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ABSTRACT 

Black cotton soils are characterized by large volume change with changes in moisture 

condition. These characteristics of soils resulted in the failure of building structures in 

Debra Tsige area. The engineering properties of such soils can be improved through 

stabilization. Therefore the aim of this study is to investigate the stabilization of black cotton 

soil with lime and fly ash to improve its engineering properties. And it is making for stable 

soil of this area. In this study black cotton soil is stabilized by addition of optimum percent 

6% of hydrated lime mixed with 5%, 10%, 15% and 20% of fly ash and got the significant 

results on engineering properties like Liquid limit, Plastic limit, Free swell index, standard 

compaction, consolidation, scanning electron microscope and unconfined compression 

strength values. The liquid limit, plastic limit and maximum dry density of the black cotton 

soil decreased and the optimum moisture content and unconfined compression strength 

values are increased when increase in percentage of fly ash contents from 5%-20% with 

optimum percent 6% of hydrated lime. It is concluded that treating black cotton soil with fly 

ash and lime enhances its strength. It also offers another way to dispose of fly ash. 

Key Words: Black Cotton Soil, Stabilization, Engineering Properties, Fly ash, hydrated 

lime,  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

Black cotton soil is found within the parched and semi-arid districts and it cover 

exceptionally expansive zone of the world. Most of these soils are dark in color and are great 

for developing cotton. These soils can be utilized as a development fabric when it has 

building properties such as high quality, low settlement and high toughness. Trouble is 

frequently experienced whereas working with such soils especially in its field compaction. 

Black cotton soil encounters volumetric changes due to changes in water substance and 

suction (Priya & Singh, 2021). Black cotton soils retain water intensely, swell, gotten to be 

delicate and lose quality. These soils are effortlessly compressible when damp and has an 

inclination hurl amid damp condition. Black cotton soils shrink in volume and create crack 

during winter season. They are characterized by extraordinary hardness and breaks when 

dry. These properties make them destitute establishment soils and soil development fabric. 

Black cotton soil in corporately montmorillonite in structure and dark or blackish in color. 

Since of its high swelling and shrinkage characteristics, the black cotton soil has been a 

challenge to geotechnical and highway engineers. The soil is exceptionally difficult when 

dry, but loses its quality totally when in wet condition(Nadgouda & Hegde, 2010). Black 

Cotton soils have the property of high swelling due to guzzling of water in summer and 

shrinkage due to dissipation of water in dry seasons. This swelling and shrinkage nature is 

ascribed to the presence of mineral montmorillonite. Since of this high swelling and 

shrinkage nature, the structures built on these soils encounter crack, making it unacceptable 

for foundation(S. S. Reddy et al., 2018). This type of soil is made up of volcanic rocks and 

magma. Black soil is also known as Black Cotton Soil as cotton is an imperative trim which 

is developed in this sort of soil. The soil substance is wealthy in calcium carbonate, potash, 

lime and magnesium carbonate but has poor phosphorus content (Satish et al., 2018). 

Expansive soils are black cotton soils or clay soils that have ability to change in volume 

when the water content of the soil changes are considered “expansive” or highly plastic. 

Expansive clay particles are invisible to the naked eye and swell when the water content 

increases and is shrink when water content is reduced. when expansive clays are dry it makes 

crack open in the bottom of a mud puddle in the dry heat. When summer rains fall on the dry 

cracked ground the clays swell, the cracks close, and the ground can “heave” up as much as 
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several inches (Mir, 2016). The Black cotton soils are exceptionally difficult when dry, but 

lose its quality totally when in damp condition. Expansive soils are a round the world issue 

that postures a few challenges for respectful Engineers. Different strategies are adjusted to 

move forward the designing characteristics of expansive soils. The risky soils are either 

removed or replaced by good and better quality material or treated utilizing added substance 

(Ai et al., 2013). The black cotton soil by observation looks dark in color and by sample test 

it is characterized by the phenomenon of swelling when wet and shrinks when dry. The 

instability inherent in black cotton soil makes it highly destructive to buildings and road 

constructions (Gana, 2017). 

Construction on characteristic delicate soil stores is still a challenge in geotechnical building. 

It picks up indeed more vital as urban regions all over the world gotten to be more and more 

congested. For socio-economic improvement today’s development ventures are habitually 

built on those ranges, which were considered unacceptable for construction work one or two 

of decades prior. Added substances such as lime, cement, calcium chloride, rice husk, fly 

ash etc., are moreover utilized to modify the characteristics of the expansive soils. The 

impact of the added substances and the ideal sum of added substances to the utilized are 

subordinate basically on mineralogical composition of the soils for centuries mankind was 

pondering at the insecurity of soil materials, particularly broad soil. One day they are dry 

and difficult, and the next day damp and delicate. Swelling soil continuously make issues 

for softly stacked structure, by solidifying beneath stack and by changing volumetrically at 

the side with regular dampness variety. As a result, the superstructures more often than not 

counter over the top settlement and differential developments, coming about in harm to 

establishment frameworks, auxiliary components and building highlights. In a noteworthy 

number of cases the structure gets to be unsteady or dreadful. Soil stabilization is the 

modification of one or more soil properties, by mechanical or chemical implies, to get a 

moved forward soil fabric having the required building properties. Subgrade soil may be 

stabilized to extend the quality and solidness or to avoid disintegration and tidy era (Rao & 

P, 2021). Stabilization is found to be the most excellent procedure for decreasing the 

swelling and shrinkage nature of black cotton soil (S. S. Reddy et al., 2018). 
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1.2 Statement of the Problem 

Expansive soils pose a critical risk to foundations for light buildings. Expansive soils owe 

their characteristics to the presence of swelling clay minerals. As they get damp, the clay 

minerals retain water molecules and expand in size; on the other hand, as they dry they 

shrink, leaving large voids within the soil (Rogers et al., 2015). Lightweight structures found 

on these expansive soils have met with broad issues related with serviceability execution 

basically within the form of cracks or changeless distortion (Lucian, 2006). Expansive 

Clayey soils are soils having poor quality and bearing capacity. Engineers confront 

numerous issues whereas constructing facilities on such soils. Clayey soils do not have 

adequate quality to support the loads of the structure coming on them during construction or 

benefit life of the structure (Upadhyay & Kaur, 2016). There are numerous designing issues 

related with soils like high settlement, low bearing capacity, high erodibility, ground heave 

or collapse, liquefaction potential, soil deformations (twisting, drying up splits, shrinkage, 

and crawl), relocation fine particles due to development water table.(Al-Taie, 2020). The 

main issues of construction with black cotton soil has the powerless quality to carry the 

establishment construct upon it. So, prior to the construction the soil type must be identified 

and stabilization is essential. Black Cotton Soils have high shrinkage and swelling 

characteristics. The shearing quality of the soils is greatly low. The soils are profoundly 

compressible and have exceptionally low bearing capacity (Sharma & Shukla, 2013). 

1.3 Research Question  

1. Does the combination of fly ash and lime improve the geotechnical and engineering 

properties of black cotton soil?  

2. Are stabilizers available locally? 

3. Is stabilizing the soil with these materials are economical?  

4.  In which proportion of fly ash and hydrated lime is obtained maximum strength?  

1.4 Objectives  

1.4.1 General Objective of the Study  

 The main objective of the study is to stabilize black cotton soil by using fly ash and 

lime. 
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1.4.2 The Specific Objectives  

 To determine how various proportions of fly ash with lime affect index and 

engineering properties of black cotton soil. 

 To investigate the effectiveness of fly ash and lime mixture in stabilization of black 

cotton soil. 

 To determine the optimum proportion of fly ash with hydrated lime mixture to 

stabilize black cotton soil. 

 To evaluate the properties of untreated and treated black cotton soil. 

1.5 Significance of the Study 

The stabilization of black cotton soil by fly ash and lime have various advantages to 

preventing the structures from crack, settlement, heave and generally reduce the damage of 

building which come from fluctuation behavior of expansive of soil. To characterize and 

study the usefulness of locally available waste byproduct (Fly ash) and lime on the 

improvement of the engineering properties of black cotton soil to make it suitable foundation 

material. Offers another way to dispose of fly ash in an open place. 

1.6 The scope of the Study 

This Thesis focused on the stabilization of black cotton soils of Debra Tsige town by taking 

three different test pits soil sample and select one sample which has lower engineering 

properties and treat with fly ash and lime. The laboratory tests were also limited to Atterberg 

limit, free swell index, specific gravity, compaction, consolidation, scanning electron 

microscope and UCS tests result interpretations of natural black cotton soil and black cotton 

soil treated with fly ash and lime. 

1.7 Limitation of the study 

In this study the moisture content of undisturbed soil sample is not done due to unavailability 

of necessary material at the sample collected area. Triaxial test, Shrinkage limit test, X-ray 

diffraction, Differential Thermal Analysis tests are not conducted due to unavailable of 

material and machine that perform the tests in geotechnical laboratories.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Origin of Black Cotton Soil 

Expansive soils conveyances are subordinate on geology, climate, hydrology, 

geomorphology, and vegetation. Countries where expansive soils occur and deliver rise to 

major construction costs incorporate Ethiopia, Ghana, Kenya, Morocco, South Africa, and 

Zimbabwe in Africa; Burma, China, India, Iran, Israel, Japan, and Oman in Asia; Argentina, 

Canada, Cuba, Mexico, Trinidad, USA, and Venezuela in America, Cyprus, Germany, 

Greece, Norway, Romania, Spain, Sweden, Turkey, and UK in Europe and 

Australia(Dennis, 1994). Expansive soils are basically formed from two parent materials. 

The primary bunch comprises the essential igneous rocks, such as basalts of deccan plateau 

in India, the dolerite sills and dykes in central region of south Africa and gabbros and norites 

west of pretoria. In these soils the feldspar and proxene minerals of the parent rocks have 

decayed to create montmorillonite and other auxiliary minerals. The secondary parent 

materials comprises the sedimentary rocks that contain montmorillonite as constituent which 

breaks down physically to make expansive soils(Lemi, 2015). There will be no volume alter 

on the off chance that the dampness substance of the clay component is unaltered. When the 

dampness substance of the clay is changed, volume extension within the vertical and the 

horizontal direction will take place(Sisay, 2004). 

2.2 Distribution of Expansive Soil in Ethiopia 

The distribution of clay soil in Ethiopia  covers large areas almost around 31.24%(Berhanu 

et al., 2013). Expansive soils such as black cotton soils, gray clays cover relatively large 

portion of Ethiopia(Arega, 2014). Most of the Ethiopian plateau and part of the Somalian 

plateau are covered with tropical black clays. The intervening Rift Valley has a variety of 

soils-alluvial, lacustrine, and residual black clays over the more recent volcanic. The 

Ethiopian dark clay soils located in the Rift Valley and Ethiopian plateau are estimated to 

cover 10 million hectares. Although the extent and range of distribution of this problematic 

soil has not been studied thoroughly: the southern, south-east and south-west part of the 

country areas, which have more of the recent construction are being carried out and central 

part of Ethiopia following the major trunk roads like Addis Ababa-Ambo, Addis Ababa-

Woliso, Addis Ababa -Debre Berhan, Addis Ababa - Gohatsion, Addis Ababa - Modjo are 

some of the areas covered by expansive soils. Areas like some part of Mekele, Gondor, 
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Bahirdar, Debreberihan and Gambela are also known to be partly covered by expansive soils. 

Expansive soil is a major problem soil of Africa and other parts of the world. Large parts of 

Ethiopia are covered by black and gray expansive soil. The expansive clays of Ethiopia are 

residual, derived from the weathering of basic volcanic rocks, which cover part of 

Ethiopia(Fikadu,2015). 

 

Figure 2.1 Distribution map of expansive soil in Ethiopian(Aga, 2021). 

2.3 Clay Minerals 

Clay minerals are basically crystalline in nature in spite of the fact that a few clay minerals 

do contain material which is non-crystalline. For example allophane or its particle size is 

less than or equal to two micron (0.002 mm). Two principal building squares are included 

within the arrangement of clay mineral structures. They are tetrahedral unit and octahedral 

unit. The tetrahedral unit consists of four oxygen atoms or hydroxyls, in the event that 

required to adjust the structure put at the apices of a tetrahedron encasing a silicon atom 

which combines together to make a shell-like structure with all the tips indicating within the 

same heading. The oxygen at the bases of all the unit lie in a common plane. To begin with 

is Kaolin group consisted Kaolinite and Halloysite second is Montmorillonite group which 

comprised Montmorillonite and third is Illite group comprised Illite(Murthy, 2002). The 

tetrahedron units combine to make a silica sheet. Note that the three oxygen molecules found 

at the base of each tetrahedron are shared by neighboring tetrahedral. Each silicon atom with 



7 
 

a positive valence of 4 is connected to four oxygen atoms with a total negative valence of 8. 

In any case, each oxygen atom at the base of the tetrahedron is connected to two silicon 

molecules. This clear out one negative valence charge of the top oxygen molecule of each 

tetrahedron to be offset. An octahedral unit comprising of six hydroxyl units encompassing 

an aluminum or a magnesium atom. The combination of the aluminum octahedral units 

forms a gibbsite sheet. In case the most metallic atoms within the octahedral units are 

magnesium, these sheets are referred to as brucite sheets. When the silica sheets are stacked 

over the octahedral sheets, the oxygen atoms replace the hydroxyls to satisfy their valence 

bonds(Das, 2008). 
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Figure 2.1 a) Silicon–oxygen tetrahedron unit and b) Aluminum or magnesium octahedral 

unit (Das, 2008). 

 

 

Figure 2.2 (a) Silica sheet,(b) Gibbsite sheet and (c) Silica–gibbsite sheet(Das, 2008). 
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2.3.1 Kaolinite Mineral 

Kaolinite is 1:1 group the foremost common mineral of the kaolinite group of minerals. Its 

basic structural unit comprises of an alumina or gibbsite sheet (G) combined with a silica 

sheet (S). Tips of the silica sheet and one base of the alumina sheet form a common interface. 

The total thickness of the structural unit is almost seven (K.Arora, 2004). 

2.3.2 Montimorillonite 

Montimorillonite (2:1 group) has a lattice consisting of a single layer of alumina sandwiched 

between two layers of silica. Thus, the assemblages of montmorrillonite particles are not 

well bound. Charged molecules of water are able to penetrate between such assemblages, 

forming a water film whose thickness increases with a decrease in the binding strength 

between them. Hence the characteristic feature of this mineral is “inter-crystalline swelling” 

which may lead to a total disintegration of such groups(Mir, 2016). Montmorillonite has 

layers made from two silica plates and one alumina plate. The bond between these layers is 

very weak, so large quantities of water can easily enter the structure and separate them. The 

electrical charge on the clay interacts with the water dipole; finally clay absorbs more 

water.(Ural, 2021). In montimorillonite there is isomorphous substitution of magnesium and 

iron for aluminum in the octahedral sheets(Das, 2006). Montmorillonite has a structure 

similar to illite, but the layers are held together by powerless van der Waals forces. 

Montmorillonite a place to the smectite clay family. It is an aluminum smectite with a little 

sum of Al+3 replaced by Mg2+. This causes a charge imbalance that is adjusted by replaceable 

cations Na+ or Ca2+and arranged water. Extra water can effortlessly enter the bond and 

partitioned the layers in montmorillonite, causing swelling (Muni Budhu, 2011). 

 

Figure 2.3 Structure of (a) kaolinite (b) illite (c)montmorillonite(Das, 2006). 
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2.3.3 Illite 

Illite comprises of a gibbsite sheet bonded to two silica sheets; one at the top and another at 

the bottom. It is sometimes called clay mica. The illite layers are reinforced by potassium 

ions and illite can shrinks and swells a little more than kaolinite, but shrinks and swells 

considerably less than the smectite clays. The negative charge to adjust the potassium ions 

comes from the substitution of aluminum for few silicon within the tetrahedral sheets. 

Substitution of one component for another with no alter within the crystalline form is known 

as isomorphous substitution (Das, 2006). 

2.3.4 Halloysite 

Halloysite could be a clay mineral which has the same essential structure as kaolinite, but in 

which the progressive basic units are more arbitrarily pressed and are isolated by a single 

atomic layer of water. The properties of halloysite depend upon this water layer. In the event 

that the water layer is expelled by drying, the properties of the mineral definitely alter. 

Halloysite particles are tubular in shape, in differentiate to the platy shape of kaolinite 

particles. The soils containing halloysite have a very low mass density (Murthy, 2002). 

2.4 Why Are Expansive Soils Expansive? 

They are rich in montmorillonite which is responsible for its expansive nature but illite is 

also present when their parent rock is rich in potash bearing mineral. The presence of this 

montmorillonite, which is highly responsible for the attendant shrink swell behavior of the 

soil depending on the amount of available moisture in the soil, is the root cause of the many 

problems such as pavement failure and excessive settlement associated with the soil. 

Shrinkage  during  the  dry  season  often  lead  to surface  cracks that  could  open up to 

50mm  or more and several millimeters deep(Asha et al., 2022). The clay particles that 

comprise of expansive soils are different, depending on the type of the clay mineral. 

However, the clay mineral that has the greatest ability to expand and contract is a type of 

clay mineral called smectite. Smectite soils, which include such specific clay minerals as 

montmorrillonite and bentonite, have a surface electrical charge that attracts water molecules 

and free cations which have attracted free water molecules themselves. The individual 

smectite clay particles are weakly bonded and insert themselves between the previously 

bonded clay particles. If the soil becomes wetter, more water molecules are attracted to the 

clay particles and the water molecules push the adjacent clay particles farther and farther 

apart, resulting in an increase in volume of the soil mass, or what is known as swelling. The 
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opposite happens when the soil begins to dry out and gives up moisture. The loss of water 

molecules permits clay particles to move closer together and the result is a reduction in 

volume of the soil mass, or what is known as shrinkage or Contraction) (Mir, 2016). 

Expansive soil damages exceed the combined average annual damages from floods, 

hurricanes, earthquakes, and tornados. A great deal of structural movement has been unduly 

blamed on expansive soils. Many floor slabs constructed in an expansive soil are a crack and 

sometimes heave due to improperly designed concrete. It is a well-known fact that improper 

curing of concrete in addition to the lack of expansion joints will cause cracking. Curling of 

concrete slabs has a strong resemblance to heaving floors caused by swelling soils. This is 

especially true for large warehouse floors where proper curing and design is essential. In 

expansive soil are as the soils are generally stiff and the chance of lightly loaded structures 

cracking due to settlement is rather remote. At the same time there are a large number of 

instances where heavy cracks have appeared in the basement walls that were not caused by 

foundation heaving but by earth pressure exerted on the wall generally compounded by 

seepage pressure. In most cases where vertical or horizontal cracks developed in the 

basement wall earth pressure problems are suspect. Diagonal cracks that develop below 

windows and above doors are a strong indication of swelling movement (Chen, 1974). 

