime in the presence of water and leads to the formation 
of sodium calcium silicate. The addition of sodium salts 
increases the pH of the composite and reacts with high 
silica content of RHA and BC soil, leading to alkali silicates 
and aluminates compounds such as C-S-H, C-A-S-H, S-C-
A-S-H and S-C-S-H [21]. Thus, compressive strength of 
the blended composite enhances. The addition of NaOH 
decreases the cohesion value and increases the angle of 
internal friction, and the addition of sodium hydroxide to 

Fig. 6   Variation of strength of BC soil + RHA + CL composite at dif-
ferent moulding water contents

Fig. 7   Effect of NaCl on the strength properties of BC 
soil + RHA + CL composite at different moulding water contents

Fig. 8   Effect of NaOH on the strength properties of BC 
soil + RHA + CL composite at different moulding water contents
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the soil sample leads to the formation of new compounds 
[23]. The increase in strength with NaOH is apparent within 
first day due to the formation of sodium alumina silicate 
which binds the BC soil–RHA composite. The formation 
of these compounds eliminates the void spaces in the 
stabilized soil matrix, resulting in the improvement in the 
strength. The strength of sodium salt-treated samples 
shows higher on the dry of optimum condition compared 
to optimum and wet of optimum conditions; this is due 
to the existence of the flocculated structure on the dry of 
optimum condition.

4 � Microstructural study on the strength 
enhancement of the composite

The mineralogical analysis of the stabilized soil is helpful 
in determining the changes in the mineralogical phases 
due to pozzolanic reactions. The changes in microstruc-
tural development of soil are due to additives which play 
a significant role in altering the basic properties and the 
mechanical behaviour of stabilized soils.

4.1 � X‑ray diffraction studies on the stabilized soil

XRD analysis helps for the better understanding of change 
in mineralogical stages of the stabilized soil. All the XRD 
patterns of vertical scales are normalized to 0–1 for the 
better comparisons of the stabilized soils.

Fig. 9   XRD spectrum for BC 
soil alone

Fig. 10   XRD spectrum for 
BC soil + 20% RHA mixture at 
90 days of curing period
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Fig. 11   XRD spectrum for BC 
soil + 20% RHA + 8% CL mixture 
at 90 days of curing period

Fig. 12   XRD spectrum for BC 
soil + 20% RHA + 8% CL + 1% 
NaCl mixture at 90 days of cur-
ing period

Fig. 13   XRD spectrum for BC 
soil + 20% RHA + 8% CL + 1% 
NaOH mixture at 90 days of 
curing period
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The XRD pattern of powdered BC soil alone tested at 
immediate is shown in Fig. 9. The XRD pattern of the sta-
bilized soil with the addition of RHA, CL and sodium salts 
is shown in Figs. 10, 11, 12 and 13. The major crystalline 
mineral of BC soil having a pronounced peak of mont-
morillonite (M) was seen at several d spacings, indicating 
susceptibility for the swell shrink behaviour of the soil. 
Similarly soil stabilized with rice husk content shows more 
pronounced peak of quartz (SiO2) at several d spacings. 
Compared to the soil alone, the addition of RHA shows 
more pronounced peak due to the presence of dominant 
mineral quartz (Q). However, the strength of blended com-
posite is not significantly improved due to the absence 
of the formation of pozzolanic products. The addition of 
RHA to the soil is a mechanical stabilization, and hence, 
strength improvement in the stabilizing process is very 
minimal and it is due to the agglomeration of soil and 
RHA particle [15]. The strength with respect to the CL and 
sodium salts is due to the formation of pozzolanic prod-
ucts, and these products were found at several d spacings 
which are responsible for the strength enhancement of 
the composite. The lime and accelerators increase the pH 
of the composite, the calcium ions and sodium ions react 
with dissolved alumina and silica of the composite, leading 
to the hydration products such as S-C-S-H, S-C-A-S-H, C-A-
H, C-A-S-H and C-S-H gels [8–10, 21]. These compounds 
bind and coat the soil particle, increasing the strength of 
the composite.    

4.2 � SEM analysis of unstabilized and stabilized soil

BC soil alone has a plane smooth and flaky structure as 
shown in Fig. 14. The addition of RHA to the soil samples 
is a mechanical interlocking effect which brings changes 
in the soil structure, as shown in Fig. 15. (The images were 
magnified at 2500 × magnification.) SEM images show 

that there is an angular and sub-angular particle which 
reduces the pore air void spaces of the sample within 
the soil and changes the soil structure by agglomeration 
which increases the marginal improvement in strength of 
BC soil [17]. The cementitious gel is formed by the addition 
of CL and sodium salts which fill the void spaces within the 
sample. This coats and binds the individual grain, resulting 
in the reduction of migrating ions into the pores which 
results in a rigid structure. The morphology of the 90-day 
samples is shown in Figs. 15, 16 and 17. The addition of car-
bide lime, sodium chloride and sodium hydroxide shows 
denser environment than the RHA-treated sample of the 
90-day curing period. This denser morphology is caused 
by the filling of the cementitious products from the poz-
zolanic reaction in the pore space. The denser morphology 
with curing time is associated with the strength increase 
[8–10].

