
ORIGINAL PAPER

Prediction of Strength Development in Black Cotton Soil
Stabilised with Chemical Additives

P. C. Naveena1,2
• S. V. Dinesh2

• B. Gowtham2
• T. S. Umesh2

Received: 11 January 2015 / Accepted: 9 September 2016 / Published online: 11 October 2016

� Indian Geotechnical Society 2016

Abstract Black cotton soil is found in many states of

India and is found to be problematic soil for construction. It

has low shear strength, high swelling, shrinkage and

compressibility characteristics. As costs of waste disposal,

transport and materials procurement continue to increase,

the use of ground improvement techniques to prepare

problematic soils for construction has become much more

popular. The increased land use pattern has put pressure to

develop techniques for ground improvement of problem-

atic soil deposits. The ground improvement techniques are

generally based on densification, inclusion of reinforce-

ment, cementation and provision of drainage etc., these

days chemical additives are becoming popular due to their

resistance to seasonal changes, increase in strength with

curing and longer serviceability. Generally lime and

cement are widely used to improve black cotton soil having

high swelling and compressibility. In this paper, an attempt

is made to stabilise black cotton soil using Industrial by

products such as calcium carbide residue (CCR), lime,

sodium silicate and sodium silicate ? lime (SS ? L)

blend. In this study an attempt is made to identify the effect

of these chemical additives on Atterberg’s limits and

compaction characteristics and critical factors governing

the strength development of black cotton soil specimen

stabilised with CCR, lime and sodium silicate ? lime. The

results have shown that the plasticity index decreases to

1/3rd of the initial value. The compaction behaviour is

greatly influenced by soil pore fluid interaction and its

effect on diffused double layer and soil structure. The

combination of optimum content of sodium silicate and

lime for black cotton soil stabilization is stable from the

durability point of view. It is also found that the clay-water/

admixture ratio (Wc/Admixture) and the curing period are

the prime parameters controlling the strength development.

Based on these parameters and Abrams’ law, the strength

prediction equations for various curing times and combi-

nations of clay-water content and chemical additive content

are proposed and verified.

Keywords Black cotton soil � Clay-water/admixture ratio �
Clay-water/CCR ratio � Clay-water/(SS ? L) ratio �
High-swelling clayey soil � Unconfined compression test

Introduction

Black cotton soil causes severe damages to the structures

particularly buildings, canal slopes and pavements due to

swelling and shrinkage during wet and dry seasons. Black

cotton soil is generally inundated with water during rainy

season and it tends to soft state with high initial water

content. Many foundations, canal slopes, road bases were

reported to be under distress and failure. Thus, to utilize

these soils in an effective way, there is a need for ground

improvement before construction. The treatment could be

either stabilization or replacement with a good soil.

Replacing the black cotton soil with a good soil is not
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economical. Several ground improvement techniques such

as densification, cementation (additive), reinforcement, and

drainage are attempted to mitigate the problems. The

additive techniques such as bituminous, lime, cement and

chemical stabilizations have gained popularity and are

widely used to improve the mechanical behavior. Out of

these, chemical stabilization is becoming more popular

these days due to their resistance to seasonal fluctuation,

increased resistance to compression and strength develop-

ment with increase in curing time and longer serviceability.

Calcium carbide residue (CCR) is a by-product of

acetylene production process, which contains mainly cal-

cium hydroxide, Ca(OH)2. It is an industrial waste and

cementing agent for soil stabilization. Many researchers

[1–4] have investigated the engineering properties of the

calcium carbide residue stabilized clay to ascertain the

performance in the fill and pavement applications. It has

been reported that the calcium carbide stabilization is more

effective than the lime stabilization in terms of engineer-

ing, economic and environmental viewpoints.

Sodium silicate grouts are popular due to their envi-

ronmental and safety compatibility. Moreover, sodium

silicates have been developed into a wide variety of dif-

ferent grout systems. Practically, all systems are assumed

on reacting a silicate solution to form a colloid which

polymerizes further to form a gel that binds sediment

particles or soil together and fills voids. In addition, sodium

silicate solutions are basic in nature. As this alkaline

solution is neutralized, colloidal silica will aggregate to

form a gel if the sodium silicate is present in concentrations

above 1 or 2 % [5–7]. Sodium silicate solution in water

known as water glass, in combination with other chemicals

such as calcium oxide, calcium chloride, sodium hydrox-

ide, calcium carbide, cement etc. can be used for stabi-

lization of soil [8, 9]. Several investigators have attempted

soil stabilization with lime as additive for generation of

long term strength by pozzolanic action. The main benefits

of using lime to stabilize clays are improved workability,

increased strength, and volume stability. There by

enhancing many of the engineering properties of the soil

and thus, produces an improved construction material. The

strength developed obviously is influenced by the quantity

of cementitious gel produced, consequently on the amount

of lime consumed and curing period [10–13].

Many constitutive models have been developed for

strength prediction based on compression and shear

behaviour [14–16]. The Abram’s law [17] based on the

ratio of free water content to cement content is exten-

sively used for predicting the strength of concrete. In

soils, strength is found to be independent of the absolute

contents of free water and cement content in the mix.