Expansive clays are known to show double characteristics of intemperate swelling and 

shrinkage beneath distinctive dampness conditions. This swelling-shrinkage characteristic 

of expansive soils which depends on the push and suction history of the soil causes 

distortions which are altogether more noteworthy than elastic deformations and cannot be 

anticipated by the classical versatile or plastic hypothesis. The movement is more often than 

not in an uneven design and of such greatness as to cause broad harm to the structures and 

asphalts resting on them (Wubshet & Tadesse, 2014). 

2.5 Identification of Expansive Soil 

There are different geotechnical strategies to recognize the swelling potential of soils. 

Surface examination, geological and geomorphological depiction can give markers of 

expansive soils. The beginning distinguishing proof in this study places the accentuation on 

recognizing and setting up the character and singularity of soils by visual and manual 

methods. Be that as it may, recognizable proof is not just limited to the visual show 

forerunners of expansive soils, but moreover to the cautious survey of arrangement history 

of the grains. The morphological depiction incorporates a host of numerous things such as 

ground water table circumstance, color of the soil, soil consistence, soil texture, soil 
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structure, texture groups etc. Most of the important physical and mechanical properties to 

grant markers of swell potential are gotten by performing geotechnical index property tests 

such as Atterberg limits, unit weights and grain size distribution. Direct tests to decide the 

swell potential incorporate volume change tests free swell in odometer test, coefficient of 

linear extensibility and mineralogical compositions by x-ray diffraction test.(Lucian Charles, 

2008). Morphology of the soil and admixture has been examined by Scanning electron 

microscope (SEM), while mineralogical composition has been determined by X-ray 

diffraction technique (XRD)(Mudgal et al., 2014). The mineralogical composition of 

expansive soils has an imperative bearing on the swelling potential as clarified beneath "Clay 

Structure". The negative electric charges on the surface of the clay minerals, the strength of 

the interlayer bonding and the cation exchange capacity all contribute to the swelling 

potential of the clay. Subsequently, it is claimed by the clay mineralogist that the swelling 

potential of any clay can be assessed by distinguishing poor of the constituent mineral of this 

clay. The five methods which may be utilized are as follows:  

 X-ray diffraction  

 Differential thermal analysis 

 Dye adsorption  

 Chemical analysis and  

 Electron microscope resolution (Chen, 1974).   

2.5.1. Identification by Visualizing 

Expansive soil is commonly known as Black cotton soil because of its color and it’s 

suitability for growing cotton.  It starts swell or shrink excessively due to change in moisture 

content. When an engineering structure is associated with Black-cotton soil, it experiences 

either settlement  or  heave  depending  on  the stress  level  and  the  soil  swelling  pressure. 

Black-cotton soils are residual deposits formed from lava or trap rocks, cover a very large 

area of the world(Asha et al., 2022). Soil that cracks or fractures when it dry is regularly a 

sign that it is expansive; be that as it may a lack of cracks does not essentially show that the 

soil is not expansive. Soils containing expansive clays ended up exceptionally sticky when 

wet and ordinary are characterized by surface cracks surface when dry. Expansive soils are 

frequently clay like, getting exceptionally sticky when wet and hard and brittle when 

dry(Mokhtari & Dehghani, 2012). Field estimates of shrink-swell potential can be made by 

observing drying up cracks shown in below figure. The headway of drying up cracks in the 

ground surface is evident in the midst of the dry periods. The degree of potential swell 
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chooses the estimate of the cracks. Great potential swell is appeared by large and more 

frequent polygon courses of action of cracks whereas low shrink/swell suggests that potential 

for shrinkage cracks making is low. Soils containing expansive clays gotten to be 

uncommonly sticky and plastic when wet and follow to soles of shoes or tires of vehicles. 

They are as well relative straightforward to roll into small strings(Lucian Charles, 2008).  

 

Figure 2.4 Expansive soil showing cracks(Lucian Charles, 2008). 

Geological description is more often than not obtained by the ponder of the location history 

and geological maps. Data on the maps can provide important thought of the soil 

composition as the preliminary data for encourage investigation. Geomorphological 

description is recognized by the nearness of free water at a specific depth and its seasonal 

variety within the soil has solid impact on the swelling potential of the soil. The good thing 

about appropriate expectation of patterns within the groundwater table and fluctuations in 

soil moisture content cannot be overemphasized in establishing their impacts on the swelling 

potential of soils(Lucian, 2006). 

2.5.2. Inferential Testing Methods 

These strategies attempt to connect some of the index properties of fine-grained soils with 

the soil clay mineralogical composition and thus, to assess their swell potential. They can be 

classified as indirect methods and direct methods. Indirect methods make utilize of soil index 
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properties such as liquid limit, shrinkage limit, percent clay size composition of soils and 

also some of the indices such as plasticity index, shrinkage index and the like to estimate the 

swell potential of soils. Direct methods coming beneath this category measure the swell 

potential of a soil specifically the for most valuable and reliable assessment of swell potential 

of a soil may be gotten from Oedometer tests and free swell tests(Asuri & Keshavamurthy, 

2016). 

The first broadly utilized parameter for choosing the shrinkage and swelling potential of a 

soil is the Plasticity Index (IP). Such plasticity parameters being based on remolded 

specimens cannot precisely predict the shrink–swell conduct of an in-situ soil. Be that as it 

may, they do take after properly laid down procedures, being performed beneath 

reproducible conditions to globally recognized benchmark(Jones & Jefferson, 2012). 

Table 2.1 Classification for shrink–swell clay soils(Teal & Rogers, 2021). 

Ip (%) Volume Change Potential 

>41 Very high 

25-41 High 

15-25 Medium 

<15 Low 

Where: Ip' = Ip x (%< 425µm) / 100% 

2.6 Classification of Expansive Soil 

A soil classification is a systematic method of categorizing soils into different groups and 

sub groups agreeing to their plausible engineering conduct but without detailed descriptions. 

Most of the prior classification frameworks were based on grain size distribution, 

classification and soil texture. The presentation of Atterberg’s limits have given modern 

classification framework. It is conceivable to follow numerous soil classification framework 

such as the Casagrande bound together soil classification framework, the American 

Association of State Highway and Transportation officials system, the pedologic soil 

classification system, Federal Aviation Agency system, US public roads administration  

system and the textural classification system(Prasad et al., 2017).  
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2.6.1 AASHTO Soil Classification System 

The AASHTO soil classification framework is utilized to decide the suitability of soils for 

earthworks, embankments, and subgrade natural material underneath a built asphalt and base 

a layer of soil over the subbase that provides high stability to disseminate wheel loads. 

According to AASHTO, granular soils are soils in which 35% or less are finer than the No. 

200 sieve (0.075 mm). Silt-clay soils are soils in which more than 35% are finer than the No. 

200 sieve(Muni Budhu, 2011). The revised framework comprises seven groups of inorganic 

soils, A-1 to A-7 with 12 subgroups in all. For A-7-5; PI<LL-30 and for A-7-6; PI >LL-30. 

It is based on Particle size distribution, Liquid Limit and Plastic Index (Murthy, 2002) 

Table 2.2 AASHTO soil classification(Murthy, 2002). 

General classification 
Granular materials (35 percent or less of total 

sample passing no.200) 

Silt clay materials (more 

than 35% of total sample 

passing no. 200) 

Group classification 

A-1 

A-3 

    A-2 A-4    A-5 A-6   A-7 

A-l-a A-l-b 
A-2-4 A-2-

5 

A-2-6 A-2-

7 
 

    A-l-5 

    A-7-6 

Sieve analysis percent 

passing  

No.10 

No.40 

No.200 

 

50max 

30max 

50max 

15max 

25max 

 

 

 

51 min 

10 max 

 

 

 

 

35max 35 

max 

 

 

 

 

35max 35 

max 

 

 

 

 

36min 

36min 

 

 

 

 

36min 

36min 

Characteristics of 

fraction passing No.40 

Liquid limit 

Plasticity index 

 

 

 

 

6max 

 

 

 

 

N.P. 

 

 

 

40max 11 

min 

10 max 10 

max 

 

 

 

40max 

41min 

11 min 11 

max 

 

 

 

40max 

41min 

10 max 10 

max 

 

 

 

40max 

41min 

11min 11 

min 

Usual types of 

significant constituents 

materials 

Stone 

fragments 

gravel and 

sand 

Fine 

Sand  
Silty or clayey gravel and 

sand 
Silty soils 

Clayey 

soils 

General rating as sub 

grade 
Excellent to good Fair to poor 
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Figure 2.5 Chart for use in AASHTO soil classification system(Murthy, 2002) 

Table 2.3 Soil Types, Average Grain Size, and Description According to AASHTO(Muni 

Budhu, 2011). 

Gravel 75mm to 2mm (No.10 sieve) 

Sand 2mm (No.10 sieve) to 0.075mm (No.200 sieve) 

Silt and Clay 

<0.075mm (No.200 sieve) 

Silt: PI<10% 

Clayey: PI>11% 

Table 2.4 Typical Atterberg Limit for soil(Muni Budhu, 2011). 

Soil type LL (%) PL (%) PI (%) 

Sand Non plastic 

Silt 30-40 20-25 10-15 

Clay 40-150 25-50 15-100 

Minerals  
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Kaolinite 50-60 30-40 10-25 

Illite 95-120 50-60 50-70 

Montmorillonite 290-710 50-100 200-660 

Table 2.5 Activity of Clay-Rich Soils(Muni Budhu, 2011). 

Description  Activity, A 

Inactive <0.75 

Normal 0.75-1.25 

Active 1.25-2 

Very (highly) active (e.g., bentonite) >6 

Minerals 

Kaolinite 0.3-0.5 

Illite 0.5-1.3 

Na-montmorillonite 4-7 

Ca-montmorillonite 0.5-2.0 

2.6.2 Grading and Textural Classification 

The gradation of the black cotton soils varies impressively. There are small or no gravels 

size in most black cotton soils and those that have shown percentages of less than 8%. The 

amount of sand varies between 2% and 50 % and silt 11% to 58%. The clay size contents 

also range from 40% to 75% (Gidigasu & Gawu, 2013). By making use of the grain size 

limits mentioned in the table for sand, silt and clay, a triangular classification chart has been 

developed as shown in figure 4 for classifying mixed soils. The first step in the classification 

of soil is to determine the percentages of sand, silt and clay-size materials in a given sample 

by mechanical analysis. With the given relative percentages of the sand, silt and clay, a point 

is located on the triangular chart. The designation given on the chart for the area in which 

the point falls is used as the classification of the sample. This method of classification does 

not reveal any properties of the soil other than grain-size distribution. One significant 

disadvantage of this method is that the textural name as derived from the chart does not 

always correctly express the physical characteristics of the soil .For example, since some 
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clay size particles are much less active than others, a soil described as clay on the basis of 

this system may have physical properties more typical of silt(Murthy, 2002). 

 

Figure 2.6 Textural classification of black cotton soils based on US Engineers soil 

classification System (Gidigasu & Gawu, 2013). 

2.6.3 Unified Soil Classification System (USCS) 

The Liquid Limit of the black cotton soils are variable and range from 28% to190%, and the 

Plasticity Index range between 14% and 145%. The black cotton soils ordinarily plot over 

the A-line and classify as inorganic clay of low to very high plasticity on the Casagrande’s 

chart in figure 5. The location of the black cotton soils on the Casagrande’s chart gives an 

indication of its mineralogy, in any case, kaolinitic and montmorillonitic soils lie over and 

underneath the A -line. Thus, nothing can be induced with respect to their expansive nature 

just by their position on the plasticity chart. Most black cotton soils classify as A-7-5 and A-

7-6 by the AASHTO Classification System (AASHTO, 1986) with group index values 

varying from 13-89 and CH and CL on the Unified Soil Classification System (ASTM, 

1992). The unified soil classification framework is based on the recognition of the type and 

prevalence of the constituents considering grain size, gradation, plasticity and 

compressibility. It divides soil in to three major divisions: coarse grained soils, fine grained 

soils and highly organic soils. Within the field, distinguishing proof is finished by visual 

examination for the coarse grained soils and a few simple hand tests for the finer grained 
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soils. In the laboratory the grain size curve and the atterberg limits can be used. The peaty 

soils are recognized by color, odor, spongy feel and fibrous texture (Murthy, 2002). 

 

Figure 2.7 Plasticity chart for fine-grained soils(Murthy, 2002). 

 

Figure 2.8 Plasticity classification of Black cotton soils using Casagrande Chart(Gidigasu & 

Gawu, 2013). 

2.7 Compaction Characteristics of Black Cotton Soil 

The Maximum Dry Density (MDD) and Optimum Moisture Contents range from 2970 

kg/m3 to 1108 kg/m3 and 10-49 % respectively.  Coefficient of correlation approximately 

0.7. (Gidigasu & Gawu, 2013). The capability of swelling decreases with an increase of the 
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initial water content of a given soil because its capacity to absorb water decreases with the 

increase of its degree of saturation. It was found from swelling tests on black cotton soil 

samples, that the initial water content has a small effect on swelling pressure until it reaches 

the shrinkage limit, then its effect increases. The effect of initial dry density on the swelling 

percent and the swelling pressure increases with an increase of the dry density because the 

dense soil contains more clay particles in a unit volume and consequently greater movement 

will occur in a dense soil than in a loose soil upon wetting(Murthy, 2002). 

2.8 Black Cotton soil Stabilization Methods 

                                                  

                                  Mechanical     -Compaction 

                                   Stabilization  -Soil replacement 

Mechanical &                                   -Blending of different soils 

Chemical                                          -Pre-wetting                                -Geogrid 

Stabilization of                                 -Wetting drying cycles               -Geotextile 

Expansive Soil                                  -Soil reinforcement----------------Geocomposite 

                                                                                                             -Geonet rainforcement 

                                                                                                             -Geocell grid 

                                                                                                            

 

 

                                   

 

                                                           Traditional stabilizers   -Cement stabilizer 

                                                            (Chemical additives)   -Lime stabilizer   

                                                                                                -Cement and lime stabilizers 

                                   Chemical                                              -Fly ash   

                                   Stabilization             

                       

                                                         

 

 

                                                       Nontraditional      -Cement kiln dust                                                                                                                                                                                           

                                                        Stabilizer              -Lime kiln dust 

                                                        (Other additives)  - Ground granulated blast furnace slag     
                                                                                                       -Bottom ash 

                                                                                                       -Gypsum 

                                                                                                       -Silica fume 

                                                                                                       -Bitumen emulsion 

                                                                                     -Calcium based stabilizer material                                                                  

Figure 2.9 Mechanical and Chemical Stabilizations methods of expansive soils (Fondjo et 

al., 2021). 
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Soil stabilization is the method of building properties of the soil and in this way making it 

more stable, it is required when the soil available for construction is not reasonable for the 

aiming reason. In its broadest senses, stabilization incorporates compaction, pre-

consolidation, seepage and numerous other such forms. In any case, the term stabilization is 

for the most part limited to the form which change the soil material itself for advancement 

of its properties (K.Arora, 2004).. 

Soil stabilization is portrayed as the upgrading the soil properties. The quality and bearing 

restrain of the soil is incredibly upgraded by soil stabilization through controlled compaction, 

proportioning and the advancement of sensible admixtures(Kumar & Hameed, 2018). Soil 

stabilization points at progressing soil strength and increasing resistance to softening by 

water through bonding the soil particles together, water sealing the particles or combination 

of the two. The simplest stabilization processes are compaction and drainage, if water drains 

out of wet soil it becomes stronger. The other process is by improving gradation of particle 

size and further. improvement can be achieved by adding binders to the weak soils (Makusa, 

2012). In hypothesis the swelling potential of expansive clay can be minimized or 

completely eliminated by different remedial measures. Some of the remedial measures are 

listed below (Musema, 2014). 

2.8.1 Mechanical Stabilization 

The objective of mechanical stabilization methods of expansive soil is the diminishment of 

the expansion potential and swelling stress without modifying the soil chemistry (Fondjo et 

al., 2021). Mechanical stabilization is appropriate for low volume roads which includes the 

proper proportioning of aggregates and soil which are adequately compacted to get 

mechanically stable layer (Shreyas, 2017). 

2.8.1.1 Compaction 

The most reason for soil compaction is to get a soil material that can fulfill three fundamental 

necessities: decrease of the subsequent settlement of soil material under live loads. The 

reduction in penetrability anticipates an increment of water stresses actuating liquefaction 

issues and water content for earth dams. Finally, upgrade the shear resistance and the bearing 

restrain of the soil material. Other than, compaction impact on soil properties depends by 

and large on the structure accomplished by the soil during compaction. The optimum water 

content and maximum dry unit weight (γdmax) are estimated from the compaction curve 

(Fondjo et al., 2021). It has been suggested that expansive soils be compacted to some 
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minimum density instead of a maximum density. Compacting the soil to a low density and 

a high water content decreases the potential heave of expansive soil (Jey K. Jeyapalan et al., 

1981). 

2.8.1.2 Soil Replacement 

Soil replacement is among the most usually applied mechanical soil stabilization procedures. 

The soil depth to be replaced relies on active zone depth, soil profile, regular practices and 

construction standards. Backfill materials ought to be impermeable and non-expansive. Also 

backfill substances particularly remolded in situ soil ought to be replaced and compacted 

with suitable compaction parameters (Fondjo et al., 2021). 

2.8.1.3 Pre Wetting  

Pre loading is a technique that can successfully be used to densify soft to very soft cohesive 

soils. Compression takes place when the water in the pores of the soil is removed which 

amounts to artificial consolidation of soil in the field (Murthy, 2002). The fundamental 

thought driving this method is that the soil saturation induces a swell before the construction 

works started so that residual wetting of the soil material would be marginal to initiate defect 

on the foundation by keeping up a high water content condition. It was observed that the 

value of moisture content must be maintained high to prevent variation of the soil material 

volume (Fondjo et al., 2021). Pre wetting theory is based on the presumption in the event 

that soil is permitted to swell by wetting earlier to construction and a high soil moisture 

content is maintained, the soil volume will stay constant. Since the soil has as of now 

accomplished its most extreme reasonable moisture content, there will be no swelling and 

no structural damage. The present method of pre wetting is by ponding or direct flooding of 

the building area (Jey K. Jeyapalan et al., 1981). 