Fig. 14   SEM image of BC soil alone and BC soil + 20% RHA mixture at 90 days of curing period

Fig. 15   SEM image of BC soil + 20% RHA + 8% CL mixture for 90 
days of curing period
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5 � Conclusions

Strength development of soil mixed with various combina-
tions of additives compacted for three significant combi-
nations of moisture content and dry unit weight is deter-
mined for various curing days. The following conclusions 
were drawn after detailed analysis of results.

1.	 The addition of sodium chloride and sodium hydrox-
ide further enhances the workability of BC soil–RHA–
CL composite due to the formation of alkali silicate 
hydrated gel which is more voluminous.

2.	 The inclusion of RHA and CL to the BC soil reduces 
MDU and increases OMC; the change in the compac-

tion characteristics is due to lower specific gravity and 
higher water retention capacity of stabilizers which 
creates flocs which holds the water with in the flocs 
which increases the optimum moisture content.

3.	 Strength of BC soil-treated RHA is observed due to 
the agglomeration of soil and RHA particle which 
increases the angle of internal friction of the compos-
ite. Further strength is improved with the addition of 
CL due to the development of cementitious products.

4.	 The BC soil stabilized using RHA has not shown any 
substantial improvement in strength with curing due 
to lack in lime content. The strength of the RHA-sta-
bilized BC soil is more when compacted at the dry of 
optimum condition, due to flocculated structure of soil 
when it is compacted using lower moisture content. 
Marginal improvement in the RHA-stabilized BC soil is 
due to the agglomeration of BC soil and RHA compos-
ite.

5.	 The strength of BC soil–RHA mixture treated with CL 
and additives such as sodium chloride and sodium 
hydroxide increases with curing as a result of chemical 
reactions taking place in the composite. The strength 
of the composite is more when compacted on the dry 
of optimum for all curing periods due to flocculated 
structure. Strength increment is due to the develop-
ment of cementitious compounds such as C-S-H and 
C-A-S-H along with S-C-A-S-H and S-C-S-H.

Acknowledgements  The authors acknowledge the master’s students 
Mr Anantha krishna prabhu for helping in conducting experiments. 
The authors thank the Department of Civil Engineering UVCE, Banga-
lore University, for extending all the facilities for conducting experi-
ments in Geotechnical Engineering laboratory.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no competing 
interests.

References

	 1.	 Bhuvaneshwari S, Robinson RG, Gandhi SR (2014) Behaviour of 
lime treated cured expansive soil composites. Indian Geotech J 
44(3):278–293

	 2.	 Ramakrishna AN, Pradeep Kumar AV (2008) Influence of com-
paction moisture content on UCS and CBR of RHA-Lime stabi-
lized BC soil. Indian Geotech J 38(2):140–155

	 3.	 Bhasin NK, Goswami MK, Oli P, Krishna N, Lal NB (1988) A labora-
tory study on utilization of waste materials for the construction 
of roads in black cotton soil area. Highw Res Bull 12(36):1–11

	 4.	 Naveena PC, DineshS V, Gowtham M, Umesh TS (2017) Predic-
tion of strength development in black cotton soil stabilised with 
chemical additives. Indian Geotech J 47(3):286–302

	 5.	 Ramesh HN, Sivapullaiah PV (2011) Role of moulding water con-
tent in lime stabilization of soil. Gr Improv 164:1–5

Fig. 16   SEM image of BC soil + 20% RHA + 8% CL + 1% NaCl mixture 
at 90 days of curing period

Fig. 17   SEM image of BC soil + 20% RHA + 8% CL + 1% NaOH mix-
ture at 90 days of curing period



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2020) 2:457 | https://doi.org/10.1007/s42452-020-2226-1

	 6.	 Koteshwara Rao D, Pranav PRT, Anusha M (2011) Stabilization of 
expansive soil with rice husk ash, lime and gypsum - an experi-
mental study. Int J Eng Sci Technol 3(11):8076–8084

	 7.	 Songsuda Vichan and Runglawan Rachan (2013) Chemical stabi-
lization of soft Bangkok clay using the blend of calcium carbide 
residue and biomass ash. Soils Found 53(2):272–281