Many researchers ( [18–23]) have identified the clay-

water/cement ratio, (Wc/C) as a critical parameter

influencing strength development in cement stabilized

clays. It is believed that clay water content reflects the

microfabric and the cement content influences the level

of bonding of that fabric. Based on this parameter and

Abrams’ law (Abrams 1918), it is revealed that for a

given set of cement admixed clays, the strength devel-

opment depends only on the clay-water/cement ratio,

(Wc/C). Several investigators [18–20]), extended this

analogy to the behaviour of soil stabilization and have

brought out that the clay-water to cement ratio has been

identified as controlling parameter for strength gain and

generalized prediction equations ([24–28]) have been

developed. The effect of different stabilizing agents used

is different for different soils. The prediction equations

are soil specific and are useful for those for which they

are developed and other soils with similar geotechnical

properties.

The present paper reports the results of strength devel-

opment of black cotton soil by stabilizing with calcium

carbide, lime and sodium silicate as additives. An attempt

is made to formulate prediction equations for strength

development based on Abram’s law for black cotton soil

stabilized with these additives and their validation for use

by field engineers for ground improvement.

Materials and Methods

Materials

Black cotton soil was procured from Hiriyur Taluk, Chi-

tradurga District. The soil was collected at a depth of about

1 m from the ground level after removing all the vegetation

matter. The soil was air dried and pulverized to break the

lumps. After sieving through 2.00 mm sieve, it was stored

in air tight bags. As and when required, the soil was oven

dried at 105 �C for 24 h and then cooled to room tem-

perature before use. The results of index properties, gra-

dation and standard Proctor tests are presented in Table 1.

The soil is silty-clay of high compressibility with the group

symbol CH–MH. Figure 1 shows grain size distribution of

black cotton soil. It is a very high swelling clayey soil with

the free swell ratio greater than 1.35 [29]. The consistency

limits are LL = 72 %, PL = 41 %, Ip = 31. The modified

Proctor parameters are cdmax = 16.5 kN/m3 and optimum

moisture content (OMC) = 22 %.

Physico-chemical Properties

The Physico-chemical properties were determined as per

standard test procedures.
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About 10 gm of crushed oven dried soil sample is taken

and concentrated HNO3 is added to it such that all the soil

particles are suspended. Shake well the suspension, boil for

5 min and cool it. It is then filtered through what mans

filter paper. The residue along with the filter paper is placed

in a silica crucible which is then placed in muffle furnace

and heated till red hot. The residue left in the crucible gives

the percentage of silica present in the soil. The filtrate is

collected and made up to 250 ml (stock solution) which is

then used for further experiments.

Take 25 ml of stock solution and add 10 mg of

ammonium chloride and ammonium hydroxide (1:1) till

excess white/reddish brown precipitate appears. The solu-

tion is then subjected to centrifuge for 10 min. Precipitate

is separated with the help of filter paper. Sodium hydroxide

is added to the residue collected from the filter paper and

again filtered. The residue along with the filter paper is

collected and placed in silica crucible which is then placed

in muffle furnace and heated till red hot. The residue left in

the crucible gives the percentage of iron present in the soil.

Ammonium hydroxide is added to the filtrate obtained in

the previous step till it forms precipitate and then filtered.

The residue along with the filter paper is collected and

placed in silica crucible which is then placed in muffle

furnace till red hot. The residue left in the crucible gives

the percentage of alumina present in the soil.

Take 25 ml of stock solution and add 10 mg of

ammonium chloride and ammonium hydroxide (1:1) till

excess white/reddish brown precipitate appears. The solu-

tion is then subjected to centrifuge for 10 min. Filtrate is

collected and ammonium carbonate is added till white

precipitate is formed and then filtered. The residue along

with the filter paper is then placed in silica crucible which

is then placed in muffle furnace till red hot. The residue left

in the crucible gives the percentage of calcium present in

the soil.

Ammonia is added to the filtrate collected in previous

step and filtered. The residue along with the filter paper is

then placed in silica crucible which is then placed in muffle

furnace till red hot. The residue left in the crucible gives

the percentage of magnesium present in the soil.

The pH of the soil specimen was determined by the

electrometric method as per IS: 2720 (part 26)-1987. The

cation exchange capacity of the soil specimen was deter-

mined as per IS: 2720 (part 24) 1976. The specific surface

area of the soil specimen was determined as per ASTM

C837, Methylene blue titration method. The chemical

properties of black cotton soil are reported in Table 2.
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Fig. 1 Grain size distribution curves for black cotton soil

Table 1 Geotechnical properties of black cotton soil

Sl. no Property Parameter

values

1 Specific gravity, G 2.71

2 Grain size distribution (%)

a Gravel 0.0

b Sand 5.0

c Silt and clay 95.0

3 Soil classification

a I.S soil classification CH–MH

4 Atterberg’s limit (%)

a Liquid limit 72.0

b Plastic limit 41.0

c Plasticity index 31.0

d Shrinkage limit 13.0

5 Compaction characteristics (standard proctor test)

a Optimum moisture content, OMC (%) 22

b Maximum dry density, cdmax (kN/m
3) 16.5
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Additives Used

Calcium carbide residue (CCR), lime and sodium silicate

(SS) were considered as additives in the present

investigation.

Calcium Carbide (CaC2) Residue

Calcium carbide residue (CCR) was used as an additive for

stabilising black cotton soil. The CCR mainly contains

calcium carbide and minimum assay was 75 %. The

quantity of calcium carbide used was varied from 0 to 8 %

by dry weight of soil. Calcium carbide having molecular

weight of 64.1 g was used.

Lime

Quick lime was used in this investigation and it mainly

contains calcium hydroxide and minimum assay was 90 %.