2.8.2 Chemical Stabilization 

Soil stabilization depends primarily on chemical reactions between stabilizer those are 

cementitious material and soil minerals or pozzolanic materials to realize the required 

impact. Through soil stabilization, unbound materials can be stabilized with cementitious 

materials named as cement, lime, fly ash, bitumen or combination of these. The stabilized 

soil materials have a higher strength, lower permeability and lower compressibility than the 

native soil (Makusa, 2012). 
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2.8.2.1 Cement  

Cement stabilization is done by mixing pulverized soil and Portland cement with other and 

compacting the mix to attain a strong material. The material obtained by mixing soil and 

cement is known as soil-cement. The soil-cement becomes hard and durable construction 

material as cement hydrates and develops strength (Lemi, 2015). 

2.8.2.2 Lime  

The actions of lime that lead to improvement of soils are cation exchange, flocculation and 

agglomeration, carbonation and pozzolanic reaction. These reactions contribute to physical, 

mineralogical and microstructural changes in the treated soils leading to reduction in 

plasticity  and swell-shrink potential improvement in strength and stability(Rao & P, 2021). 

Lime stabilization is done diminish the volumetric alter behavior and to extend stiffness and 

strength. Lime stabilization may be a demonstrated strategy to modify the soil by adding the 

adequate amount of lime which result in pozzolanic reactions which in turn result in pick up 

in strength and stability by alter in texture and diminish plasticity. The utilize of hydrated 

lime, Ca(OH)2, in stabilizing expansive soils is more well known in road construction due 

to its demonstrated strategy to move forward the subgrade soil. Lime is a more suitable 

additive for black cotton soil in upgrading strength, decreasing swelling potential and 

increased durability. Lime had been used in different forms like hydrated high calcium lime, 

Ca(OH)2; Cacitic quick lime, CaO; dolomite quick lime, CaO, MgO and monohydrate 

dolomitic lime, Ca(OH)2 MgO(Chitragar et al., 2021). When hydrated lime is mixed with 

clay particles, it permanently forms strong cementitious bonds. Lime has been known to 

reduce the swelling potential, liquid limit, plasticity index and maximum dry density of the 

soil and increases its optimum water content, shrinkage limit and strength. It improves the 

workability and compactability of subgrade soils. If quicklime is used, it immediately 

hydrates, i.e., chemically combines with water and releases heat. Soils are dried because 

water present in the soil participates in this reaction and because the heat generated can 

evaporate additional moisture. The hydrated lime produced by these initial reactions will 

subsequently react with clay particles. These subsequent reactions will slowly produce 

additional drying because they reduce the soil’s cation exchange: sodium, magnesium and 

other cations are replaced by the calcium cations from the available calcium hydroxide 

moisture holding capacity. If hydrated lime or hydrated lime slurry is used instead of 

quicklime drying occurs only through the chemical changes in the soil that reduce its 
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capacity to hold water and increase its stability. After initial mixing the calcium ions (Ca2+) 

from hydrated lime migrate to the surface of the clay particles and displace water and other 

ions. The soil becomes friable and granular making it easier to work and compact. At this 

stage the Plasticity Index of the soil decreases dramatically as does its tendency to swell and 

shrink. The process which is called “flocculation and agglomeration,” generally occurs in a 

matter of hours. When adequate quantities of lime and water are added, the PH of the soil 

quickly increases to above 10.5, which enables the clay particles to break down. Silica and 

alumina are released and react with calcium from the lime to form calcium-silicate-hydrates 

(CSH) and calcium-aluminate-hydrates (CAH). CSH and CAH are cementitious products 

similar to those formed in Portland cement. They form the matrix that contributes to the 

strength of lime-stabilized soil layers. As this matrix forms the soil is transformed from a 

sandy, granular material to a hard relatively impermeable layer with significant load bearing 

capacity. The matrix formed is permanent, durable and significantly impermeable producing 

a structural layer that is both strong and flexible. However, alteration of particle structure 

occurs slowly depending upon the type of clay present a mellowing period from 1 to 4 days 

is allowed to obtain a homogeneous, friable mixture. These reactions maybe summarized as: 

Ca2++OH−+Soluble Clay Silica→Calcium Silicate Hydrate(CSH)                 0.1 

Ca2++OH−+Soluble Clay Alumina→Calcium Alumina Hydrate(CAH)          0.2 

Lime stabilization enhances engineering properties of soils, such as improved strength, 

higher resistance to fracture, fatigue and permanent deformation, enhanced resilient 

properties, reduction in swelling and resistance to the harmful effects of moisture. The most 

considerable improvements in these properties are observed in moderately to highly plastic 

clays. 

Flocculation and agglomeration: flocculation of the clay particles increases the effective 

grain size and reduces plasticity thus increasing the strength of the matrix. 

Pozzolanic reaction: the high PH environment created by the available calcium hydroxide 

solubilizes silicates and aluminates at the clay surface which in turn react with calcium ions 

to form cementitious products that are composed primarily of calcium silicate hydrates or 

calcium aluminate hydrates or both(Firoozi et al., 2017). It is known that addition of lime 

can reduce the thickness of the diffuse double layer of clay particles by increasing the 

electrolyte concentration and by exchanging monovalent cation by divalent calcium ion 

which can lead to a decrease in the liquid limit and causes flocculation of clay particles which 
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causes an increase in the water holding capacity and hence liquid limit. A decrease in the 

liquid limit after addition of lime indicates a reduction in the diffuse double layer thickness 

which has a dominating effect for black cotton soil containing montmorillonite clay mineral. 

With curing however the liquid limit increases due to flocculation(P. V. et al., 1996). 

Hydrated lime is very effective in stabilizing highly plastic clayey soils. Clay surface having 

negative charge and attracts positive charge cations supplied by different chemical 

compound attains very strong bond occurs at the surface of clay and accomplish the necessity 

requirements and hence additional cation of water (H+) do not interact with soil and 

elimination of extra water molecules(Nalawade & Jadhao, 2019). Lime may be a common 

term for calcium containing inorganic materials in which carbonates, oxides and hydrates 

are prevailing. Entirely talking lime is calcium oxide or calcium hydroxide. Lime can be 

utilized to treat soils in order to increase their workability and load-bearing characteristics 

in a number of circumstances. Quicklime is as often as possible utilized to dry wet soils at 

construction sites and elsewhere reducing downtime and providing an improved working 

surface(Kiran & Kiran, 2013). 

Strength gain is primarily due to the chemical reactions that occur between the lime and soil 

particles. These chemical reactions occur in two phases, with both immediate and long-term 

benefits. The first phase of the chemical reaction involves immediate changes in soil texture 

and soil properties caused by cation exchange. The free calcium of the lime exchanges with 

the adsorbed cations of the clay mineral resulting in reduction in size of the diffused water 

layer surrounding the clay particles. This reduction in the diffused water layer allows the 

clay particles to come into closer contact with one another causing flocculation and 

agglomeration of the clay particles which transforms the clay into a more silt-like or sand 

like material. Overall, the flocculation and agglomeration phase of lime stabilization results 

in a soil that is more readily mixable, workable, and, ultimately, compactable. Practically all 

fine-grained soils undergo this rapid cation exchange and flocculation/agglomeration 

reactions when treated with lime in the presence of water. The second phase of the chemical 

reaction involves pozzolanic reactions within the lime-soil mixture, resulting in strength gain 

over time. When lime is combined with a clay soil, the pH of the pore water increases. When 

the PH reaches 12.4, the silica and alumina from the clay become soluble and are released 

from the clay mineral. In turn, the released silica and alumina react with the calcium from 

the lime to form cement, which strengthens in a gradual process that continues for several 

years. As long as, there is sufficient calcium from the lime to combine with the soluble silica 
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and alumina, the pozzolanic reaction will continue as long as the pH remains high enough 

to maintain the solubility of the silica and alumina. Strength gains also largely depends on 

the amount of silica and alumina available from the clay itself; thus, it has been found that 

lime stabilization is more effective for montmorillonitic soils than for kaolinitic soils. Lime 

stabilization causes a significant improvement in soil texture and structure by reducing 

plasticity and by providing pozzolanic strength gain. The reduction in plasticity will happen 

by converting the soil to the rigid or granular mass, at the same time the bonds between the 

soil particles become stronger, due to the cation exchange that takes place between the ions 

on the surface of clay particles and the calcium ions of the lime(Fattah & Jaber, 2014). 

The soil-lime reaction is as follows: 

      Ca (OH)2Ca++ + 2(OH)-                                                                       0.3 

                                                    Ca++ + 2(OH)- + SiO2CSH                                           0.4 

Ca++ + 2(O H) + Al2O3CAH                                        0.5 

When the pH value of the stabilizer-soil mixture reaches above 12, alumina, silica radicals 

of clay particle dissolve due to alkaline nature(Nalawade & Jadhao, 2019). Lime is useful 

for stabilization of clayey soils. When lime reacts with soil, there is exchange of cations in 

the adsorbed water layer and a decrease in plasticity of the soil occurs. For short term when 

hydrated lime react with wet soil, it alters the nature of the adsorbed layer by base exchange. 

Calcium ions replace the sodium of hydrogen ions. The double layer is usually depressed 

due to an increase in the cation concentration. However, sometimes the double layer may 

expand due to high PH value of lime. Lime reacts chemically with available silica and 

alumina in soils. In lime stabilization, the liquid limit of the soil generally decreases but the 

plastic limit increases. Thus, plasticity index of the soil is decreases. The soil becomes more 

friable and workable and the strength of the lime stabilized soil is improved due to decrease 

in the plastic properties of the soil and partly due to formation of cementing material 

(K.Arora, 2004). The long term reaction arising from the addition of lime is pozzolanic in 

nature. It is as a result of the introduction of hydroxyl ions into the system which, over a 

period of time, results in the dissolution of the silica and alumina in the clay soil. The reaction 

between calcium present in the lime and the dissolved silica and alumina leads to the 

formation of cementitious compounds such as calcium silica-hydrates (CSH), calcium 

alumina-hydrates (CAH) and calcium-alumino- silicate hydrates (CASH) which bond the 

adjacent soil particles together(Ikeagwuani et al., 2019). The short term pozzolanic reaction 
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between lime and the soil results in flocculation and agglomeration of particles leading to 

texture changes(Musema, 2014). 

Ca+2(OH-) + SiO2 (clay silica)  CSH                                        0.6 

Ca+2(OH-) + Al2O3 (clay alumina)  CAH                                 0.7 

Hydrated Lime is the hydrated oxide of calcium hydroxide Ca[OH]2. When water is added 

to the quicklime it hydrates or slakes to form calcium hydroxide (hydrated lime). Upon 

addition of water and lime to the clayey soil, lime dissociates in to Ca2+ and OH-, the calcium 

ions replace monovalent ions like Na+, Li+ which are absorbed to the clay mineral surface, 

this process is called a cation exchange (CEC). This CEC typically depends on the PH of the 

soil, water and on the clay mineralogy, montmorillonite rich clays have the highest CEC and 

kaolinite have least CEC. This attachment of Ca2+ ions with the clay minerals in a net 

decrease of repulsive forces and also reduces the thickness of the diffused water layer, 

consequently soil particles come closer and this process is called as flocculation(K.Arora, 

2004). Hydrated lime is utilized as a neutralizing agent in water and sewage treatment and a 

binder in mortars and renders, and for soil stabilization and maintaining alkaline conditions 

for mineral processing. Its PH value is approximately 12(Amiralian, 2013) 

2.8.2.3 Fly Ash  

Fly ash is one of the residues produced in combustion, and comprises the fine particles that 

rise with the flue gases. In an industrial context, fly ash usually refers to ash produced during 

combustion of solid wastes. The potential impacts on the environment recommend the 

require for proper disposal of fly ash and legitimize maximum utilization of fly ash when 

viable(Bose, 2012). Fly ash can be classified as Class-C fly ash and Class-F fly ash. This 

classification is based on the percentage of calcium oxide available in fly ash. Fly ash is 

waste by product of thermal power plant(Ramlakhan et al., 2008). Addition of fly ash 

reduced the plasticity characteristics of the expansive soil. The liquid limit decreased and 

the plastic limit increased with increase in the fly ash content. When fly ash is added to soil-

lime mixture, maximum dry density decreased further and optimum moisture content 

increased. With the increase in the percentage of fly ash keeping amount of lime as constant 

strength increased and reached a certain maximum value and thereafter it started decreasing, 

but was always higher than that of the respective soil-lime mixture. (Rao & P, 2021). It has 

small cementitious properties compared to lime and cement. Most of the fly ashes have place 

to secondary binders; these binders cannot deliver the required impact on their own. Be that 
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as it may within the presence of a little amount of activator it can react chemically to make 

cementitious compound that contributes to improve the strength of soft soil. Fly ashes are 

readily available, cheaper and environmentally pollutant(Siddalingeshwara & Rehman, 

2020). Burned metropolitan solid waste fly ash is a byproduct of Reppie Waste to Energy 

Plant Technology found after generation of electricity. The disposal of this ash within the 

frame of particulate matter is as of now causing serious environmental problems to the city. 

The disposal administration hones of burned incinerated municipal solid waste fly ash 

residues at Reppie are based on traditional sanitary landfilling techniques that have been for 

most part connected without any critical controls. Reppie waste to energy project utilizes 

around 1,400 tons per day of municipal solid waste as feedstock and the incinerator annual 

capacity is around 100,000 tons fly ash. This sum of books around 50% of metropolitan solid 

wastes collected from the city day to day. Consequently, collection of metropolitan solid 

waste with appropriate course of action plays a great role and burned metropolitan solid 

wastes fly ash was collected from Reppie Waste to Energy Plant” which is found in Addis 

Ababa, Ethiopia. Conventional disposal way of burned metropolitan solid waste fly ash leads 

a serious environmental, social and economic problems. Transportation of fly ash is 

troublesome since the lightweight particles tend to fly and causing air contamination, long 

inward breath causes serious respiratory issues, influences cultivation, farming and 

timberland areas and necessity of huge land for making ash ponds or barriers, disposal in 

sea, stream or lakes harm the sea-going life and fly ash also causes siltation issues (Simegn 

et al., 2021). 

Fly ash is a very fine powdery material composed for the most part of silica which could be 

an item of burning finely ground coal in a kettle create electricity. There are two sorts of fly 

ashes; classify as Class C fly ash and Class F fly ash. It is found that Class C fly ashes are 

finer compared to Class F fly ashes. Whereas, the other physical properties remained the 

same. Additionally, the CaO and CaO/SiO2 content of Class F fly ashes is lower than that of 

the Class C fly ashes. Hence, Class C fly ashes offer a more economical alternative as a soil 

stabilizing agent since of their pozzolanic characteristics. This sort of fly ash gives the 

opportunity for applications where other activators would not be required(Nath et al., 2017). 

Fly ash is a pozzolan: a silica, alumna, and calcium based material which in the presence of 

water will chemically combine with the free lime contained in the fly ash and produce a 

cementitious material with excellent structural properties. Some fly ashes contain enough 

calcium compounds to be self-hardening when mixed with water. All fly ash can be used as 
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a direct replacement for Portland cement in making concrete in addition to many other 

applications. A Pozzolan is a finely divided material that reacts with calcium hydroxide and 

alkalies to form compounds possessing cementitious properties. Fly ash is an artificial 

pozzolan produced when pulverized waste material is burned in electric power plants.(Mir, 

2016). The combined chemical composition of Reppie fly ash (SiO2 + Al2O3+ Fe2O3 = 

50.0%) affirmed the pozzolanic nature of fly ash as per ASTM C- 618 specifications (2013). 

According to this specification, Reppie burned metropolitan solid waste fly ash is classified 

as Class C artificial Pozzolan. The more content of pozzolanic properties of materials in 

concrete utilized, it increases mechanical strength and durability, lowering the heat of 

hydration and thermal shrinkage, increase in water tightness, reduction in the alkali-

aggregate reaction, resistance to sulfate attack, and better workability. Taken a toll 

effectiveness are also moreover few of the changes accomplished by utilizing pozzolans 

mixed with Portland cement and pozzolans make strides lime properties.(Simegn et al., 

2021). Fly ash, waste material which is rich in silica and alumina determined from coal 

combustion prepare. Fly ash is classified into two categories based on its oxides content of 

Si, Al and Fe. Fly ash is categorized as class F for its rich in silica content but fly ash class 

C is known to have high calcium content(Risdanareni et al., 2017).  

The properties of fly ash such as low unit weight, high shear strength, low compressibility, 

insensitive to the moisture variations and pozzolanic properties play an important role in 

enhancing the engineering properties of soils. These characteristics make fly ash, an 

industrial waste, a suitable material for improving soft soils performance, resulting in 

environment and economic benefits. Additionally, large-scale use of fly ash is possible only 

in geotechnical applications such as embankment, dam, earth fill and in road constructions. 

The major uses of fly ash mostly arise out of its pozzolanic property which can be used for 

stabilization of the soil(P . P . et al., 2016). Fly ash particles are almost totally spherical in 

shape allowing them to flow and blend freely in mixtures(Mir, 2016).  

Table 2.6 Engineering Properties of Fly Ash(Mishra & Shanker, 2015). 

Parameter Range 

Specific Gravity 1.90 – 2.55 1.90 – 2.55 

Plasticity  Non plastic 

Maximum dry density (gm/cc)  0.9 – 1.6 
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Optimum moisture content (%)  38.0 – 18.0 

Cohesion (kN/m2) Negligible 

Angle of internal friction (Φ)  300-400 

Coefficient of consolidation Cv (cm2/sec) 1.75 x 10-5– 2.01 x 10-3 

Compression index Cc 0.05-0.4 

Permeability (cm/sec) 8 x 10-6-7x10-4 

Particle size distribution (% of materials) 

Clay size fraction 1 – 10 

Silt size fraction 8 – 85 

Sand size fraction 7 – 90 

Gravel size fraction 0 – 10 

Coefficient of uniformity 3.1 – 10.7 

 2.9 Necessary Laboratory Tests  

2.9.1 Atterberg Limits 

Liquid limit of expansive soil decreases with increasing percentage of fly ash. Also, liquid 

limit of expansive soil decreases with constant percent of lime along with increasing 

percentage of fly ash as well. Plastic limit of expansive soil decreased with increase 

percentage of fly ash. But the plastic limit first increased with addition of lime and then 

decreased with increasing percentage of fly ash. Hence the plasticity index for both soil fly 

ash and soil-lime and fly ash mixes decreased gradually(Parimal et al., 2019). 