	 8.	 Vichan S, Rachan R, Horpibulsuk S (2013) Strength and micro-
structure development in Bangkok clay stabilized with calcium 
carbide residue and biomass ash. Sci Asia 39:186–193

	 9.	 Rajashekaran G, Narasimha Rao S (1997) Lime stabilization 
technique for the improvement of marine clay. Soils Found 
37(2):97–104

	10.	 Rajasekaran G, Murali K, Srinivasaraghavan R (1997) Effects 
of chlorides and sulphates on lime treated marine clays. Soils 
Found 37(2):105–115

	11.	 Ramesh HN, Nanda HS, Manoj Krishna KV (2009) Effect of 
sodium salts on the shrinkage characteristics of lime treated 
and neyveli fly ash treated shedi soil. In: IGC 2009, Guntur, INDIA

	12.	 Narendra BS, Sivapullaih PV, Ramesh HN (2003) Optimum lime 
content of fly ash with salt. Gr Improv 7(4):187–191

	13.	 Zangana DBN (2012) The effect of sodium hydroxide on the 
strength of kirkuk soil—cement mixtures. In: AJES-2012, vol 5, 
no 2

	14.	 IS 2720 Methods of test for soils, Part 5 (1985) Determination of 
liquid and plastic limit. Bureau of Indian Standards, New Delhi

	15.	 Sridharan A, Sivapullaiah PV (2005) Mini compaction test appa-
ratus for fine grained soils. Geotech Test J 28(3):240–246

	16.	 IS 2720 Methods of test for soils, Part 10 (1991) Determination of 
unconfined compressive strength (second revision) (Reaffirmed 
May 2010). Bureau of Indian Standards, New Delhi

	17.	 Daimary N, Bhattacharjee A, Goswami R (2016) Effect of rice 
husk ash on shear and consolidation of lateritic soil. In: IGC2016, 
15-17, Madras

	18.	 Mcallister LD, Petty TM (1992) Leach test on lime-treated clays. 
Geotech Test J 15(2):106–114

	19.	 Horpibulsuk S (2015) Calcium carbide residue—a cementing 
agent for sustainable soil stabilization. Geotech Eng J SEAGS 
AGSSEA, vol 46, ISSN 0046-5828

	20.	 Sivapullaiah PV, Sridharan A, Ramesh HN (1995) Mechanisms 
controlling the index properties of lime treated black cotton soil 
in the presence of sulphate. Indian Geotech J 25(3):379–394

	21.	 Ramesh HN, Siva mohan M, Sivapullaiah PV (1999) Improvement 
of strength of fly ash with lime and sodium salts. Gr Improv 
3:163–167

	22.	 Sridharan A, Prashanth JP, Sivapullaiah PV (1997) Effect of fly ash 
on the unconfined compressive strength of black cotton soil. Gr 
Improv 1:169–175

	23.	 Ramakrishnegowda C, Yaji R, Shivashankar R, Sivapullaiah PV 
(2011) Geotechnical properties of shedi soil affected by alkali 
contamination. Int J Environ Prot IJEP 1(4):45–52

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Justification of strength properties of microstructural changes in the black cotton soil stabilized with rice husk ash and carbide lime in the presence of sodium salts
	Abstract
	1 Introduction
	2 Materials and Methodology
	2.1 Materials
	2.1.1 Black cotton soil (BC soil)
	2.1.2 Rice husk ash (RHA) and carbide lime (CL)
	2.1.3 Sodium chloride and sodium hydroxide

	2.2 Methodology
	2.2.1 Consistency limits
	2.2.2 Compaction test
	2.2.3 Unconfined compression strength test
	2.2.4 Preparation of soil sample for unconfined compression strength test


	3 Results and discussion
	3.1 Compaction characteristics of expansive BC soil–RHA mixtures
	3.2 Compaction characteristics of expansive BC soil–RHA mixtures treated with carbide lime
	3.3 Optimization of RHA and carbide lime for BC soil
	3.4 Index properties of BC soil–RHA mixtures treated with CL and sodium salts
	3.5 Compaction characteristics of alkali-treated soil, optimum RHA and optimum CL mixture
	3.6 Influence of density–moisture content for strength properties of stabilized soil mixed with RHA carbide lime along with the addition of sodium salts
	3.6.1 Effect of RHA on the strength properties of BC soil
	3.6.2 Improvement in strength of CL-treated BC soil–RHA mixture compacted at three significant moisture content and dry density
	3.6.3 Improvement in strength of the RHA-stabilized BC soil in the presence of CL and sodium salts


	4 Microstructural study on the strength enhancement of the composite
	4.1 X-ray diffraction studies on the stabilized soil
	4.2 SEM analysis of unstabilized and stabilized soil

	5 Conclusions
	Acknowledgements 
	References