The quantity of lime used was varied from 0 to 9 % by dry

weight of soil. The physico-chemical properties of quick

lime are shown in the Table 3.

Sodium Silicate (Na2O SiO2�9H2O)

Sodium silicate and lime were blended and used to stabilise

black cotton soil. Sodium silicate used in this investigation

is having molecular weight of 284.2 g/mol. The quantity of

sodium silicate used was varied from 0 to 6 % by dry

weight of the soil. The details of sodium silicate are shown

in the Table 4.

Mechanism of Soil–Lime Interaction

Lime reacts chemically with clay soil to alter molecular

interactions. Untreated black cotton soils have a molecular

structure similar to some polymers, and possess plastic

properties. The structure can trap water between its

molecular layers, causing volume and density changes. The

following equations show the reactions involved.

CaOþ 2H2O ! CaðOHÞ2 ð1Þ

CaðOHÞ2 ! Caþþ þ ðOHÞ� ð2Þ

Caþþ þ OH� þ soluble clay silica

! calcium silicate hydrate CSHð Þ ð3Þ

Caþþ þ OH� þ soluble clay alumina

! calcium aluminate hydrate CAHð Þ ð4Þ

The initial consumption of lime gives an indication of the

minimum quantity of lime that must be added to the soil in

order to achieve significant change in properties. This

quantity must first satisfy the affinity of the soil for calcium

and so it is not available for pozzolanic reactions.

Mechanism of Soil–Sodium Silicate and Lime

Interaction

Sodium silicate is good for soil stabilisation on account of

its binding behaviour but clay particles of black cotton soils

typically have a net negative charge on their face and a

positive charge along their edges due to broken bonds.

When sodium silicates are added to black cotton soil, the

negative silicate ions from the sodium silicates are attracted

Table 2 Chemical properties of natural black cotton soil

Parameter Black cotton soil

SiO2 46.04 %

Fe2O3 10.37 %

Al2O3 20.84 %

CaO 1.34 %

MgO2 1.93 %

Others 18.76 %

pH 8.9

Specific surface 300 m2/gm

Cat ion exchange capacity 11.70 milli equivalence/100 gm

Organic matter 0.0 %

Table 3 Physico-chemical properties of quick lime

Sl. no Characteristics Value

1 Minimum assay 90 %

2 Molecular weight 56.08 g/mol

3 Chlorides 0.04 %

4 Sulphates 0.4 %

5 Aluminium, iron and insoluble matters 1.0 %

6 Arsenic 0.0004 %

7 Lead 0.004 %

Table 4 Physico-chemical properties of sodium silicate (SS)

Sl. no Characteristics Value

1 Molecular weight 284.2 g/mol

2 Chloride 0.05 %

3 Sulphate 0.05 %

4 Iron 0.005 %

5 Heavy metals 0.001 %

6 LOI 35–50 %
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and attach to clay particle edges causing entire clay parti-

cles to become negatively charged. If the entire clay par-

ticles have a negative charge, they will repel one another

and the clay structure will become dispersed and weak.

Sodium silicate may strengthen the clay if lime is added

along with the sodium silicate, addition of calcium

hydroxide makes the soil environment basic and increase

of pH and with the presence of both calcium ions and

silicate ions, calcium silicate gel can form, hydrate, and

harden thereby cementing the clay particles together. The

following equations show the reactions involved,

Na2SiO3 þ 2H2O ! H2SiO3 þ 2Naþ 2ðOHÞ� ð5Þ
H2SiO3 þ CaðOHÞ2 ! CaSiO3 þ 2H2O ð6Þ

Finally, if sufficient supply of calcium ions is not available,

excess silicate ions might attach to the edges of the clay

particles and deflocculates the clay structure. And if fewer

calcium ions are available for ion exchange, strength of the

soil will decrease.

The gel-forming property of sodium silicate is used as

advantage in soil stabilisation. Sodium silicate solutions,

along with reacting chemicals such as calcium hydroxide

(lime), calcium chloride, sodium hydroxide etc., have been

used for the consolidation of porous soil structures for

many years.

Experimental Investigations

Sample Preparation

Black cotton soil was sieved through a 2-mm sieve to

remove pieces of shell and other coarser particles. The

black cotton soil was mixed with the corresponding addi-

tives such as calcium carbide, lime, sodium silicate and

combination of sodium silicate and lime and allowed for

1 h for chemical reactions to take place, thereafter the tests

were conducted as per the procedure laid out in relevant IS

Codes. The calcium carbide content was varied from 0 to

8 % at an increment 2 % by dry weight of the soil. The

lime content was varied from 0 to 9 % by dry weight of the

soil. The sodium silicate was varied from 3 to 6 %. The

black cotton soil was mixed with combination of sodium

silicate (5 mol) and lime, and allowed for 1 h for chemical

reactions to take place, thereafter the tests were conducted.

The optimum content of sodium silicate (SS) was deter-

mined based on plasticity index of SS and black cotton soil

mix which decreased and attained a constant value with

increase in additive content. The SS content was kept at

optimum percentage and lime content was varied. Uncon-

fined compressive strength (UCS) tests were conducted

under soaked condition at respective maximum dry unit

weight of soil-additive mix. Three samples were prepared

and tested for each test and the average of three trails was

recorded to maintain the consistency of test results.

Soaking

The UCS tests were conducted for curing periods of 0, 7,

14 and 28 days in desiccators at 100 % relative humidity.