The liquid limit is the moisture content that defines where the soil changes from a plastic to 

a viscous fluid state. These tests indicate the range of the plastic state (plasticity is defined 

as the property of cohesive soils which possess the ability to undergo changes of shape 

without rupture) and other states. The transition state from the liquid state to a plastic state 

is called the liquid limit. At this stage all soils possess a certain small shear strength. The 

transition from the plastic state to the semisolid state is termed the plastic limit. At this state 

the soil rolled in to threads of about 3mm diameter just crumbles. The limit s expressed 

above are all expressed by their percentages of water contents. The range of water content 

between the liquid and plastic limits, which is an important measure of plastic behavior, is 

called the plasticity index. The liquid limit (LL) is arbitrarily defined as the water content in 
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percent at which a pat of soil in a standard cup and cut by a groove of standard dimensions 

will flow together at the base of the groove for a distance of 13 mm (1/2 in.) when subjected 

to 25 shocks from the cup being dropped 10 mm in a standard liquid limit apparatus operated 

at a rate of two shocks per second. The plastic limit is the moisture content that defines where 

the soil changes from a semi-solid to a plastic (flexible) state. The plastic limit (PL) is the 

water content, in percent, at which a soil can no longer be deformed by rolling into 3.2 mm 

(1/8in.) diameter threads without crumbling (Fattah & Jaber, 2014). 

2.9.2 Compaction 

In the case of clayey soils addition of lime-fly ash may result in a decrease of maximum 

density and optimum moisture. For silty soils, optimum moisture may increase slightly. If 

the soil is thoroughly mixed with water, lime and fly ash with adequate compaction, it helps 

in attaining a higher compacted density and higher strength(Indian Roads Congress, 1984). 

The heavy compaction has more MDD and less OMC than light compaction. During 

compaction the volume of partially saturated soil decreases because of expulsion of air from 

the voids at the unaltered water content. Compaction is an artificial process which is done to 

increase the density (unit weight) of the soil to improve its properties before it is put to any 

use. The Standard Proctor test can be performed in three different methods. The soil is 

compacted by a 5.5 lb hammer falling a distance of one foot into a soil filled mold. The mold 

is filled with three equal layers of soil, and each layer is subjected to 25 drops of the hammer. 

Mechanical compaction is one of the most common and cost effective means of stabilizing 

soils. An extremely important task of geotechnical engineers is the performance and analysis 

of field control tests to assure that compacted fills are meeting the prescribed design 

specifications. Design specifications usually state the required density as a percentage of the 

“maximum” density measured in a standard laboratory test and the water content. In general, 

most engineering properties, such as the strength, stiffness, resistance to shrinkage, and 

imperviousness of the soil, will improve by increasing the soil density. The optimum water 

content is the water content that results in the greatest density for a specified compaction 

effort. Compacting at water contents higher than wet of the optimum water content results 

in a relatively dispersed soil structure as parallel particle orientations that is weaker, more 

ductile, less pervious, softer, more susceptible to shrinking, and less susceptible to swelling 

than soil compacted dry of optimum to the same density. The soil compacted lower than dry 

of the optimum water content typically results in a flocculated soil structure or random 
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particle orientations that has the opposite characteristics of the soil compacted wet of the 

optimum water content to the same density(Rao & P, 2021).  

2.9.3 Consolidation  

One-dimensional Consolidation or Oedometer test is an experiment to determine the 

mechanical characteristics of the soil(Ibrahim et al., 2012). Clay soils have lower 

permeability and due to this reason the settlement and consolidation take longer time to 

occur. (Fattah & Jaber, 2014). Consolidation occurs due to external static loads from 

structures, Self-weight of the soil such as recently placed fills, lowering of the ground water 

table and desiccation. Consolidation is a process which occurs in nature when the saturated 

soil deposits are subjected to static loads caused by the weight of the buildings and other 

structures and it causes a reduction in volume of a saturated soil due to squeezing out of 

water from the soil. This process, involving a gradual compression occurring simultaneously 

with a flow of water out of the mass and with a gradual transfer of the applied pressure from 

the pore water to the mineral skeleton. Consolidation may be due external static loads from 

structures, self-weight of the soil such as recently placed fills, lowering of the ground water 

table and desiccation. This test is performed to determine the magnitude and rate of volume 

decrease that a laterally confined soil specimen undergoes when subjected to different 

vertical pressures. From the measured data, the consolidation curve pressure-void ratio 

relationship can be plotted. This data is useful in determining the compression index, the 

recompression index and the pre consolidation pressure or maximum past pressure of the 

soil. In addition, the data obtained can also be used to determine the coefficient of 

consolidation and the coefficient of secondary compression of the soil. The consolidation 

properties determined from the consolidation test are used to estimate the magnitude and the 

rate of both primary and secondary consolidation settlement of a structure or an earth fill. 

Estimates of this type of key importance in the design of engineered structures and the 

evaluation of their performance(K.Arora, 2004). Structures are built on the soils. They 

transfer load to the subsoil through the foundations. The effect of the loads felt by the soil 

normally up to a depth of about two to three times the width of the foundation. The soil 

within this depth gets compressed due to the imposed stress.  The compressibility of a soil 

mass is mostly dependent on the rigidity of the soil skeleton. The rigidity in turn is dependent 

on the structural arrangement of particles and in fine grained soils on the degree to which 

adjacent particles are bonded together (Murthy, 2002). 
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The coefficient of consolidation, Cv, was originally presented in Terzaghi’s classical one 

dimensional consolidation theory to estimate foundation settlement under vertical loading. 

The coefficient is usually determined through laboratory oedometer or Rowe cell tests, or 

from in situ pore pressure dissipation tests with piezocone or piezoball(Wang et al., 2015). 

The coefficient of consolidation (Cv) is increases with increasing percentage of stabilizer 

contents(Fattah & Jaber, 2014). Casagrande (1939) suggested logarithm of time fitting 

method, which usually takes about 24 hours per load increment. The consolidation from δ0 

to δ100 is the primary consolidation while the consolidation after δ100 is the secondary 

consolidation. After locating δ0 and δ100 the dial reading δ50, and hence t50, corresponding to 

50% U can be found out from the plot. The coefficient of consolidation Cv can be evaluated 

by means of laboratory tests by fitting the experimental curve with the theoretical. There are 

two laboratory methods that are in common use for the determination of Cv. They are 

Casagrande logarithm of time fitting method which suggested logarithm of time fitting 

method and Taylor square root of time fitting method. In the logarithm of time fitting 

method, the interval between 0 and 100% consolidation is divided in to equal intervals of 

percent consolidation. Since it has been found that the laboratory and the theoretical curves 

have better correspondence at the central portion. The value of Cv is computed by taking the 

time t and time factor t at 50 percent consolidation. The increases in Cv as a result of increase 

in percentage of lime is a result of change in the soil texture due to pozzolanic reaction taking 

place within the soil. Thus, the time required to achieve primary consolidation increase for 

lime treated soil for a given degree of consolidation and a given drainage path. The square 

root of time fitting method consists of first drawing the straight line which best fits the early 

portion of the laboratory curve. Next a straight line is drawn which at all points has abscissa 

1.15 times as great as those of the first line. The intersection of this line and the laboratory 

curve is taken as the 90 percent (R90) consolidation point. Its value may be read and is 

designated as t90. The compression between zero and 100 percent point is called "primary 

compression" At the point of 90 percent consolidation, the value of T=0.848 (Tewatia, 

2003). 

The Compression Index (Cc) is equal to the slope of the graph of pressure versus void ratio 

or log scale. Compression Index (Cc) for clay is range from 0.258 to 0.968(Ibrahim et al., 

2012). A reduction in the compression index (Cc) was observed with increase in stabilizer 

content(Fattah & Jaber, 2014). Pundreek Dwivedi predicted that the compression index 

value for black cotton soil is from 0.17 to 0.893. The compression index (Cc) is an important 
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parameter used in geotechnical engineering as it is related to the amount of anticipated 

consolidation settlement that a soil stratum will experience when introduced to loads that are 

greater than experienced in the past. 

 

(a) Experimental curve                      (b) Theoretical curve 

Figure 3.2 Log of time fitting method (Murthy, 2002) 

 

(a) Experimental curve                             (b) Theoretical curve 

Figure 3.3 Square root of time fitting method (Murthy, 2002) 
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2.9.4 Unconfined Compression Test 

The unconfined compression test is a special case of unconsolidated-undrained triaxial 

compression test in which the all-round pressure σ3=0. The tests are carried out only on 

saturated samples which can stand without any lateral support. The test is therefore, 

applicable to cohesive soils only. The test is an undrained test and is based on the assumption 

that there is no moisture loss during the test. The Unconfined compression test is one of the 

simplest and quickest tests used for the determination of the shear strength of cohesive 

soils(Murthy, 2002). The primary purpose of this test is to determine the unconfined 

compressive strength, which is then used to calculate the unconsolidated undrained shear 

strength of the clay under unconfined conditions. In addition, in this test method, the 

unconfined compressive strength is taken as the maximum load attained per unit area, or the 

load per unit area at 15% axial strain, whichever occurs first during the performance of a 

test. For soils, the undrained shear strength (su) is necessary for the determination of the 

bearing capacity of foundations, dams, etc. The undrained shear strength (su) of clays is 

commonly determined from an unconfined compression test. The undrained shear strength 

(su) of a cohesive soil is equal to one-half of the unconfined compressive strength (qu) when 

the soil is under the Φ= 0 condition (Φ is the angle of internal friction). For soils, the 

undrained shear strength (su) is necessary for the determination of the bearing capacity of 

foundations, dams, etc. The undrained shear strength (su) of clays is commonly determined 

from an unconfined compression test. The undrained shear strength (su) of a cohesive soil is 

equal to one-half the unconfined compressive strength (qu) when the soil is under the f = 0 

condition (f = the angle of internal friction)(K. R. Reddy & Ph, 2002).  

2.9.5 Scanning Electron Microscope 

  Scanning Electron Microscope (SEM) is used to investigate the morphology of particles. 

In addition, a morphology particle shape data can be used for predicting the mechanical and 

physical properties of material. The behavior of clays may not always be interpreted 

according to their physical and mechanical properties. In such cases analyses are carried out 

according to the microstructure of the clay. Among several microstructural analyzes, 

scanning electron microscope is very important (Risdanareni et al., 2017). Due to the 

unbalanced force fields on the surfaces of clay minerals, there are physical–chemical 

interactions between water, dissolved ions, and clay minerals. The interaction of these forces 

affects the engineering behavior of soils and the microstructure of clays. Clay minerals are 

hydrated in nature, and this is defined as adsorption. Since the clay surface is negatively 
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charged, the water molecule, which is a dipole, is attracted to the surface. This adsorbed 

interaction forms the physical basis of the soil structure. Due to the interaction of clays with 

adsorbed water, the presence of different ions, different organic materials and different 

components creates differences in soil structure. The SEM gives the magnified images of 

the size, shape, composition, crystallography, and other physical and chemical properties of 

a specimen. Clays occur in small particle sizes <0.002 mm. Therefore, clay minerals cannot 

be seen with the naked eye and an SEM image is required for a scientific study(Ural, 2021). 

The morphology can be observed using Scanning Electron Microscope (SEM) which utilizes 

the interaction of high energy electrons with the surface of the mineral grains(Gibson et al., 

2020). The mineralogy and the soil stiffness influence the degree of reorientation in the 

sample microstructure. The stiff clay samples show low to no influence on the particles 

reorientation linked to freezing, drying or mechanical fracturing, confirming. For soft and 

intermediate stiffness clay samples, the effect of freezing could not be evaluated because the 

fracture exposure at natural water content as required by the SEM technique led to a smeared 

surface that, when imaged, provided unrepresentative results. As long as mechanical 

fracturing is performed after drying, its influence can be considered negligible when high 

magnifications are employed. However, the fabric quantification of the different clay 

specimens at high magnifications has shown that a large set of micrographs over the exposed 

surface is required in order to properly characterize the overall particle orientation. This is 

due to the higher standard deviation that is observed regardless of preparation method, clay 

mineralogy or stiffness(Remigio et al., 2021). 

2.10 Summary of Literature Review and Research Gaps  

It has been seen  from  researches  done  previously  that  fly ash  and  lime are pozzolanic  

materials  with a high amount of silica, alumina and calcium hydroxide in proportion  to 

other chemicals and they improved the property of the soil. The results obtained showed that 

using fly ash and lime as alone or in combination with other materials give a significant 

improvement on engineering properties. Treating soil with fly ash decrease the Maximum 

Dry Density (MDD), reduced the plasticity, decrease liquid limit and the plastic limit 

increased. When fly ash is added to soil-lime mixture, maximum dry density decreased 

further and optimum moisture content increased (Rao & P, 2021). The soil treated with fly 

ash and lime has been known to reduce the swelling potential, liquid limit, plasticity index 

and maximum dry density of the soil and increases its optimum water content, shrinkage 

limit and strength (P. V. et al., 1996). Stabilization is done to diminish the volumetric alter 
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behavior and to extend stiffness and strength. Lime and fly ash stabilization can be a 

demonstrated strategy to modify the soil by turn result in pick up in strength and stability by 

alter in texture and decrease plasticity. Lime with fly ash is a more suitable additive for black 

cotton soil in upgrading strength, decreasing swelling potential and increased durability. 

When adequate quantities of lime and water are added, the PH of the soil quickly increases 

to above 10.5, which enables the clay particles to break down. Silica and alumina are released 

and react with calcium from the lime to form calcium-silicate-hydrates (CSH) and calcium-

aluminate-hydrates (CAH). CSH and CAH are cementitious products similar to those formed 

in Portland cement. (Chitragar et al., 2021).   

After initial mixing the calcium ions (Ca2+) from hydrated lime migrate to the surface of the 

clay particles and displace water and other ions. The soil becomes friable and granular 

making it easier to work and compact. At this stage the Plasticity Index of the soil decreases 

dramatically as does its tendency to swell and shrink. The process which is called 

flocculation and agglomeration, generally occurs in a matter of hours(Firoozi et al., 2017). 

Hydrated lime is very effective in stabilizing highly plastic clayey soils. Clay surface having 

negative charge and attracts positive charge cations supplied by different chemical 

compound attains very strong bond occurs at the surface of clay and accomplish the necessity 

requirements and hence additional cation of water (H+) do not interact with soil and 

elimination of extra water molecules(Nalawade & Jadhao, 2019). 

Strength gain is primarily due to the chemical reactions that occur between the lime and soil 

particles. These chemical reactions occur in two phases, with both immediate and long-term 

benefits. The first phase of the chemical reaction involves immediate changes in soil texture 

and soil properties caused by cation exchange. The second phase of the chemical reaction 

involves pozzolanic reactions within the lime-soil mixture, resulting in strength gain over 

time(Fattah & Jaber, 2014). 

Hydrated Lime is the hydrated oxide of calcium hydroxide Ca[OH]2. When water is added 

to the quicklime it hydrates or slakes to form calcium hydroxide (hydrated lime). Upon 

addition of water and lime to the clayey soil, lime dissociates in to Ca2+ and OH-, the calcium 

ions replace monovalent ions like Na+, Li+ which are absorbed to the clay mineral surface, 

this process is called a cation exchange (CEC) (K.Arora, 2004). 

Addition of fly ash reduced the plasticity characteristics of the expansive soil. The liquid 

limit decreased and the plastic limit increased with increase in the fly ash content. When fly 

ash is added to soil-lime mixture, maximum dry density decreased further and optimum 

moisture content increased. With the increase in the percentage of fly ash keeping amount 
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of lime as constant strength increased and reached a certain maximum value and thereafter 

it started decreasing, but was always higher than that of the respective soil-lime mixture. 

(Rao & P, 2021). 

Liquid limit of expansive soil decreases with increasing percentage of fly ash. Also, liquid 

limit of expansive soil decreases with constant percent of lime along with increasing 

percentage of fly ash as well. Plastic limit of expansive soil decreased with increase 

percentage of fly ash. But the plastic limit first increased with addition of lime and then 

decreased with increasing percentage of fly ash. Hence the plasticity index for both soil fly 

ash and soil-lime and fly ash mixes decreased gradually(Parimal et al., 2019) 

In the case of clayey soils addition of lime-fly ash may result in a decrease of maximum 

density and increase optimum moisture when the soil is thoroughly mixed with water, lime 

and fly ash with adequate compaction, it helps in attaining a higher compacted density and 

higher strength(Indian Roads Congress, 1984). 

Due to the interaction of clays with adsorbed water, the presence of different ions, different 

organic materials and different components creates differences in soil structure. The SEM 

gives the magnified images of the size, shape, composition, crystallography, and other 

physical and chemical properties of a specimen. Clays occur in small particle sizes <0.002 

mm. Therefore, clay minerals cannot be seen with the naked eye and an SEM image is 

required for a scientific study(Ural, 2021). 

Ethiopia is one of the country which is covered by black cotton soils.  The engineering and 

physical properties of black cotton soils can be changed by stabilizing it with different 

stabilizers. Stabilization of black cotton soils is done by the addition of fly ash, lime along 

lime produces a high concentration of calcium ions in the double layer around the clay 

particles, hence decrease the attraction of water. Also, the pozzolanic compounds bind soil 

particles to improve their strength and decrease swelling.  It also change the flocculation of 

black cotton soil by dispersing the clay particles.  

In Ethiopia, there is limitation of literature review up on fly ash and lime as soil stabilizers. 

In this study, the combined effect of fly ash and hydrated lime on black cotton soil properties 

are investigated to avoid the problems posed by black cotton soil and offers another way to 

dispose the fly ash. 
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Description of the Study Area 

Study area is located in Debra Tsige/Sherero Town which is the administrative center of 

Debra Libanos Woreda located in North Shoa, Oromia and is around 89 km away from Addis 

Ababa, Ethiopia. Its geographical location latitudinal and longitudinal is 9o38′57′′N 

38°49′32′′E respectively and is 2638m above mean sea level. Based on the 2007 national 

census reported a total population for this woreda was 45,179, of whom 23,351 were men 

and 21,828 were women; 8,955 or 19.82% of its population were urban dwellers (wikipedia, 

2021). In this town the construction is rapidly growing. The soil types of this town are black 

soil 56% and red soil 38% (Abdeta, 2020).  

  

Figure 3.1 Location Map of the Study Area 
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Table 3.1 Location of the Test Pits and profiles  

Test Pits TP-1 TP-2 TP-3 

Easting 380 83′ 60″ 380 83′ 32″ 380 83′ 52″ 

Northing 90 63′ 33″ 90 63′ 05″ 90 63′ 72″ 

Images of 

Test Pits 

 

 

   

3.2 Materials 

3.2.1 Black Cotton soil 

Black cotton soils are inorganic clays of medium to high compressibility. They are 

characterized by high shrinkage and swelling properties and also it has been a challenge to 

the Civil Engineers. The black cotton soil samples were collected from three different 

locations of Debra Tsige Town.  

3.2.2 Fly Ash 

Fly ash is a by-product of electricity production in coal fired power plants. The important 

property of fly ash is that it is a source of reactive silica: this is useful in the production of 

cementitious compounds. The reaction between soils, and especially clay with fly ash, also 

occurs in two stages: one, short term, and the other, long term. The short term reaction is as 

previously described in the case of lime while the long term reaction for class C is mainly 

due to the reaction between reactive silica in the fly ash and free lime which produces the 

binding agent calcium-silica-hydrates (CSH) (Ikeagwuani et al., 2019). Pozzolan is a 

siliceous or aluminous material that, when mixed with lime and water forms a cementitious 

compound. Fly ash used in this study is collected from Reppie Waste to Energy Plant. The 

chemical composition of Reppie fly ash (SiO2 + Al2O3+ Fe2O3= 50.0%)(Simegn et al., 

2021). Fulfilled the pozzolanic nature of fly ash as per ASTM C- 618 specifications (2013). 

Fly ash collected from Reppie Waste to Energy Plant can be assigned as class C artificial 

Pozzolana.    
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 Ca+2(OH-) + SiO2 (clay silica)  CSH.                                           0.8 

3.2.3 Hydrated Lime 

Hydrated lime is very effective in stabilizing highly plastic clayey soils. Clay surface having 

negative charge attracts positive charge cations supplied by different chemical compound, 

attains very strong bond occurs at the surface of clay and accomplish the necessity 

requirements and hence additional cation of water (H+) do not interact with soil and 

elimination of extra water molecules. Lime changes plasticity behavior of soil by reduction 

in diffuse double layer of clay particle. Stabilization process occurs due to pozzolanic 

reaction in which lime reacts with soil in presence of water to produce cementitious 

compounds. Due to lime addition, soils turn drier and less susceptible to water content 

changes. Carbonate cementation: calcium oxide reacts with carbon dioxide from the 

atmosphere to form calcium carbonate precipitates, which cement the soil particles. Lime is 

collected from Chinese Gypsum Factory Fiche Town. 

CaO + H2O+ Heat  Ca[OH]2                                                                                    0.9 

3.3 Preparation and Designation of Test Samples 

The soil specimens were air dried and pulverized in the laboratory to make them good 

dispersion of stabilization additives and moisture. Then particle size distribution test, 

specific gravity, liquid limit, and plastic limit, free swell index tests were done for 

classification and checking of the properties of the soils. Also SEM, Consolidation, 

compaction test and unconfined compressive strength test were conducted in the laboratory 

for both treated and untreated soil samples by using American Society of Testing Materials 

(ASTM) Standard Testing Methods. 

3.4 Mix Proportion 

Air dry a sufficient quantity of the soil to be tested and screen through a No. 40 (425-µm) 

sieve. Store in a closed container to maintain uniform moisture. Weigh, to the nearest 0.01 

g, a series of quantities of lime equivalent to 2, 3, 4, 5, and 6 % of the soil sample(ASTM 

C977, 2000). The amount of lime required for stabilization varies between 2 to 6% for soils 

with silt-clay fraction more than 50% and using beyond to 6% of hydrated lime for 

stabilization is not economical. The ratio of fly ash to lime varies between 3 to 5. The fly ash 

used is about 10 to 20% of the soil weight(K.Arora, 2004). Many properties must be 

considered in lime-fly ash mixture proportion selection. Lime-fly ash mixture properties 
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vary depending on lime and fly ash characteristics, mixture proportions, stabilized material, 

density, and curing conditions. Many of the properties vary for a given mixture depending 

on curing conditions(Michael et al., 1976). 

3.5 Sieve Analysis 

This test is performed to determine the percentage of different grain sizes contained within 

a soil. The mechanical or sieve analysis is performed to determine the distribution of the 

coarser, larger-sized particles, and the hydrometer method is used to determine the 

distribution of the finer particles. According to ASTM D 422 Standard test method for 

particle-size analysis of Soils was conducted. The distribution of different grain sizes affects 

the engineering properties of soil. Grain size analysis provides the grain size distribution, 

and it is required in classifying the soil. Dry sieve analysis is suitable for cohesion less soils 

with little or no fines. This test is performed to determine the percentage of different grain 

sizes contained within a soil. 1000gm of soil sample was took and put it to sieves and shacked 

by shaker is performed to determine the distribution of the coarser, larger-sized particles.  

3.5.1 Hydrometer Analysis 

Hydrometer analysis method is used to determine the distribution of the finer particles. Wet 

sieve analysis is used for the soil contains a substantial quantity more than 5% of fine 

particles. Hydrometer Analysis is based on the principle of sedimentation of soil particles in 

water. This test involved the uses of 50 grams of dry pulverized soil. A deflocculating of 

dispersing agent is always added to the soil. The deflocculating agent used for hydrometer 

analysis is 125 cc of 4% solution of sodium hexametaphosphate. The soil is allowed to soak 

for at least 16 hours in the deflocculating agent mixture is thoroughly agitated. The sample 

is then transferred to a 1000 ml glass cylinder. More distilled water is added to the cylinder 

to fill it to the 1000 ml mark and then the mixture is again thoroughly agitated. A hydrometer 

is placed in the cylinder to measure the specific gravity of the soil water suspension in the 

vicinity of the instrument’s bulb, usually over 24 hour period. Hydrometers are calibrated to 

show the amount of soil that is still suspension at any given time t. The largest diameter of 

the soil particles still in suspension at time t can be determined by stocks’ law according to 

standards of ASTM D 422. 
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3.6 Specific Gravity Determination 

The specific gravity of a soil is used in the phase relationship of air, water, and solids in a 

given volume of the soil. This lab is performed to determine the specific gravity of soil by 

using a pycnometer. Specific gravity is the ratio of the mass of unit volume of soil at a stated 

temperature to the mass of the same volume of gas-free distilled water at a stated 

temperature. Once 10 gm of each samples were mixed with distilled water and the air was 

removed and is weight was measured by using pycnometer and again the distilled water was 

measured alone conducted by ASTM D 854-00 Standard test for specific gravity of soil 

solids by water pycnometer. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐺𝑟𝑎𝑣𝑖𝑡𝑦, 𝐺𝑠 =
𝑊𝑝𝑠 − 𝑊𝑝

(𝑊𝑝𝑠 − 𝑊𝑝) + (𝑊𝐴 − 𝑊𝐵)
                                  0.10 

Where:   

Wps = weight of the pycnometer containing the dry soil 

Wp=weight of the empty clean and dry pycnometer 

WA= weight of pycnometer filled with distilled water  

WB = weight of pycnometer filled with water and soil 

3.7 Atterberg Limits 

This lab is performed to determine the plastic and liquid limits of a fine grained soil. The 

liquid limit (LL) is arbitrarily defined as the water content, in percent, at which a pat of soil 

in a standard cup and cut by a groove of standard dimensions will flow together at the base 

of the groove for a distance of 13 mm (1/2 in.) when subjected to 25 shocks from the cup 

being dropped 10 mm in a standard liquid limit apparatus operated at a rate of two shocks 

per second. The plastic limit (PL) is the water content, in percent, at which a soil can no 

longer be deformed by rolling into 3.2 mm (1/8in.) diameter threads without crumbling. 

ASTM D 4318 Standard test method is used for liquid limit, plastic limit, and plasticity index 

of Soils. The Atterberg limits are based on the moisture content of the soil. 

3.8 Compaction Test 

This laboratory test is performed to determine the relationship between the moisture content 

and the dry density of a soil for a specified compactive effort. The compactive effort is the 

amount of mechanical energy that is applied to the soil mass. Several different methods are 
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used to compact soil in the field, and some examples include tamping, kneading, vibration, 

and static load compaction. In the standard proctor test, the soil is compacted by a 5.5 lb 

hammer falling a distance of one foot into a soil filled mold. The mold is filled with three 

equal layers of soil, and each layer is subjected to 25 drops of the hammer. 2500 gm of the 

soil samples was compacted by standard mold before and after treatment. Compaction is a 

rapid process of reduction of volume by mechanical means such as tamping and others. 

Compaction means pressing the soil particles close to each other by mechanical methods. 

Air during compaction is expelled from the void space in the soil mass and therefore, the 

mass density is increased. Compaction generally increases the shear strength of the soil, 

stability and bearing capacity. It also useful in reducing the compressibility and permeability 

of the soil.  

𝐷𝑟𝑦 𝐷𝑒𝑛𝑠𝑖𝑡𝑦, ⍴𝑑 =
⍴

1 + 𝑊
                                                                   0.11 

Where: W = moisture content in percent ρ = wet density in grams per cm3= (mass of 

remolded soil)/ (volume of the mold) ρd= dry density  

3.9 Consolidation Test 

This test is performed to determine the magnitude and rate of volume decrease that a laterally 

confined soil specimen undergoes when subjected to different vertical pressures. Based 

ASTM 2435 standard the soil sample was first filled in to the ring and trim it then put the 

porous stone on the bottom and filter paper on the top and bottom sides of ring and then put 

ring into reservoir and put the porous stone on the top and lastly fix it and fill the reservoir 

by water until the specimen is completely covered and saturated then apply the load and 

record the consolidation dial readings at the elapsed time and continue it for 24 hours. These 

procedure is used for both untreated and treated soil is conducted by using ADR touch 

control pro 2000BS EN auto compression machine of model: 36-5150/01 ELE, United 

Kingdome. From the measured data, the consolidation curve (pressure-void ratio 

relationship) can be plotted. This data is useful in determining the compression index, the 

recompression index and the pre consolidation pressure (or maximum past pressure) of the 

soil. In addition, the data obtained can also be used to determine the consolidation 

characteristics of soil these are coefficient of consolidation, compression index and swell 

index of the soil.  
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Figure 3.2 Consolidation Apparatus 

Coefficient of consolidation (Cv) relates to how long it will take an amount of consolidation 

to take place.  

The equation for coefficient consolidation to be used is:    

𝐶𝑣 =
0.197 ∗ 𝐻𝑟𝑑2

𝑡50
                                                                                 0.12 

Where, Hrd is the drainage path and t50 is the experimental time to reach 50% vertical 

consolidation in second. 

The compression index for one dimensional consolidation is done as D4546 ASTM standard. 

Cc is relates to how much consolidation or settlement will occur. The slope of the linear 

portion of the e log p curve is designated as the Cc.  

𝐶𝐶 =
∆𝑒

𝑙𝑜𝑔
𝑝2

𝑝1

                                                                                      0.13 

𝑇50 =
𝑐𝑣 𝑡50

ℎ2
𝑑𝑟

                                                                                       0.14 

𝑐𝑣 =
𝑇50

𝑡50
ℎ2

𝑑𝑟                                                                                   0.15 

Where hdr is drainage path 

Swelling Index 

𝐶𝑠 =
∆𝑒

𝑙𝑜𝑔
𝑝2
𝑝1

                                                                                    0.16 

Where; 

Cs = swell index, ∆e is represent the change of void ratio and P represent the applied load. 
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𝐶𝑣 = 0.848
ℎ2

𝑑𝑟

𝑡50
                                                                             0.17 

Where hdr drainage path (average) 

  Settlement of the natural soil (St.) 

                                                        St. = 𝐶𝑐 ∗ 𝐻 ∗
𝐶𝐶

1+𝑒0
𝑙𝑜𝑔

𝑃2

𝑃1
                                       0.18 

Where; St represent settlement of soil, Cc represent compression index, eo represent initial 

void ratio, H is indicate the initial height of specimen and P represent the load 

3.10 Unconfined Compression Strength Test 

The primary purpose of this test is to determine the unconfined compressive strength, which 

is then used to calculate the unconsolidated undrained shear strength of the clay under 

unconfined conditions. The soil sample was first molded by the mold and then put in to the 

automatic unconfined compression machine before and after treatment.  According to the 

ASTM standard, the unconfined compressive strength (qu) is defined as the compressive 

stress at which an unconfined cylindrical specimen of soil will fail in a simple compression 

test. In addition, in this test method, the unconfined compressive strength is taken as the 

maximum load attained per unit area, or the load per unit area at 15% axial strain, whichever 

occurs first during the performance of a test. According to the ASTM D 2166 standard, the 

unconfined compressive strength (qu) is defined as the compressive stress at which an 

unconfined cylindrical specimen of soil will fail in a simple compression test. The most 

critical condition for the soil usually occurs immediately after construction, which represents 

undrained conditions, when the undrained shear strength is basically equal to the cohesion 

(c). This is expressed as:  

𝑆𝑢 = 𝐶 =
𝑞𝑢

2
                                                                                   0.18 
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Figure 3.3 unconfined compression strength apparatus 

3.11 Free Swell Index  

This test is done by taking 10gm of oven dried soil sample passing through 425μm sieve 

were placed in each of the two 100ml cylinders which are one filled with distilled water and 

other is filled with kerosene and left for 24 hours for both treated and un treated soil. The 

free swell test gives a fair approximation of the degree of the expansiveness of the soil 

sample. Free swell index has no ASTM and AASHTO standards so IS 2720 standard is used. 

Swelling is involves an increase in the water content due to an increase in the volume of the 

voids(Murthy, 2002). Free swell is the increase in volume of soil without any external 

constrains on submergence in water. The final volume of soil is computed after 24 hours to 

calculate the free swell index. In this method, the free swell index is defined by: 

𝐹𝑆𝐼(%) =
𝑉𝑑−𝑉𝑘

𝑉𝑘
∗ 100                                                                                 0.19 

Where Vd and Vk are the equilibrium sediment volumes of 10gm oven dried soil samples 

passing 425 μm sieve placed in 100 ml graduated measuring jars containing distilled water 

and kerosene respectively. 
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Figure 3.4 free swell index test apparatus 

3.12 Scanning Electron Microscope 

Scanning electron microscope (SEM) is a type of electron microscope that produce images 

of sample by scanning of surface with focused beam of electrons. The electrons interact with 

atoms in the sample, producing various signals that contain information about the surface 

topography and composition of the sample. In this study the morphology of black cotton soil 

before and after treatment was conducted by using SEM analyzer of model: JCM-6000PLUS 

Bench Top SEM, JEOL, Japan as per ASTM standard of D4221-99. The procedure of 

analysis includes, 30 mg specimen is mounted on metal stub using a sticky carbon tape which 

increase conductivity. The clip holds the sample securely and that the clip was not obscuring 

any area that you intend to image. The specimen must be grounded to the sample holder to 

minimize specimen charging. Specimen exchange, evacuation and automatic adjustment of 

image carried out to photographing and finally the image saved. 

 

Figure 3.5 apparatus of scanning electron microscope  
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CHAPTER FOUR 

RESULT AND DISCUSSIONS 

This chapter deals with the results of various tests performed on the black cotton soil, black 

cotton soil, fly ash and hydrated lime mixtures. The following test results were conducted 

on soil and soil mixtures, chemical compositions of hydrated lime and fly ash, liquid limits, 

plastic limit, plasticity index, optimum moisture content and maximum dry density 

relationships, scanning electron microscopy Consolidation and unconfined compressive 

strength for both natural black cotton soil and stabilized soil of the sample were discussed 

briefly and the results of natural soil samples are compared with the results of the mixture of 

soil, fly ash, and lime. With refined samples used in the laboratory, clear effects were 

identified. The graphical and tabular interpretations were performed before and after 

stabilization by means of Microsoft Excel and origin soft wares. 

The chemical composition results of hydrated lime and fly ash are conducted in the following 

tables respectively. 

Table 4.1 Chemical composition of hydrated lime. 

Constituents Percentage (%) 

Silica (SiO2) 3.6 

Iron Oxide (Fe2O3) 1.66 

Alumina (Al2O3) 1.03 

Calcium Oxide (CaO) 69.6 

Magnesium Oxide (MgO) 1.62 

LOI 0.88 

Others 21.6 
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Table 4.2 Chemical composition of fly ash. 

Constituent Percentage (%) 

Silica (SiO2) 30.72 

Alumina (Al2O3) 14.96 

Iron Oxide (Fe2O3) 3.9 

Calcium Oxide (CaO) 22.54 

Magnesium Oxide (MgO) 2.82 

Sodium Oxide (NaO) 3.62 

K2O 8.16 

MnO 0.26 

P2O5 2.11 

TiO2 0.04 

LOI 3.68 

Others 7.19 

4.1 Grain Size Analysis Results 

Table 4.3 According to AASHTO and USCS the particle size of clays are categorized as:  

Gravel 75mm to 2mm (No.10 sieve) 

Sand 2mm (No.10 sieve) to 0.075mm (No.200 sieve) 

Silt and Clay 

<0.075mm (No.200 sieve) 

Silt: PI<10% 

Clayey: PI>11% 

The grain size analysis test was performed in accordance to ASTM D 422 standard test 

method. Table 4.1 shows the proportion of different size of soil groups and grain size 

distribution results of TP-1, TP-2 and TP-3 soil samples that were determined from this test. 

The detailed laboratory test analyses are given in Appendix A. 
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Table 4.4 Particle size proportion of TP-1, TP-2 and TP-3 soils 

Particle Size (%) TP-1 TP-2 TP-3 

Gravel  17 2 10 

Sand  10 16 4 

Silt 20 31 31 

Clay  53 51 55 

Particle size distribution test on natural samples revealed that for test pit 1, test pit-2 and test 

pit- 3 contain gravel 17 %, 2% and 10%, sand 10%, 16% and 4%, silt 20%, 31% and 31% 

and clay 53%, 51% and 55% respectively. The combined wet sieve and hydrometer test 

curve indicates all of soil samples contain more than 50% clay soil content. The curve and 

the amount of clay contents satisfy the requirement for fine-grained soils according to both 

AASHTO and USC systems for fine particle specifications. 