The cured samples were soaked for 1 day. The soaked UCS

tests were conducted to simulate the durability under wet

condition. The samples were soaked by immersing them in

a container filled with water such that the top of sample is

1 cm above the level of water. The samples were mounted

on porous stones on the bottom and covered by rubber

membrane. The samples were saturated by back saturation

technique under a head of water 1 cm less than the height

of sample. The soaked samples were kept in air for about

30 min for drying and then subjected to unconfined com-

pressive strength test. For all tests 6–8 % of additional

water content determined based on trial tests, was required

for chemical reactions.

Durability

The calcium carbide, lime and sodium silicate stabilized

soil specimen were prepared at optimum percentage of

additive content at MDD and OMC using UCS mould.

After compaction the specimens were kept for 24 h at room

temperature then it is wrapped in polythene bags and stored

in humidity chamber to maintain optimum moisture con-

tent for about 7 days. After 7 days curing the sample is

taken and porous stone was placed at the bottom of the

specimen then it was covered with membrane and sub-

merged in water at room temperature for 5 h and then

volume was measured. Then they were dried in the oven at

a temperature of 40–45 �C for 3 h and air dried at room

temperature for 24 h and again volume was measured. This

completes one cycle of wetting and drying. Similarly the

specimens were subjected to wetting and drying cycles to

ascertain the durability behaviour.

Atterberg Limits

The Atterberg limits for black cotton soil treated with

CCR, lime, sodium silicate and sodium, silicate plus lime

mixes were determined. The Atterberg limits tests results

for various additives used for stabilization of black cotton

soil are presented in Figs. 2, 3, 4 and 5. The results show

that the liquid limit reduces with the addition of additive

contents in all soils whereas plastic limit increases after

certain additive content. The decrease in liquid limit is due

to increased electrolyte concentration which suppress the

double layer thickness and hence flocculation takes place

which will decrease the plasticity index. The increase in
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plastic limit after certain percentage of additive content is

due to formation of soil-additive gel during initial hydra-

tion reaction. However, plasticity index continuously

decreases with the addition of additives as a result the soil

classification changes from CH–MH (untreated soil) to MH

after treated with additives. The optimum additive contents

are 4 % CCR, 7 % lime and 4.5 % SS and 7 % lime as

evident from Figs. 2, 3, 4 and 5. This indicates that the

treated soil will undergo less volume change due to

moisture fluctuation.

Compaction Characteristics

The modified Proctor compaction tests on black cotton soil

treated with CCR, lime, SS and SS ? lime soil mixes were

determined as per IS:2720 (part 7).

Figure 6 shows the compaction curves for black cotton

soil mixed with 2–8 % calcium carbide. It is observed

that there is increase in maximum dry density and opti-

mum moisture content remains same with the addition of

calcium carbide. Maximum adsorption capacity of the

Ca2? ions by the soil occurs at 4 % calcium carbide

beyond 4 %, due to excess free lime and liberation of

acetylene gas, causes unsoundness and hence reduction in

density.

Figure 7 shows compaction curves for Black Cotton soil

mixed with 3, 5, 7 and 9 % lime. It is observed that there is

change in maximum dry unit weight and optimum moisture

content with the addition of lime. The optimum moisture

content is increasing and maximum dry density is

decreasing with the addition of lime content. This is due to

flocculation of soil particles. The OMC is in the range of

22–24 % and dry density decreases from 16.48 to

15.52 kN/m3.

Fig. 2 Atterberg limits of black

cotton soil stabilized with

calcium carbide

Fig. 3 Atterberg limits of black cotton soil stabilized with lime
Fig. 4 Atterberg limits of black cotton soil stabilized with sodium

silicate
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Figure 8 shows variation of MDD with respect to

Sodium silicate content. Soil typically have negative

charges on their faces and positive charge on their edges,

negative silicate ions from sodium silicate attract towards

edges of the clay particle at high concentration and causing

entire clay structure to be negatively charged and hence

repulsion this results in dispersed structure leading to large

void ratio and reduction in density.

Figure 9 shows compaction curves for black cotton soil

mixed with 4.5 % sodium silicate ?3–9 % lime. It is

observed that there is increase in maximum dry density and

the optimum moisture content remains same with increase

in additive content. This increment in density is due to the

exchange of silicate ions on the clay surface from calcium

ions and also active enhanced reactions due to supply of

silicate ions from sodium silicate results in closer structure

of clay particles causing deflocculation which leads to

densification.

Strength Characteristics

Table 5 outlines the experimental program for UCS of black

cotton soil with stabilisers such as calcium carbide, lime,

sodium silicate and combination of sodium silicate and lime.

Effect of Calcium Carbide Residue (CCR)

on Unconfined Compressive Strength

Figure 10 shows UCS versus CCR content, at any given CCR

content, UCS increases with increase in curing period. UCS is

maximum at CCR content of 4 %. Beyond 4 %, there is a

decrease inUCSwith higherCCR content. It is observed from

the results that there is an increase in the UCS value by 100 %

at 0 day for 4 % CCR content. At 4 % CCR content the dry

unit weight is maximum beyond 4 % the dry unit weight

decreases. The variation of 0 day strength can be attributed to

the effect of density. The results indicate significant short term

strength gain due to cation exchange, flocculation and

Fig. 5 Atterberg limits of black

cotton soil stabilized with 4.5 %

SS ? lime

Fig. 6 Compaction curves for black cotton soil treated with calcium

carbide

Fig. 7 Compaction curves for black cotton soil treated with lime
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aggregation. Figure 11 showsUCSversus curingperiod.UCS

increases with increase in curing period. The contribution of

pozzolanic reaction is clearly evident at 4 %CCRcontent due

to the formation of aluminate hydrates as cementitious com-

pound. Higher additive content retard the strength gain which

is due to insufficiency of natural pozzolanic materials to react

with excess Ca(OH)2 and release of acetylene gas at higher

dosages of calcium carbide. In the field applications, CCR has

to be mixed uniformly and thoroughly with soil in dry con-

dition, an addition of 6–8 % water over and above the OMC

has to be made available for hydration then the soil has to be

compacted to Proctor condition.Thedosage level shall bekept

equal to the optimum additive content.