 

Figure 4.1 Particle size distribution curve of TP-1 
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Figure 4.2 Particle size distribution curve of TP-2 

 

Figure 4.3 Particle size distribution curve of TP-3 

4.2 Soil Classification 

According to Arora (2004) if the plasticity index is equal or less than liquid limit-30 the soil 

is categorized as A-7-5; for this reason, the plastic limit is greater than 30%. On the other 

hand, if the plasticity index is greater than liquid limit-30 the soil is categorized as A-7-6. In 

this case the plastic limit is less than 30%. Therefore, the results shown in the table 4.2 

indicated that the soil from all test pits falls in the category A-7-5. 
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Table 4.5 The results of plastic limit, liquid limits and plasticity index 

No. of test pits PL LL PI Potential of 

Expansiveness 

TP-1 39.13 65 25.87 High 

TP-2 38.04 60 21.96 Medium 

TP-3 42.42 78 35.58 High 

4.3  Compaction Test Result 

The compaction effort is defined as the amount of energy imparted to the soil. With a soil of 

given moisture content, increasing the amount of compaction energy results in closer 

packing of soil particle sand increased dry unit weight. For a particular compaction energy, 

there is only one moisture content which gives the maximum dry unit weight. The moisture 

content that gives the maximum dry unit weight is called the optimum moisture content. If 

the compaction is increased, the maximum dry unit weight also increases, but the optimum 

moisture content decreases(Murthy, 2002). The Standard Proctor compaction test is 

performed to determine the relationship between the moisture content and the dry density of 

a soil for a specified compaction. Compaction is a rapid process of reduction of volume by 

mechanical means such as rolling. Maximum dry density and optimum moisture content 

were determined in the laboratory for all mixtures according to ASTM-D 698. The summary 

of the test results is given in Table 4.3 and detailed laboratory test results are given in 

Appendix E.  

4.3.1 Compaction Test Result for Natural Black Cotton Soil 

Two possible reasons for MDD decrease, firstly aggregation of particles due to Base 

Exchange reaction with lime affects the soil gradation and secondly smaller drop in density 

is due to the soil particle replacement in a given volume of relatively low specific gravity 

lime particles. Increase in OMC with lime is due to the pozzolanic reaction between clay 

and lime(P . P .et al., 2016).  

The compaction test result for natural black cotton soil shown in figure 4.4 indicated that the 

TP-3 has exhibited lowest value of MDD and the highest value of OMC, so due to its weakest 

strength to support structure it is selected for further study. 
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Table 4.6 The result of maximum dry density and optimum moisture content 

 TP-1 TP-2 TP-3- Selected for treatment 

Maximum Dry density (KN/m3) 1.52 1.40 1.39 

Optimum Moisture Content (%) 26 28 38 

 

 

Figure 4.4 Compaction test results for soil samples of three test pits 

4.3.2 Compaction Test Result for black cotton soil Treated by Hydrated 

Lime 

The compaction curves obtained from the addition of varying percentages of hydrated lime 

for the selected test pit (TP-3) which had lower maximum dry density and higher optimum 

moisture content. The addition of lime caused a gradual decrease in the MDD and increase 

in the OMC. The immediate decrease in MDD due to the addition of lime can result from 

particles aggregation caused by lime. These particles occupy larger spaces and affect soil 

densification grading; further reduction in density with the addition of lime can be attributed 

to the replacement of soil grains with lime particles of comparatively low specific gravity. 

There are two possible reasons for MDD reduction with increasing lime content. Firstly, 

aggregation of particles due to base exchange reaction with lime affect the soil gradation and 

secondly smaller drop in density is due to the soil particle replacement in given volume of 

relatively low specific gravity of lime particle.  
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Figure 4.5 The result of MDD and OMC of black cotton soil treated with different 

percentage of hydrated lime 

4.3.3 Compaction Test Result for black cotton soil Treated by Hydrated 

Lime and Fly Ash 

The addition of lime to the clay fly ash mixture is therefore a means of increasing the amount 

of Ca2+ in the system. Because of the reaction between the Ca2+ and silica and alumina, this 

increase, which is most likely above the lime fixation point, results in an increase in 

cementitious products. These cementitious products bind the flocculated particles, providing 

extra strength(Ikeagwuani et al., 2019). Addition of fly ash to soils increases the optimum 

moisture content and decreases the maximum dry density. Increase in optimum moisture 

content is due to the presence of hollow cenospheres in fly ash as well as increase in the 

surface area of solids. Decrease in maximum dry density is because of the low specific 

gravity of fly ashes resulting in low unit weight compared to soils(Mir, 2016). The 

compaction curves obtained from the addition 4% of hydrated lime and varying percentages 

of fly ash are shown in the following figure. 
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Figure 4.6 The result of MDD and OMC of black cotton soil treated with different 

percentage of hydrated lime and fly ash. 

Table 4.7 The summery of maximum dry density and optimum moisture content for 

different percentage of hydrated lime and fly ash. 

Sample 
Maximum Dry 

density (kN/m3) 

Optimum Moisture 

Content (%) 

100 % BC 1.39 38 

3% HL and 97% BC 1.36 40 

4% HL and 96% BC 1.35 42 

5% HL and 95% BC 1.34 44 

6% HL and 94% BC 1.33 46 

6% HL, 5% FA and 89% BC 1.32 47 

6% HL, 10% FA and 84% BC 1.31 49 

6% HL, 15% FA and 79% BC 1.30 50 

6% HL, 20% FA and 74% BC 1.29 53 

4.4 Specific Gravity of Test Result 

Specific gravity is the ratio of the mass of unit volume of soil at a stated temperature to the 

mass of the same volume of gas-free distilled water at a stated temperature. ASTM D 854-

00 – Standard Test for Specific Gravity of Soil Solids by Water Pycnometer. The detailed 

laboratory test analyses are given in Appendix D. 
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Table 4.8 Specific gravity test results 

Sample condition 
Specific gravity 

TP-1 TP-2 TP-3 

100% BC 2.75 2.77 2.72 

6% HL, 5% FA and 89% BC - - 2.66 

6% HL, 10% FA and 84% BC - - 2.63 

6% H, 15% FA and 79% BC - - 2.55 

6% HL, 20% FA and 74% BC - - 2.52 

4.5 The Results of Atterberg Limits 

The Atterberg limits consisted liquid limit and plastic limit and Atterberg limits of cohesive 

soil depend on several factors, such as amount and type of clay minerals and type of adsorbed 

cation. ASTM D 4318 - Standard Test Method for Liquid Limit, Plastic Limit, and Plasticity 

Index of Soils. The detailed laboratory test analyses are given in Appendix C. 

4.4.1 The Liquid Limit 

The liquid limit is defined as the moisture content in percent at which the soil changes from 

a liquid state to a plastic state. The moisture contents in percent at which the soil changes 

from a plastic to a semisolid state is defined as the plastic limit. These limits are generally 

referred to as the Atterberg limits. Addition of lime to black cotton soil fly ash mixture 

decreases the liquid limit immediately. Immediately upon addition of lime, the diffuse 

double layer thickness decreases causing a decrease in the liquid limit. The liquid limit of 

black cotton soil-fly ash-lime mixture however increases with curing due to flocculation 

(Puvvadi & Sridharan, 2015). Liquid limit reduces further with the increase in the rate of fly 

ash. This change in liquid limit with the increase in fly ash content can be due to the slow of 

pozzolanic reaction between black cotton soil and fly ash. This decrement in liquid limit may 

be due to the reduction in the depth of the diffused double layer leading to a decrease in the 

water carrying capability(Kushwaha et al., 2019). 

4.4.2 The Plastic Limit result 

The addition of lime to black cotton soil fly ash mixture increases the plastic limit more. The 

marginal decrease in the plastic limit with an increase in percentage of fly ash is due to the 

reduction in the amount of soil available for lime effect. At higher lime contents the plastic 

limit is essentially controlled by the amount of lime itself and the amount of fly ash content 

is less significant. Addition of lime immediately increases the plastic limit of black cotton 
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soil. This immediate increase from the addition of lime is due to the decrease in the diffuse 

double layer thickness or flocculation of the clay particles. Curing of black cotton soil with 

lime increases the plastic limit. This is essentially due to the increase in the flocculation of 

particles with curing. (Puvvadi & Sridharan, 2015). The plastic limit is defined as the 

moisture content, in percent, at which the soil crumbles when rolled in to threads of 3.2 mm 

diameter. The plastic limit is the lower limit of the plastic stage of soil. The plastic limit test 

is simple and is performed by repeated rolling of an ellipsoidal size soil mass by hand on a 

ground glass plate. The difference between the liquid limit and the plastic limit of a soil is 

defined as the plasticity index. 

Table 4.9 Atterberg limits for untreated black cotton soils from 3 test pits. 

Sample 
TP-1 TP-2 TP-3 

LL PL PI LL PL PI LL PL PI 

100% BC 65 39.13 25.87 60 38.04 21.96 78 42.42 35.58 

Table 4.10 Summary of laboratory test results for Atterberg limits of TP-3 

Sample LL PL PI 

100% BC 78 42.42 35.58 

3% HL and BC 76 48.42 27.58 

4% HL and BC 68 46.31 21.69 

5% HL and BC 64 48.52 15.48 

6% HL and BC 60 52.28 7.72 

6% HL, 5% FA and 89% BC 59 48.22 10.78 

6% HL, 10% FA and 84% BC 57 46.64 20.36 

6% H , 15% FA and 79% BC 54 45.46 8.54 

6% HL, 20% FA and 74% BC 52 44.89 7.11 

4.6 Free Swell Test Result 

The free swell index result of obtained from the volume of soil soaked in distilled water and 

kerosene in 24 hour for both natural and treated black cotton soil. The result of FSI for natural 

black cotton soil for all test pits are 63.64, 30.43and 86.36 for TP-1, TP-2 and TP-3 
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respectively. The results of FSI for treated black cotton soil with different percent of 

hydrated lime alone and hydrated lime and fly ash mixed for TP-3 which has higher FSI was 

shown in the table below and detailed laboratory test analyses are given in Appendix B. 

Table 4.11 The summery of free swell test after treatment 

Sample Free Swell Index (%) 

100 % soil 86.36 

3% HL and 97% BC 60 

4% HL and 96% of BC 54.55 

5% HL and 95% of BC 46.15 

6% HL 94% of BC 33.33 

6% HL, 5% FA and 89% of BC 18.75 

6% HL, 10% FA and 84% of BC 16.67 

6% HL, 15% FA and 79% of BC 11.76 

6% HL, 20% FA and 74% of BC 5.88 

4.6 Unconfined Compression Strength Test Result 

UCS of lime stabilized soil has increased due to lime availability for pozzolanic reaction. 

The primary purpose of this test is to determine the unconfined compressive strength, which 

is then used to calculate the unconsolidated undrained shear strength of the clay under 

unconfined conditions. The results of qu and cu for natural black cotton soil are 180.48 and 

90.24, 218.1 and 109.05, 97.66 and 48.83 for all, units are in KN/m2 for TP-1, TP-2 and TP-

3 respectively. The result of UCS tests are shown in the figure below. According to Arora 

and other researchers, depending on the values of Cu for clay soil, < 25, 25-50, 50-100, 100-

200, 200-400 and > 400 KN/m2 , the soils are categorized as very soft clay, soft cay, medium 

clay, stiff clay, very stiff clay and hard clay soils respectively. So depending on this Arora’s 

judgment the soils are categorized as medium clay, stiff clay and soft clay soil for TP-1, TP-

2 and TP-3 respectively. The detailed laboratory test analyses are presented in Appendix F. 
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Figure 4.18 The result of UCS for untreated black cotton soil of test pits 

The result of unconfined compression strength test shown that the TP-3 is soft clay so it is 

has low strength to carry the load due to this fact treatment is necessary to this soil. As the 

results shown in below figure for black cotton soil of TP-3 which is categorized as soft clay 

soil is stabilized by increasing percentage of hydrated lime and its strength is increased. The 

qu and cu values are 120.13 and 60.07, 153 and 76.50, 203.33 and 101.66, 260.56 and 130.28 

in kilopascal for 3%, 4%, 5% and 6% of hydrated lime respectively. 

 

Figure 4.19 The result of UCS for treated black cotton soil by different percentage 

hydrated lime 
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Mixture of optimum percentage of hydrated lime 6% and various percentage of fly ash and 

the result indicated that the UCS values are increased as the percentage of fly ash and 

optimum percentage of hydrated lime increased. The qu and cu values are 268.46 and 134.23, 

286.62 and 143.31, 301.66 and 150.83, 327.49 and 163.75 in kilopascal for 6% & 5%, 6% 

& 10%, 6% & 15% and 6% & 20% of hydrated lime and fly ash respectively. 

 

Figure 4.20 The result of UCS for treated black cotton soil by 6% hydrated lime and fly 

ash 

Test results depicts strength increases with a curing period for hydrated lime stabilized soils. 

The result of unconfined compression strength test shown in the below figure for black 

cotton soil stabilized by various percentage of hydrated lime after curing for 7days and its 

strength is increased as the curing days increased. The qu and cu values are 269.1 and 134.45, 

304.04 and 152.02, 334.64 and 167.32, 347.48 and 173.74 units are in kilopascal for 3% 

hydrated lime, 4% hydrated lime, 5% hydrated lime and 6% hydrated lime respectively. 
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Figure 4.21 The result of UCS treated by hydrated lime after curing for 7 days 

Unconfined compressive strength is frequently used to evaluate the quality of cured lime-fly 

ash mixtures. The observed result of unconfined compression strength test after curing for 7 

days have greater values than uncured result these indicated that throughout a time the   

strength of treated back cotton soil is increase. The result is shown in figure below for black 

cotton soil stabilized by 6% of hydrated lime and various percentage of fly ash after curing 

for 7 days and its strength is increased as the combination of 6% hydrated lime and different 

percentage of fly ash increased. The qu and cu values are 353.74 and 176.87, 370.34 and 

185.17, 391.51 and 195.76, 400.15and 200.08 in kilopascal for 4% & 5%, 4% &10%, 4% & 

15% and 4% & 20% of hydrated lime and fly ash respectively. 

 

0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

400.00

0.000 2.000 4.000 6.000 8.000

A
x
ia

l 
S

tr
es

s 
(K

p
a
)

Strain (%)

UCS 3% HL curing for 7 days

UCS 4% HL curing for 7 days

UCS 5% HL curing for 7days

UCS 6% HL curing for 7 days

0.00

100.00

200.00

300.00

400.00

500.00

0.000 2.000 4.000 6.000 8.000

A
x
ia

l 
S

tr
es

s 
(K

p
a
)

Strain (%)

UCS6% HL and 5% FA curing for 7 days

UCS 6% HL and 10 % FA curing for 7 days

UCS 6% HL and 15% FA curing for 7 days

UCS  6% HL and &20% FA curing for 7 days



63 
 

            Figure 4.22 The result of UCS treated by hydrated lime and fly ash after curing for 

7 days 

     Table 4.12 summary of the results of UCS for various percentage of hydrated lime and 

fly ash 

Percentage of material qu (KN/m2) Cu 

(KN/m2) 

Natural soil 100% 97.66 48.83 

BC  and 3% HL  120.13 60.07 

BC and 4% HL  153.00 76.50 

BC and 5% HL  203.33 101.66 

BC and 6% HL  260.56 130.28 

BC, 6% HL and 5% FA 268.46 134.23 

BC, 6% HL and 10% FA 286.62 143.31 

BC, 6% HL and 15% FA 301.66 150.83 

BC, 6% HL and 20% FA 327.49 163.75 

BC, 3% HL after curing for 7 days 269.1 134.55 

BC, 4% HL after curing for 7 days 304.04 152.02 

BC, 5% HL after curing for 7 days 334.64 167.32 

BC, 6% HL after curing for 7 days 347.48 173.74 

BC, 6% HL and 5% FA after curing for 7 days 353.74 176.87 

BC, with 6% HL and 10% FA after curing for 7 days 370.34 185.17 

BC, 6% HL and 15% FA after curing for 7 days 391.51 195.76 

BC, 6% HL and 20% FA after curing for 7 days 400.15 200.08 

4.7 One Dimensional Consolidation Test Results 

The compression of the soil mass leads to the decrease in the volume which results in the 

settlement of the structure. Consolidation is a gradual process of reduction of volume under 

sustained static loading. The main purpose of the consolidation test on soil samples is to 

obtain the necessary information about the compressibility properties of a saturated soil for 

use in determining the magnitude and rate of settlement of structures. Loads are applied in 

steps in such a way that the successive load intensity p is twice the preceding one. The load 

intensities used are 0.8, 1.6, 3.2, and 6.4 Kg/cm2. Each load is allowed to stand until 

compression has practically ended for 24 hours. The dial readings are taken at elapsed times 

of 1/10, 1/4, 1/2, 1, 2, 4, 8, 15, 30, 60, 120, 240, 480 and 1440 minutes from the time the 

new increment of load is put on the Sample. The detailed laboratory test analyses are given 

in Appendix  
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Table 4.13 Summary of 1-D consolidation 

 

4.8  Scanning Electron Microscope Results 

Scanning electron microscope investigated the morphology of black cotton soil before and 

after treated by lime and fly ash. Scanning electron microscope (SEM) in explained the 

differences in the physical and mechanical behaviors of natural clays and the improved clays 

by treatment. Scanning electron microscope is shown the soil microstructure formed by clay 

particles and additives can be observed. Since the soils have voids inside and these voids are 

often filled by water and air before treatment shown in figure 4.42. That makes the soils’ 

behavior so complex in physical and chemical interaction of water and air in the cavities 

with the soil particles. The clay soil by its nature cohesive during the dry season and swell 

during the rainy season before treatment, but after treatment is done the cohesiveness and 

swell ness of soil has indicated the progressive change during the period of time and voids 

are filled with additives as figure 4.43 shown that the textures of clay soil is flocculated after 

treated.  

Clay particles are surrounded by water, allowing them to be aligned and able to slide easily. 

This results in a clay soil with low strength. But when lime and fly ash are added, the amount 

of water around the clay particles is reduced. The clay particles are no longer able to slide 

easily and the soil is strengthened. Generally, from this test result I observed that the spaces 

of the clay particles are close each other and the tendency to carrying water in between is 

decreased after the stabilization is conducted; so the character of the clay soil is constant 

each other after it is stabilized by hydrated lime and fly ash.  