Effect of Lime on Unconfined Compressive Strength

Figure 12 shows UCS versus lime content for curing

periods up to 28 days.

At any given lime content, UCS increases with increase

in curing period. UCS increases with increase of lime

content till 7 % at which strength is maximum for all

curing periods considered. Beyond 7 %, UCS remains

constant. It is observed from the results that there is an

increase in the UCS value by more than 100 % at 0 day for

7 % lime content. This indicates significant short term

strength gain due to cation exchange, flocculation and

aggregation. Figure 13 shows UCS versus curing period.

The UCS increases with increase in curing period. The

contribution of pozzolanic reaction is clearly evident at

7 % lime content due to the formation of aluminate

hydrates as cementitious compound. UCS increases up to

14 days after that there is no increase in strength. This is

Fig. 8 Compaction curves for black cotton soil treated with sodium

silicate

Fig. 9 Compaction curves for black cotton soil treated with 4.5 % SS

and lime

Table 5 UCS testing program for black cotton soil treated with additives

Type of soil Name of the stabiliser Percentage of

stabiliser added

Water content

(OMC) (%)

Maximum dry unit

weight (kN/m3)

Curing period

(days)

Black cotton soil Calcium carbide 2 21.32 16.89 7, 14 and 28

4 21.34 17.03

6 21.38 16.96

8 21.69 16.63

Lime 3 22.32 16.19

5 22.57 16.01

7 22.91 15.83

9 23.13 15.59

Sodium silicate 3 23.27 14.17

4.5 22.12 15.01

6 23.22 14.67

Sodium silicate (SS)

4.5 % ? lime

4.5 SS ? 3 % lime 22.68 16.71

4.5 SS ? 5 % lime 22.47 16.88

4.5 SS ? 7 % lime 22.16 17.27

4.5 SS ? 9 % lime 22.22 16.98
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due to non-availability of soluble clay silica and soluble

clay alumina. After the optimum percentage of lime, the

strength of the soil slightly decreases due to affinity of the

soil for calcium ions comes to end at optimum dosage and

after that it is not available for pozzolanic reactions hence

excess free lime cause unsoundness and reduces the

strength. Higher additive content retards the strength gain

due to insufficiency of natural pozzolanic materials to

react. In field, lime can be added in dry form at pre-de-

termined dosage levels, mixed thoroughly and compacted.

In case of in situ low strength deposits, lime can be injected

in slurry form by grouting.

Effect of Sodium Silicate (SS) on Unconfined

Compressive Strength

Figure 14 shows the variation of UCS versus sodium silicate

for 0, 7, 14, and 28 days. At any given sodium silicate content,

UCS increases marginally. But it is observed that for 6 % SS

UCS value decreases when compared to 4.5 % sodium silicate.

This is because large dosage of sodium silicate creates large

concentration of sodium ions which weakens and disperses the

clay structure due to ion exchange occurring between the high

concentrations of sodium ions and anymore positively charged

cations on the clay particle surface. Finally if sufficient supply

of calcium ions is not available, excess silicate ions attached to

the edges of the clay particles deflocculate the clay structure.

The optimum additive content is 4.5 %with a UCS of 339 kPa

at 28 days. The curing period effect is marginal.

Fig. 10 UCS versus calcium carbide content for various curing

periods

Fig. 11 UCS versus curing periods for various CCR content

Fig. 12 UCS versus lime content for various curing periods

Fig. 13 UCS versus curing periods for various lime content

Fig. 14 UCS versus sodium silicate content for various curing

periods
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Effect of Sodium Silicate (SS) and Lime

on Unconfined Compressive Strength

Sodium silicate alone results in marginal strength increase.

In order to utilise sodium silicate combination of optimum

content of sodium silicate (4.5 %) and lime was considered

(Fig. 15).

Figure 16 shows UCS versus SS(4.5 %) ? lime content.

At any given SS(4.5 %) ? lime content, UCS increases

with increase in curing period. UCS increases with increase

in addition of SS ? lime content till 4.5 % SS ? 7 % lime

(optimum additive content) at which strength is maximum.

Beyond the optimum additive content, UCS is constant

with increase in additive content. It is observed from the

results that there is an increase in the UCS value by 75 % at

0 day for 4.5 % SS ? 7 % lime content. This indicates

significant short term strength gain due to cation exchange,

flocculation and aggregation. The contribution of poz-

zolanic reaction is clearly evident at 4.5 % SS ? 7 % lime

content due to the formation of aluminate hydrates as

cementitious compound. Higher additive content retard the

strength gain which is due to insufficiency of natural

pozzolanic materials to react. Figure 17 shows that, UCS

increases with increase in curing period. UCS increases up

to 14 days after that there is no increase in UCS. This is

because the addition of excess silicate ions from the

sodium silicate enhances the cation exchange process

which causes active reactions and formation of strong bond

between calcium and silicate sheets of the clay particles up

to 14 days of curing. The affinity of clay particles towards

calcium ions end after 14 days of curing, results in

decrease in pozzolanic activity and hence constant

strength. In case of SS and lime mixture, lime can be ini-

tially added in dry condition to the soil and thoroughly

mixed, to this SS solution can be injected to ensure a

uniform distribution and compacted to proctor conditions.

Durability Test

Figure 18 shows variation of differential volumetric strain

with respect to wet-dry cycles for 4 % CCR, 7 % lime and

4.5 % SS ? 7 % lime. It is observed that, for 4 % CCR

differential volumetric strain reduces from 11.88 to 2.18 %

at the end of 5 cycles. For 7 % lime differential volumetric

strain reduces from 8.48 to 3.79 % at the end of 5 cycles.

For 4.5 % SS ? 7 % lime volumetric strain reduces from

7.55 to 3.88 % at the end of 3 cycles. From the above

results it is noticed that, for 4.5 % SS ? 7 % lime the

differential volumetric strain almost remains constant from

the second cycle itself therefore this combination is more

stable than 4 % CCR and 7 % lime.

Strength Prediction

The UCS results have indicated the dependence of strength

of black cotton soil on Wc/CCR ratio and curing period.

The results have also confirmed the fact that strength

increases up to optimum Wc/CCR ratio and further

increase in Wc/CCR decreases the UCS due to increase in
Fig. 15 UCS versus curing periods for various sodium silicate

content

Fig. 16 UCS versus sodium silicate (4.5 %) and lime content for

various curing periods
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CCR content. The strength development follows a poly-

nomial function of second degree as shown in Fig. 19. It is

observed that, the strength development depends on vari-

ous indices of soil such as plasticity index (Ip), CCR

content, and base strength along with curing period. The

contribution of pozzolanic reaction is clearly evident at

4 % CCR content (Fig. 10) due to the formation of alu-

minate hydrates as cementitious compound. At higher

additive content, additional water is necessary for chemical

reactions to form Ca(OH)2 resulting in insufficient water

for hydration reaction. In addition, at higher CCR content,

calcium hydroxide consumed for pozzolanic reaction is

nearly constant beyond optimum CCR content. The excess

Ca(OH)2 remains unutilised due to insufficient pozzolanic

materials.CCR also reacts with water to form acetylene gas

and quick lime. These reactions consume more water. In

addition, more heat is generated which would evaporate

more water than would be evaporated by lime hydration

alone. This leads to insufficient water for hydration

reaction. Due to these reasons strength decreases for CCR

content greater than optimum content and the same trend is

observed in Fig. 19.

UCS of black cotton soil stabilised with CCR is a

function of parameters such as clay-water to CCR ratio,

CCR content, curing period, plasticity index and base

strength as given below in Eq. (7).

UCS ¼ f
Wc

CCR
;D; Ip;CCR;BS

� �
ð7Þ

Strength prediction equation is developed by non-linear

regression analysis for black cotton soil stabilised with

CCR considering various parameters such as clay-water to

CCR ratio, CCR content, curing period, plasticity index

and base strength has given in Eq. (8).

UCS ¼ �370 � Wc

CCR

� �2

�510 � Wc

CCR

� �
þ 300

 !"

� � 0:0707 � D

IP

� ��

� 4 � CCRþ E � BS
ð8Þ

where, Wc/CCR clay-water to CCR ratio, D curing period

in days, LI liquidity index, CCR content in %, Ip plasticity

index, BS base strength i.e., UCS at zero CCR content,

E constant which depends on base strength of soil and

equal to 2.70 for black cotton soil considered.

The results of predictionofUCSusingEq. (8) are presented

in Table 6. From the results, it is observed that predicted

strengths are in good agreementwith laboratory strengthswith

an R2 value of 0.93 and a mean absolute percentage error

(MAPE) of 8.28 % which is acceptable from the practical

point of view. This error is mainly due to the factors such as

chemical reactions and curing temperature.

Fig. 18 Differential volumetric strain versus wetting and drying

cycles

Fig. 19 Unconfined

compressive strength (UCS)

versus clay-water/(CCR) ratio

(Wc/CCR)

296 Indian Geotech J (September 2017) 47(3):286–302

123



Figure 20 shows the predicted UCS values versus

experimental UCS values for the data of present investi-

gation and literature [3]. There is a good correlation of

experimental and predicted values with an R2 value of

0.90. The validation results correspond to CCR content of

more than 5 % and curing period up to 90 days.

Strength Prediction of Black Cotton Soil Treated

with Lime as Additive

The UCS results have indicated the dependence of strength

of black cotton soil on Wc/lime ratio and curing period.

The results have also confirmed the fact that strength

increases when Wc/lime ratio is low and vice versa. In this

background, the strength development can be analysed

using the concept of Abram’s law for additive treated soils.

This concept was successfully adopted to predict strength

development for cement stabilised soils. The power func-

tion of the following form is widely used to predict the

strength development of cement stabilised coarse and fine

grained soils [24].

qu ¼
A

ðwc=LÞB
ð9Þ

where, qu unconfined compressive strength, A and B are

empirical constants.

The parameter ‘A’ accounts for soil type and curing

time and ‘B’ is generally taken as a constant though it

varies over a narrow band for a particular soil.