Sample Cc Cs Cv ( cm2/min) Settlement (mm) 

Natural Soil 0.557 0.259 2.436*10-2   to 1.85*10-3 1.477 

Clay+6% HL+5% FA 0.392 0.183 1.394*10-2   to 1.1337*10-2 1.07 

Clay+6% HL+10% FA 0.186 0.106 6.509*10-2  to 2.26*10-2   0.507 

Clay+6% HL+15% FA 0.177 0.096 4.9492*10-2   to 1.394*10-2   0.485 
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                Figure 4.42 Morphology of the black cotton soil before treatment. 

 

Figure 4.43 Morphology of the black cotton soil after treatment. 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATIONS 

5.1 Conclusion 

According to AASHTO standards the soil type of Debra Tsige town is categorized as A-7-5 

due to the reason that the results of plastic limit is greater than 30%.  

Addition of 3%, 4%, 5% and 6% of hydrated lime to black cotton soil significantly decreased 

the maximum dry density, liquid limits, plastic limit, and plasticity index and free swell 

index but the optimum moisture content, unconfined compressive strength of black cotton 

soil is increased.   

Addition  of  5%, 10%, 15% and 20% of fly ash with optimum 6% of hydrated lime to black 

cotton soil result indicated that reduced  the maximum  dry  density, liquid limits, plastic 

limit, plasticity index and free swell index of the black cotton soil and also decreased the  

void  ratio, compression  index  and  total  settlement  of  the soil but in other hand  increased 

optimum moisture content and the unconfined compressive  strength  of  the  soil.   

The addition of lime and fly ash to clay soil is increased the amount of calcium ion in the 

system due to the reaction between the calcium ion, silica and alumina and due to this fact 

the soil is more flocculated. Lime and fly ash caused finely divided clay particles to 

agglomerate into coarser particles which improves the load bearing properties and 

subsequently the lime, fly ash treated soil hardens by chemical reaction. 

Fly ash is incorporated into the flocculated black cotton soil that caused by hydrated lime 

and decreased the void of flocculated soil; therefore the water held in clay soil is decreased. 

Lime and fly ash are added to the clay soil result indicated that the amount of water around 

the clay particles is reduced. Due to this fact clay particles are no longer able to slide easily 

and the soil is strengthened. 

The fly ash and lime reaction with clay soil resulted immediate changes in soil texture and 

soil properties. And caused pozzolanic reactions within the lime-fly ash-soil mixture and 

then obtained strength over time 

Generally it is concluded that black cotton soil treated by 6% hydrated lime and 5% to 20% 

of fly ash indicated that the significant increment in strength of the back cotton soil 

throughout a time. 
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5.2 Recommendations  

All test results conducted in this thesis study were without curing the samples to a certain 

period of time except for that of UCS test for 7 days. Hence, anyone who have interest to 

study on fly ash and hydrated lime as stabilizing agents to black cotton soil shall conduct by 

including the cured case. 

In my test results of the unconfined compression test shown increased as increase the 

percentage of fly ash to soil sample up to 20%. So, if researcher shall investigate after 20% 

it is better way to get optimum percentage of the fly ash. 

The XRD characterization of the soil is not done. So if characterization will do for the future 

it is used to know the molecular structure and minerals present in clay soil before and after 

treatment. 

It is better if the moisture content of undisturbed soil sample would done to get the accurate 

moisture content of the soil sample. 
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APPENDIX 

Appendix A: Grain Size and Hydrometer Analysis Test Results 

The grain size and hydrometer tests are done for TP-1, TP-2 and TP-3 soils that is only for 

the natural black cotton soil. 

Table A-1 Grain size analysis test result of TP-1 

Sieve 

AST

M 

Sieve 

size 

(mm) 

mass 

of 

sieve 

mass of 

sieve 

+soil 

Individual 

mass 

retained 

percent 

retained 

cumulative 

mass 

retained 

percent 

passing 

No.4 4.75 440 559 119 11.9 11.9 88.1 

No.8 2.36 406 446.8 40.8 4.1 16.0 84.0 

No.10 2.00 383 392.7 9.7 1.0 17.0 83.1 

No.16 1.18 359 380 21 2.1 19.1 81.0 

No.30 0.600 329 346 17 1.7 20.8 79.3 

No.50 0.300 296 305.9 9.9 1.0 21.7 78.3 

No.10

0 
0.150 279 287 8 0.8 22.5 77.5 

No.20

0 
0.075 276 280 4 0.4 23.0 77.1 

Pan  253 1253 1000 77.0   

Total 

weigh

t 

   230 100   

Loss    0.20    

Table A-2 Hydrometer analysis test result for TP-1 

Time 

(min.) 

Actual 

hydrometer 

reading 

Temp. 

(oC) 

effective 

depth 

L(mm) 

K from 

Table 

Corrected 

factor Ct 

Corrected 

hydrometer 

reading 

Particle 

Diameter 

Percent 

pass 

Corrected 

percentage 

pass (%) 

1 32.0 23 11.1 0.01317 0.7 32.7 0.043878 65.4 27.7 

2 32.0 23 11.1 0.01317 0.7 32.7 0.031026 65.4 27.7 

4 31.0 23 11.2 0.01317 0.7 31.7 0.022038 63.4 26.7 
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8 30.0 23 11.4 0.01317 0.7 30.7 0.015721 61.4 25.7 

15 29.0 23 11.5 0.01317 0.7 29.7 0.011532 59.4 24.7 

30 28.0 23 11.7 0.01317 0.7 28.7 0.008225 57.4 23.7 

60 27.0 23 12.0 0.01317 0.7 27.7 0.005890 55.4 22.7 

120 26.0 24 12.9 0.01301 1.0 27.0 0.004266 54.0 22.0 

240 26.0 24 13.8 0.01301 1.0 27.0 0.003120 54.0 22.0 

480 26.0 24 15.0 0.01317 0.7 26.7 0.002328 53.4 21.7 

1440 26.0 23 16.3 0.01317 0.7 26.7 0.001401 53.4 21.7 
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Figure A-1 Particle size distribution curve for Tp-1 
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Table A-2 Grain size analysis test result of TP-2 

Sieve 

ASTM 

Sieve 

size 

mass 

of 

sieve 

mass of 

sieve 

+soil 

Individua

l mass 

retained 

percent 

retaine

d 

Cumulativ

e mass 

retained 

percent 

passing 

No.4 4.75 440 460 20 2.0 2.0 98.0 

No.8 2.36 406 416 10 1.0 3.0 97.0 

No.10 2.00 383 388 5 0.5 3.5 96.5 

No.16 1.18 359 374 15 1.5 5.0 95.0 

No.30 0.600 329 350 21 2.1 7.1 92.9 

No.50 0.300 296 317 21 2.1 9.2 90.8 

No.100 0.150 279 293 14 1.4 10.6 89.4 

No.200 0.075 276 283 7 0.7 11.3 88.7 

Pan  253 1253 1000 88.7   

Total 

weight 
   113 100   

Loss    0    

Table A-3 Hydrometer analysis test result for TP-2 

Time 

(min.) 

Actual 

hydrometer 

reading 

Temp. 

(oC) 

Effective 

depth L 

(mm) 

K from 

Table 

Corrected 

factor Ct 

Corrected 

hydrometer 

reading 

Particle 

Diameter 

Percent 

pass 

Corrected 

percentage 

pass (% 

1 35.0 23 10.6 0.01317 0.7 35.7 0.042878 71.4 30.7 

2 34.0 23 10.7 0.01317 0.7 34.7 0.030462 69.4 29.7 

4 29.0 23 11.5 0.01317 0.7 29.7 0.022331 59.4 24.7 

8 28.0 23 11.7 0.01317 0.7 28.7 0.015927 57.4 23.7 

15 27.0 23 12.2 0.01317 0.7 27.7 0.011877 55.4 22.7 

30 26.0 23 12.5 0.01317 0.7 26.7 0.008501 53.4 21.7 

60 25.0 23 13.5 0.01317 0.7 25.7 0.006247 51.4 20.7 

120 25.0 24 14.2 0.01301 1.0 26.0 0.004475 52.0 21.0 

240 25.0 24 14.8 0.01301 1.0 26.0 0.003231 52.0 21.0 
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480 25.0 24 15.5 0.01317 0.7 25.7 0.002367 51.4 20.7 

1440 25.0 23 16.1 0.01317 0.7 25.7 0.001393 51.4 20.7 

 

Gravel 2 
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Clay 51 

 

Figure A-2 Particle size distribution curve for Tp-2 

Table A-4 Grain size analysis test result of TP-3 

Sieve 

ASTM 

Sieve 

size 

mass 

of 

sieve 

mass of 

sieve 

+soil 

Individua

l mass 

retained 

percent 

retaine

d 

Cumulativ

e mass 

retained 

percent 

passing 

No.4 4.75 440 514 74 7.4 7.4 92.6 

No.8 2.36 406 428 22 2.2 9.6 90.4 

No.10 2.00 383 388 5 0.5 10.1 89.9 

No.16 1.18 359 373 14 1.4 11.5 88.5 

No.30 0.600 329 339 10 1.0 12.5 87.5 

No.50 0.300 296 301 5 0.5 13.0 87.0 

No.100 0.150 279 283 4 0.4 13.4 86.6 
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No.200 0.075 276 278 2 0.2 13.6 86.4 

Pan  253 1253 1000 86.4   

Total 

weight 
   864 100   

Loss    0    

Table A-5 Hydrometer analysis test result for TP-3 

Time 

(min.) 

Actual 

hydrometer 

reading Temp. (oC) 

Effective 

depth L 

(mm) 

K from 

Table 

Corrected 

factor Ct 

Corrected 

hydrometer 

reading 

Particle 

Diameter 

Percent 

pass 

Corrected 

percentage 

pass (%) 

1 36.0 23 10.4 0.01317 0.7 36.7 0.042472 73.4 31.7 

2 35.0 23 10.6 0.01317 0.7 35.7 0.03032 71.4 30.7 

4 34.0 23 10.7 0.01317 0.7 34.7 0.02154 69.4 29.7 

8 32.0 23 11.1 0.01317 0.7 32.7 0.015513 65.4 27.7 

15 30.0 23 11.4 0.01317 0.7 30.7 0.011481 61.4 25.7 

30 28.0 23 11.7 0.01317 0.7 28.7 0.008225 57.4 23.7 

60 27.0 23 12.2 0.01317 0.7 27.7 0.005939 55.4 22.7 

120 27.0 24 13.3 0.01301 1.0 28.0 0.004331 56.0 23.0 

240 27.0 24 14.5 0.01301 1.0 28.0 0.003198 56.0 23.0 

480 27.0 24 15.6 0.01317 0.7 27.7 0.002374 55.4 22.7 

1440 27.0 23 16.3 0.01317 0.7 27.7 0.001401 55.4 22.7 
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Clay 55 



78 
 

 

Figure A-3 Particle size distribution curve for Tp-3 
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Appendix B: Free Swell Index Test Results  

Free swell index test are done before and after stabilization of Soil. 

Table B-1 Free Swell Index Test Result for untreated black cotton soil 

Test pit number Vd Vk FSI (%) 

TP-1 18 11 63.64 

TP-2 15 11.5 31.82 

TP-3 20 11 86.36 

 

Table B-2 Free Swell Index Test Result for treated soil by hydrated lime alone and mixed 

with fly ash. 

Test identity Vd  Vk  
𝐹𝑆𝐼 =

𝑉𝑑 − 𝑉𝑘

𝑉𝑘
∗ 100 

3% hydrated lime and 97% black cotton soil 16 10 60 

4% hydrated lime and 96% black cotton soil 17 11 54.55 

5% hydrated lime and 95% black cotton soil 19 13 46.15 

6% hydrated lime and 94% black cotton soil 16 12 33.33 

6% hydrated lime, 5% fly ash and 89% black 

cotton soil 

19 15 26.67 

6% hydrated lime, 10% fly ash and 84% black 

cotton soil 

19 16 18.75 

6% hydrated lime, 15% fly ash and 79% black 

cotton soil 

19 17 11.76 

6% hydrated lime, 20% fly ash and 74% black 

cotton soil 

18 17 5.88 
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Appendix C: Atterberg Limit Test Results 

Liquid limits, plastic limits and plastic index tests are conducted for natural back cotton 

and treated soils with only hydrated lime and mixed with fly ash. 

Table C-1 The Liquid limits and Plastic limits test results for untreated soil TP-1 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3 1 2 3 

Mass of wet soil+can  34.58 37.44 35.28 29.69 26.57 27.26 

Mass of dry soil+can  28.24 30.73 31.32 26.48 24.76 25.19 

mass of can  19.6 19.26 19.5 19.45 19.62 19.52 

mass of dry soil 8.64 11.47 11.82 7.03 5.14 5.67 

mass of moisture 6.34 6.71 3.96 3.21 1.81 2.07 

Water content (%) 73.38 58.50 33.5 45.66 35.21 36.51 

No. of blows 19 29 34 - - - 

Liquid Limit (%) 61 

Plastic Limit (%) 39.13 

Plastic Index (%) 21.87 

 

 

Figure C-1 Liquid test result curve for natural black cotton soil for TP-1 
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Table C-2 The Liquid limits and Plastic limits test results for untreated soil TP-2 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3 1 2 3 

Mass of wet soil+can  36.76 36.62 37.48 28.01 28.21 29.23 

Mass of dry soil+can  30.14 30.19 32.74 25.78 25.91 26.4 

mass of can  19.43 19.4 19.52 19.78 19.69 19.32 

mass of dry soil 10.71 10.79 13.22 6 6.22 7.08 

mass of moisture 6.62 6.43 4.74 2.23 2.3 2.83 

Water content (%) 61.81 59.59 35.85 37.17 36.98 39.97 

No. of blows 17 26 35 - - - 

Liquid Limit (%) 54 

Plastic Limit (%) 38.04 

Plastic Index (%) 15.96 

 

 

Figure C-2 Liquid test result curve for natural black cotton soil for TP-2 
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Table C-3 The Liquid limits and Plastic limits test results for untreated soil TP-3 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3 1 2 3 

Mass of wet soil+can  38.83 36.02 34.99 25.04 24.61 23.91 

Mass of dry soil+can  29.61 28.28 30.81 23.3 23.16 22.6 

mass of can  19.65 19.49 19.45 19.64 19.58 19.26 

mass of dry soil 9.96 8.79 11.36 3.66 3.58 3.34 

mass of moisture 9.22 7.74 4.18 1.74 1.45 1.31 

Water content (%) 92.57 88.05 36.80 47.54 40.50 39.22 

No. of blows 15 23 32 - - - 

Liquid Limit (%) 76 

Plastic Limit (%) 42.42 

Plastic Index (%) 33.58 

 

 

Figure C-3 Liquid test result curve for natural black cotton soil for TP-3 
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Table C-4 The Liquid limits and Plastic limits test results for treated soil by 3% of 

hydrated lime 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3 1 2 

Mass of wet soil+can  33.14 33.46 32.92 26.97 25.45 

Mass of dry soil+can  27 27.45 27.22 24.65 23.77 

mass of can  19.43 19.62 19.6 19.25 19.6 

mass of dry soil 7.57 7.83 7.62 5.4 4.17 

mass of moisture 6.14 6.01 5.7 2.32 1.68 

Water content (%) 81 77 75 42.96 40.29 

No. of blows 16 27 35 - - 

Liquid Limit (%) 78 

Plastic Limit (%) 41.63 

Plastic Index (%) 36.37 

 

Figure C-4 Liquid test result curve for treated black cotton soil by 3% hydrated lime 
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Table C- The Liquid limits and Plastic limits test results for treated soil by 4% of hydrated 

lime 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3 1 2 

Mass of wet soil+can  33.25 31.13 33.37 26.10 27.11 

Mass of dry soil+can  27.52 26.44 27.87 24.05 24.66 

mass of can  19.25 19.36 19.4 19. 5 19.51 

mass of dry soil 8.27 7.08 8.27 4.55 5.15 

mass of moisture 5.73 4.69 5.5 2.05 2.45 

Water content (%) 69 66 65 45.05 47.57 

No. of blows 19 29 34 - - 

Liquid Limit (%) 78 

Plastic Limit (%) 46.31 

Plastic Index (%) 31.69 

 

 

Figure C-5 Liquid test result curve for treated black cotton soil by 4% hydrated lime 

 

0

20

40

60

80

100

120

0 10 20 30 40

W
a
te

r 
C

o
n

te
n

t 
(%

)

No. of Belows N

4% hydrayted lime



85 
 

Table C-6 The Liquid limits and Plastic limits test results for treated soil by 5% of 

hydrated lime 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3 1 2 

Mass of wet soil+can  33.88 31.84 31.27 27.65 27.70 

Mass of dry soil+can  28.07 26.72 26.43 24.98 24.95 

mass of can  19.4 18.74 18.49 19. 47 19.29 

mass of dry soil 8.67 7.98 7.94 5.51 5.66 

mass of moisture 5.81 5.12 4.84 2.67 2.75 

Water content (%) 67 64 61 48.46 48.59 

No. of blows 17 24 33 - - 

Liquid Limit (%) 64 

Plastic Limit (%) 48.52 

Plastic Index (%) 15.48 

 

 

Figure C-6 Liquid test curve for treated black cotton soil by 5% hydrated lime 
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Table C-7 The Liquid limits and Plastic limits test results for treated soil by 6% of 

hydrated lime 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3 1 2 

Mass of wet soil+can  28.16 32.95 29.98 28.31 31.0 

Mass of dry soil+can  24.81 27.87 26.06 25.2 27.14 

mass of can  19.43 19.47 19.4 19. 28 19.72 

mass of dry soil 5.38 8.4 6.66 5.92 7.42 

mass of moisture 3.35 5.08 3.92 3.11 3.86 

Water content (%) 62 60 59 52.53 52.02 

No. of blows 15 22 35 - - 

Liquid Limit (%) 60 

Plastic Limit (%) 52.28 

Plastic Index (%) 7.72 

 

Figure C-6 Liquid test result curve for treated black cotton soil by 6% hydrated lime 
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Table C-8 The Liquid limits, Plastic limits and Plastic Index test results for treated soil by 

6% of hydrated lime and 5% Fly ash 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3  1 2 3 