Figure 21 shows the present experimental values of

unconfined compressive strength with clay-water/lime ratio

for curing periods of 7–28 days. The results indicate that

the UCS values of the soil for low Wc/lime ratio are higher

and vice versa. The strength can be expressed in the form

of a power function as shown in Fig. 21.

The stabilised strength at any curing time ‘D’ and for a

given Wc/lime (Wc/L) ratio can be expressed in terms of

28 days strength as shown in Eq. (10) on the basis of

Abram’s law.

qðWc=LÞD
qðWc=LÞ28

( )
¼ ðWc=LÞ28

ðWc=LÞD

� �B
ð10Þ

where, D is the curing time (days) and qðWc=LÞD is strength

at D days of curing.

At a particular Wc/lime ratio, the strength development

depends on curing time. A linear regression of the test data

yields the following relation (11).

qD

q28
¼ 0:197 lnDþ 0:447 ð11Þ

where, D is the curing time (days) and qD is strength at D

days of curing.

The generalized interrelationship for strength prediction

based on Wc/lime and curing period can be expressed as

(12) below for lime stabilised black cotton soil (CH–MH).

qðWc=LÞD
qðWc=LÞ28

( )
¼ ðWc=LÞ28

ðWc=LÞD

� �0:53
ð0:197 lnDþ 0:447Þ ð12Þ

Table 6 U.C.S strength prediction for CCR treated black cotton soil

Base strength (kPa) Ip CCR (%) Wc (%) (Wc/CCR) D days qul (Kpa) qup (Kpa) Error (%)

160 31 4 21.34 5.34 7 717 622.77 13.14

160 31 4 21.34 5.32 14 922 829.54 10.03

160 31 4 21.34 5.32 28 1153 1243.08 7.81

160 31 6 21.38 3.56 7 536 507.22 5.37

160 31 6 21.38 3.56 14 740 606.45 18.05

160 31 6 21.38 3.56 28 832 804.90 3.26

160 31 8 21.69 2.71 7 442 460.71 4.23

160 31 8 21.69 2.71 14 532 521.41 1.99

160 31 8 21.69 2.71 28 602 642.82 6.78

160 31 10 21.89 2.19 7 400 433.34 8.33

160 31 10 21.89 2.19 14 495 474.67 4.11

160 31 10 21.89 2.19 28 577 557.35 3.41

160 31 15 22.00 1.47 7 375 391.86 4.50

160 31 15 22.00 1.47 14 450 411.72 8.51

160 31 15 22.00 1.47 28 536 451.43 15.78

160 31 20 22.30 1.12 7 360 363.63 1.01

160 31 20 22.30 1.12 14 427 375.26 12.12

160 31 20 22.30 1.12 28 502 398.53 20.61

MAPE 8.28
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where, qðWc=LÞD strength of lime admixed black cotton soil

to be estimated at clay-water/lime ratio after D days of

curing.

qðWc=LÞ28 strength of lime admixed black cotton soil at

clay-water to lime ratio after 28 days of curing.

The predicted UCS values using Eq. (12) are tabulated

in Table 7. The mean absolute percentage error (MAPE) in

prediction is equal to 6.33 %.

Strength Prediction of Black Cotton Soil Treated

with Sodium Silicate (SS) and Lime Combination

as Additive

The UCS results have indicated the dependence of strength

of black cotton soil on Wc/(SS ? lime) ratio and curing

period. The results have also confirmed the fact that

strength increases when Wc/(SS ? lime) ratio is low and

vice versa. The strength development can be analysed

using the concept of Abram’s law for SS ? lime treated

black cotton soil also.

Figure 22 shows the present experimental values of

unconfined compressive strength with clay-water/(SS ? L)

ratio for curing periods of 7–28 days. The results indicate

that the UCS values of the soil for low Wc/(SS ? L) ratio

are higher and vice versa. The strength can be expressed in

the form of a power function as shown in Fig. 22.

The generalized interrelationship for strength prediction

based on Wc/(SS ? lime) and curing period can be

expressed as (13) on the same lines as lime stabilised black

cotton soil.

qðWc=SSþLÞD
qðWc=SSþLÞ28

( )
¼ ðWc=SSþ LÞ28

ðWc=SSþ LÞD

� �1:16
ð0:197 lnD

þ 0:447Þ ð13Þ

The predicted UCS values using the Eq. (13) are tabulated

in Table 8 below. The mean absolute percentage error

(MAPE) in prediction is equal to 7.26 %.

Tables 7 and 8 show the predicted strengths are in very

good agreement with the laboratory strengths. It is found

that the error from the prediction is acceptable for engi-

neering practices with the mean absolute percent error

(MAPE) of 6.33 and 7.26 % for prediction equation for

lime alone, sodium silicate and lime admixed black cotton

soil at various curing days.

The Eq. (13) can be generalised for additives (A) used

i.e., lime alone and SS plus lime as mentioned below in

Eq. (14). The empirical coefficient B has values of 0.53

and 1.16 respectively.

Fig. 20 Experimental UCS

values versus predicted UCS

values
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qðWc=AÞD
qðWc=AÞ28

( )
¼ ðWc=AÞ28

ðWc=AÞD

� �B
ð0:197 lnDþ 0:447Þ ð14Þ

Figure 23 shows predicted and experimental values of

black cotton soil stabilised with lime alone and SS plus

lime obtained using generalized prediction equation shown

in Eq. (14).

There is an excellent correlation of experimental and

predicted values with an R2 value of 0.95.

From the experimental results, it has been observed that

CCR and combination of SS(4.5 %) ? lime (7 %) pro-

vides a good strength of 1200 kPa at their respective

optimum content (4 % CCR and 4.5 % SS ? 7 % lime),

followed by lime with a strength of 900 kPa at 7 % and

350 kPa with 4.5 % SS.

CCR and combination of SS ? lime are more effective

than lime. However, CCR poses problems for mixing and

compaction in the field. There are chances of health hazard

due to release of acetylene gas. Presence of excess CCR

than optimum level will retard strength gain significantly to

an extent of 50 % of the peak strength.

In addition, the black cotton soil stabilised with CCR

shows large initial differential volumetric strain under

wetting and drying cycles though it stabilises in three

cycles.

In field, lime and SS combinations can be mixed in dry

form or as grouts. These additives can be added individu-

ally or in combination at predetermined optimum dosage

levels mixed thoroughly and compacted. In case of in situ

deposits they can be injected in slurry form by grouting.

Fig. 21 Unconfined

compressive strength (UCS)

versus clay-water/lime ratio

Wc/L

Table 7 Comparison of experimental and predicted UCS values for lime treated black cotton soil

Curing time Lime content Clay-water content Clay-water/lime ratio Laboratory strength Predicted strength (qup - qul)/qul 9 100

Days L (%) Wc (%) Wc/L qul (Kpa) qup (Kpa) (%)

7 3 22.32 7.44 415 450.88 8.64

14 3 22.32 7.44 512 525.02 2.54

28 3 22.32 7.44 543 599.17 10.34

7 5 22.57 4.51 592 587.59 0.74

14 5 22.57 4.51 726 684.22 5.75

28 5 22.57 4.51 759 780.85 2.88

7 7 22.91 3.27 699 696.76 0.32

14 7 22.91 3.27 888 811.34 8.63

28 7 22.91 3.27 937 925.92 1.18

7 9 23.13 2.57 687 792.00 15.28

14 9 23.13 2.57 871 922.25 5.88

28 9 23.13 2.57 925 1052.49 13.78

MAPE 6.33
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Beyond optimum dosage levels, strength remains con-

stant. Another advantage of SS ? lime combination is, it

undergoes low initial volume change and stabilises within

two cycles under alternate wetting and drying process.

Therefore, it is more stable volumetrically and can be

considered as very effective stabilising agent from the point

of strength development, durability and sustainability.

Conclusions

The strength development equations based on clay-water/

additives ratio, curing period and other parameters are

proposed. Based on the results the following conclusions

are drawn.

1. The additives CCR, SS, lime and combination of

SS ? lime are effective in reducing the plasticity of

black cotton soil by 1/3rd of its initial value at their

respective optimum contents.

2. The compaction characteristics depend on the type of

additive. Sodium silicate results in dispersed structure

resulting in reduced dry density. With CCR, the

structure of the soil collapses on compaction resulting

in higher density till optimum additive content, lime

results in flocculated structure causing reduction in dry

density and increase in OMC. Whereas combination of

sodium silicate and lime results in higher density due

to deflocculation.

3. The strength development depends on additive con-

tent, ratio of water content to additive content, curing

Fig. 22 Unconfined

compressive strength (UCS)

versus clay-water/(SS ? L)

ratio Wc/(SS ? L)

Table 8 Comparison of experimental and predicted UCS values for sodium silicate ? lime treated black cotton soil

Curing

time

SS ? lime

content

Clay-water

content

Clay-water/(SS ? lime)

ratio

Laboratory

strength

Predicted

strength

(qup - qul)/

qul 9 100

Days SS ? L (%) Wc (%) Wc/(SS ? L) qul (Kpa) qup (Kpa) (%)

7 7.5 22.68 3.02 913 885.98 2.96

14 7.5 22.68 3.02 1015 1031.68 1.64

28 7.5 22.68 3.02 1067 1177.38 10.34

7 9.5 22.47 2.37 1307 1178.14 9.85

14 9.5 22.47 2.37 1555 1371.89 11.77

28 9.5 22.47 2.37 1573 1565.63 0.46

7 11.5 22.16 1.93 1565 1494.33 4.51

14 11.5 22.16 1.93 1990 1740.07 12.55

28 11.5 22.16 1.93 2025 1985.81 1.93

7 13.5 22.22 1.65 1591 1794.16 12.76

14 13.5 22.22 1.65 2016 2089.21 3.63

28 13.5 22.22 1.65 2079 2384.26 14.68

MAPE 7.26
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period. The strength is highest with CCR and combi-

nation of sodium silicate and lime followed by lime

and sodium silicate being the least. From the durability

point of view, the black cotton soil stabilized with

combination of sodium silicate and lime is more

stable volumetrically under alternate wetting and

drying cycles.

4. The proposed predictive equation for the strength

development of black cotton soil stabilized with

CCR, lime and combination of SS ? lime are useful

to estimate the laboratory strength of black cotton soil

for an additive content up to a maximum of 7 %. A

common relationship based on Abram’s law can be

used for lime, and combination of SS ? lime

admixed soil for a ‘B’ value of 0.53 and 1.16

respectively.

5. UCS value of black cotton soil treated with CCR

increases by tenfold at 28 days of curing at 4 %

optimum additive content in soaked condition.

Beyond optimum percentage, the UCS decreases for

all curing periods due to insufficiency of natural

pozzolanic materials to react with excess Ca(OH)2
and release of acetylene gas at higher dosage of

calcium carbide.
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