Mass of wet soil+can   29.37 29.49 31.5 22.83 24.57 23.2 

Mass of dry soil+can   25.51 25.52 26.48  21.54 23.03 21.99 

mass of can   19.49 19.58 19.6  18.71 19.63 19.33 

mass of dry soil  6.02 5.94 6.88  2.83 3.4 2.66 

mass of moisture  3.86 3.97 3.86 1.29 1.54 1.21 

Water content (%)  64.1 66.8 73.0  45.58 45.29 45.49 

No. of blows  34 29 16 -  - 

Liquid Limit (%) 69 

Plastic Limit (%) 45.46 

Plastic Index (%) 23.54 

 

Figure C-7 Liquid test result curve for treated black cotton soil by 6% hydrated lime and 

5% fly ash 
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Table C-9 The Liquid limits, Plastic limits and Plastic Index test results for treated soil by 

6% of hydrated lime and 10% Fly ash 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3  1 2 3 

Mass of wet soil+can   31.33 30.72 32.29 24.37 26.38 24.97 

Mass of dry soil+can  26.63 25.8 26.9 

  

22.88 24.18 23.24 

mass of can   19.52 18.51 19.24  19.4 19.43 19.44 

mass of dry soil  7.11 7.29 7.66  3.48 4.75 3.8 

mass of moisture  4.7 4.7 4.92 5.39 2.2 1.73 

Water content (%)  66.1 67.5 70.4  42.82 46.32 45.53 

No. of blows  30 25 15 -  - 

Liquid Limit (%) 67 

Plastic Limit (%) 44.89 

Plastic Index (%) 22.11 

 

Figure C-8 Liquid test curve result for treated black cotton soil by 6% hydrated lime and 

10% fly ash. 
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Table C-10 The Liquid limits, Plastic limits and Plastic Index test results for treated soil by 

6% of hydrated lime and 15% Fly ash. 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3 1 2 3 

Mass of wet 

soil+can  
29.47 29.42 31.27 24.78 24.74 25.47 

Mass of dry soil+can  25.16 25.09 26.59 23.04 23.05 23.49 

mass of can  18.77 18.59 19.32 19.55 19.52 19.27 

mass of dry soil 6.39 6.5 7.27 3.49 3.53 4.22 

mass of moisture 4.31 4.33 4.68 1.74 1.69 1.98 

Water content (%) 67.4 66.6 64.4 49.86 47.88 46.92 

No. of blows 18 22 33 -  - 

Liquid Limit (%) 66 

Plastic Limit (%) 48.22 

Plastic Index (%) 17.78 

 

Figure C-9 Liquid test result curve for treated black cotton soil by 6% hydrated lime and 

15% fly ash 
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Table C-11 The Liquid limits, Plastic limits and Plastic Index test results for treated soil by 

6% of hydrated lime and 20% Fly ash 

Test Name Liquid Limit Plastic Limit 

Can No. 1 2 3 1 2 3 

Mass of wet soil+can  29.32 31.11 29.92 25.36 25.84 26.18 

Mass of dry soil+can  25.35 26.56 25.95 23.48 23.85 24.0 

mass of can  19.48 19.64 19.63 19.46 19.43 19.47 

mass of dry soil 5.87 6.92 6.32 4.02 4.42 4.53 

mass of moisture 3.97 4.55 3.97 1.88 1.99 2.18 

Water content (%) 67.6 65.8 62.8 46.77 45.02 48.12 

No. of blows 16 24 34 -  - 

Liquid Limit (%) 65 

Plastic Limit (%) 46.64 

Plastic Index (%) 18.36 

 

Figure C-9 Liquid test result curve for treated black cotton soil by 6% hydrated lime and 

20% fly ash. 
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Appendix D: Specific Gravity test Results 

The specific gravity was done for untreated and treated black cotton soil. 

Table D-1 the specific Gravity of natural soil for three test pits. 

Test pit number TP-1 TP-2 TP-3 

Pycnometer number 37 3 57 63 37 38 

Mass of Pycnometer (gm) 35.54 35.52 35.84 34.78 35.57 35.52 

Mass of Pycnometer+ dry 

soil (gm) 

45.54 45.52 45.84 44.78 45.57 45.52 

Mass of Pycnometer+ dry 

soil +water (gm) 

143.4 140.25 142.52 142.78 143.16 140.42 

Mass of Pycnometer +water 

(gm) 

137.11 133.82 136.16 135.87 137.13 133.85 

Specific Gravity 2.75 2.77 2.72 

Table D-2 The specific Gravity BC treated by different percentage of hydrated lime. 

Percentage of 

admixtures 

Hydrated Lime (%) 

3% 4% 5% 6% 

Pycnometer 

number 
37 38 57 63 37 38 37 38 

Mass of 

Pycnometer (gm) 
35.54 35.52 35.54 35.52 35.54 35.52 35.54 35.52 

Mass of 

Pycnometer+ dry 

soil (gm) 

45.54 45.52 45.54 45.52 45.54 45.52 45.54 45.52 

Mass of 

Pycnometer+ dry 

soil +water (gm) 

143.34 140.08 143.27 140.06 143.18 139.91 143.15 139.84 

Mass of 

Pycnometer +water 

(gm) 

137.11 133.82 137.11 133.82 137.11 133.82 137.11 133.81 

Specific Gravity 2.66 2.63 2.52 2.52 
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Table D-3 The specific Gravity BCtreated by different percentage of hydrated lime alone 

and mixed with different percentage of fly ash. 

Parentage of 

admixtures 

6% Hydrated Lime and different percent of Fly ash 

5% 10% 15% 20% 

Pycnometer 

number 
37 38 57 63 37 38 37 38 

Mass of 

Pycnometer (gm) 
35.54 35.52 35.54 35.52 35.54 35.52 35.54 35.52 

Mass of 

Pycnometer+ dry 

soil (gm) 

45.54 45.52 45.54 45.52 45.54 45.52 45.54 45.52 

Mass of 

Pycnometer+ dry 

soil +water (gm) 

143.34 140.08 143.27 140.06 143.18 139.91 143.15 139.84 

Mass of 

Pycnometer +water 

(gm) 

137.11 133.82 137.11 133.82 137.11 133.82 137.11 133.81 

Specific Gravity 2.66 2.63 2.52 2.52 
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Appendix E: The Standard Proctor Test Results Shown for Natural 

Black Cotton Soil and Treated Soil 

Table E-1 The result of compaction test result for natural soil of TP-1. 

Volume of mold 944cm3, mass of mold 3755gm 

Trial Number 1 2 3 4 5 6 

Mass of compacted 

soil+mold (gm) 
5261 5294 5425 5565 5579 5522 

Mass of wet soil(gm) 1506 1539 1670 1810 1824 1767 

Volume of Mold (cm3) 944 944 944 944 944 944 

Mass of wet soil+can (gm) 54.08 60.64 68.55 49.77 49.05 57.25 

Mass of dry soil+can (gm) 48.76 55.86 62.06 43.59 40.76 46.09 

Mass of can (gm) 19.32 29.88 29.97 19.32 18.97 19.42 

Mass of water (gm) 5.32 4.79 6.49 6.18 8.19 11.16 

Mass of dry soil (gm) 29.44 25.97 32.08 24.27 21.79 26.67 

Moisture content (%) 17.29 18.40 20.72 26.05 37.81 41.90 

Bulk unit weight 1.59 1.63 1.77 1.92 1.93 1.97 

Dry density 1.36 1.38 1.47 1.52 1.40 1.32 

Moisture content (%) 17 18 21 26 38 42 

 

Table E-2 The result of compaction test result for natural soil of TP-2. 

Trial Number 1 2 3 4 5 6 

Mass of compacted 

soil+mold (gm) 
5101 5166 5294 5447 5516 5496 

Mass of wet soil(gm) 1346 1411 1539 1692 1761 1741 

Volume of Mold (cm3) 944 944 944 944 944 944 

Mass of wet soil+can (gm) 54.40 49.01 46.44 51.52 59.29 67.23 



94 
 

Mass of dry soil+can (gm) 50.81 44.4 41.39 44.48 49.07 53.14 

Mass of can (gm) 19.16 19.38 19.47 19.46 19.52 19.08 

Mass of water (gm) 4.59 4.61 5.05 7.04 10.23 14.09 

Mass of dry soil (gm) 31.65 25.02 21.92 25.02 29.55 34.06 

Moisture content (%) 14 18 23 28 35 41 

Bulk unit weight 1.43 1.50 1.63 1.79 1.87 1.84 

Dry density 1.25 1.26 1.32 1.40 1.39 1.31 

Table E-3 The result of compaction test result for natural soil of TP-3 

Trial Number 1 2 3 4 5 6 

Mass of compacted soil+mold 

(gm) 
5141 5226 5240 5397 5556 5536 

Mass of wet soil(gm) 1386 1471 1585 1642 1801 1781 

Volume of Mold (cm3) 944 944 944 944 944 944 

Mass of wet soil+can (gm) 55.6 56.2 66 59.3 66.3 49.2 

Mass of dry soil+can (gm) 50.55 49.74 56.34 50.49 53.39 40.06 

Mass of can (gm) 19.41 19.59 19.59 19.07 19.47 19.32 

Mass of water (gm) 5.07 6.43 9.63 8.81 12.88 9.14 

Mass of dry soil (gm) 31.14 30.15 36.75 31.42 33.91 20.75 

Moisture content (%) 16 21 26 28 38 45 

Bulk unit weight 1.47 1.56 1.68 1.74 1.91 1.89 

Dry density 1.26 1.28 1.33 1.36 1.39 1.30 
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Figure E-1 Compaction curve of 3 Test Pits 

Table E-4 The result of compaction test result for black cotton soil treated by 3% of 

hydrated lime 

Trial Number 1 2 3 4 5 6 

Mass of compacted soil+mold 

(gm) 
5164 5248 5354 5583 5474 5536 

Mass of wet soil(gm) 1404 1488 1594 1823 1714 1781 

Volume of Mold (cm3) 944 944 944 944 944 944 

Mass of wet soil+can (gm) 65.89 60.27 71.71 64.76 70.60 49.20 

Mass of dry soil+can (gm) 61.21 55.14 63.22 54.69 58.65 40.06 

Mass of can (gm) 30.29 30.19 30.36 30.22 30.00 19.32 

Mass of water (gm) 4.68 5.13 8.49 10.07 11.95 9.14 

Mass of dry soil (gm) 30.92 24.95 32.86 24.47 28.65 20.75 

Moisture content (%) 15 21 26 41 42 45 

Bulk unit weight (gm/cm3) 1.49 1.58 1.69 1.93 1.82 1.89 

Dry density (gm/cm3) 1.29 1.31 1.34 1.37 1.28 1.30 
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Table E-5 The result of compaction test result for black cotton soil treated by 4% of 

hydrated lime 

Trial Number 1 2 3 4 5 6 

Mass of compacted soil+mold 

(gm) 
5107 5191 5329 5398 5583 5508 

Mass of wet soil(gm) 1347 1431 1569 1638 1823 1748 

Volume of Mold (cm3) 944 944 944 944 944 944 

Mass of wet soil+can (gm) 62.85 39.52 56.98 55.97 61.14 52.47 

Mass of dry soil+can (gm) 59.37 36.62 50.13 48.46 48.75 42.42 

Mass of can (gm) 29.72 19.41 23.16 22.94 19.29 19.49 

Mass of water (gm) 3.48 2.95.13 6.85 7.51 12.39 10.05 

Mass of dry soil (gm) 29.65 17.21 26.97 25.52 29.49 22.93 

Moisture content (%) 12 17 25 29 43 44 

Bulk unit weight (gm/cm3) 1.43 1.52 1.66 1.74 1.93 1.85 

Dry density (gm/cm3) 1.27 1.30 1.33 1.34 1.35 1.28 

Table E-6 The result of compaction test result for black cotton soil treated by 5% of 

hydrated lime. 

Trial Number 1 2 3 4 5 6 

Mass of compacted soil+mold 

(gm) 
5112 5195 5349 5575 5470 5508 

Mass of wet soil(gm) 1352 1435 1589 1815 1710 1748 

Volume of Mold (cm3) 944 944 944 944 944 944 
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Mass of wet soil+can (gm) 47.09 42.75 51.41 53.40 50.82 52.47 

Mass of dry soil+can (gm) 43.57 38.87 44.63 42.13 40.85 42.42 

Mass of can (gm) 19.21 19.22 23.70 16.19 19.34 19.49 

Mass of water (gm) 3.52 3.88 6.78 11.27 9.97 10.05 

Mass of dry soil (gm) 24.36 19.65 24.93 25.94 21.50 22.93 

Moisture content (%) 14 20 27 45 46 44 

Bulk unit weight (gm/cm3) 1.43 1.52 1.68 1.92 1.81 1.85 

Dry density (gm/cm3) 1.25 1.27 1.32 1.33 1.24 1.28 

Table E-7 The result of compaction test result for black cotton soil treated by 6% of 

hydrated lime. 

Trial Number 1 2 3 4 5 6 

Mass of compacted soil+mold 

(gm) 
5064 5168 5281 5562 5532 5508 

Mass of wet soil(gm) 1304 1408 1521 1802 1772 1748 

Volume of Mold (cm3) 944 944 944 944 944 944 

Mass of wet soil+can (gm) 50.10 47.88 57.36 53.29 62.56 52.47 

Mass of dry soil+can (gm) 46.37 43.15 49.35 42.72 48.78 42.42 

Mass of can (gm) 19.33 19.53 19.44 19.26 19.23 19.49 

Mass of water (gm) 3.73 4.73 8.01 10.57 13.78 10.05 

Mass of dry soil (gm) 27.03 23.63 29.91 23.46 29.55 22.93 

Moisture content (%) 14 20 27 46 47 49 
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Bulk unit weight (gm/cm3) 1.38 1.49 1.61 1.91 1.88 1.85 

Dry density (gm/cm3) 1.21 1.24 1.27 1.31 1.28 1.26 

 

Figure E-2 Compaction curve of treated soil by 3-6% of hydrated lime 

Table E-8 The result of compaction test result for black cotton soil treated by 6% of 

hydrated lime and 5% of fly ash. 

Trial Number 1 2 3 4 5 6 

Mass of compacted soil+mold 

(gm) 
5260 55339 5492 5568 5487 5508 

Mass of wet soil(gm) 1500 1579 1732 1808 1727 1748 

Volume of Mold (cm3) 944 944 944 944 944 944 

Mass of wet soil+can (gm) 59.86 57.60 55.28 61.82 70.47 52.47 

Mass of dry soil+can (gm) 55.10 52.24 48.92 52.97 58.17 42.42 

Mass of can (gm) 30.17 29.93 30.13 29.86 30.05 19.49 

1.22

1.24

1.26

1.28

1.30

1.32

1.34

1.36

1.38

1.40

0 10 20 30 40 50 60

D
ry

 D
en

si
ty

 (
K

N
/m

3
)

Moisture Content (%)

100% Black Cotton Soil 3% HL and 97% of BC

4% HL and 96% BC 5% HL and 95% BC

6% HL and 94% BC



99 
 

Mass of water (gm) 4.76 5.36 6.36 8.85 12.30 10.05 

Mass of dry soil (gm) 24.93 22.31 18.79 23.11 28.12 22.93 

Moisture content (%) 19 24 34 39 44 49 

Bulk unit weight (gm/cm3) 1.59 1.67 1.83 1.92 1.83 1.85 

Dry density (gm/cm3) 1.33 1.35 1.37 1.38 1.27 1.22 

Table E-9 The result of compaction test result for black cotton soil treated by 6% of 

hydrated lime and 10% of fly ash. 

Trial Number 1 2 3 4 5 6 

Mass of compacted soil+mold 

(gm) 
5194 5292 5415 5567 5490 5508 

Mass of wet soil(gm) 1434 1532 1655 1807 1730 1748 

Volume of Mold (cm3) 944 944 944 944 944 944 

Mass of wet soil+can (gm) 54.31 47.56 42.92 52.40 52.03 52.47 

Mass of dry soil+can (gm) 51.16 38.86 44.77 42.69 59.81 42.42 

Mass of can (gm) 30.06 19.49 19.44 19.14 23.18 19.49 

Mass of water (gm) 3.15 4.07 7.63 9.34 16.05 10.05 

Mass of dry soil (gm) 21.10 19.37 25.33 23.55 36.63 22.93 

Moisture content (%) 15 21 30 40 45 49 

Bulk unit weight (gm/cm3) 1.52 1.62 1.75 1.91 1.83 1.85 

Dry density (gm/cm3) 1.32 1.34 1.35 1.36 1.27 1.27 
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Table E-10 The result of compaction test result for black cotton soil treated by 6% of 

hydrated lime and 15% of fly ash. 

Trial Number 1 2 3 4 5 6 

Mass of compacted soil+mold 

(gm) 
5281 5335 5401 5549 5494 5508 

Mass of wet soil(gm) 1521 1575 1641 1789 1734 1748 

Volume of Mold (cm3) 944 944 944 944 944 944 

Mass of wet soil+can (gm) 44.67 44.48 54.25 48.68 66.62 52.47 

Mass of dry soil+can (gm) 39.88 39.06 46.03 40.09 52.58 42.42 

Mass of can (gm) 19.54 19.45 19.42 19.15 19.34 19.49 

Mass of water (gm) 4.78 5.42 8.21 8.59 14.04 10.05 

Mass of dry soil (gm) 20.34 19.60 26.61 20.94 33.23 22.93 

Moisture content (%) 24 28 31 41 42 49 

Bulk unit weight (gm/cm3) 1.61 1.67 1.74 1.89 1.84 1.85 

Dry density (gm/cm3) 1.30 1.31 1.33 1.35 1.29 1.27 

Table E-11 The result of compaction test result for black cotton soil treated by 6% of 

hydrated lime and 20% of fly ash. 

Trial Number 1 2 3 4 5 6 

Mass of compacted soil+mold 

(gm) 
5179 5286 5413 5541 5491 5508 

Mass of wet soil(gm) 1419 1526 1653 1781 1731 1748 

Volume of Mold (cm3) 944 944 944 944 944 944 
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Mass of wet soil+can (gm) 44.51 57.67 47.89 57.78 70.88 52.47 

Mass of dry soil+can (gm) 40.79 49.60 40.78 46.44 55.39 42.42 

Mass of can (gm) 19.52 19.28 19.54 19.26 19.38 19.49 

Mass of water (gm) 3.72 8.07 7.11 11.34 15.45 10.05 

Mass of dry soil (gm) 21.27 30.31 31.31 21.24 27.18 36.01 

Moisture content (%) 18 27 34 42 43 49 

Bulk unit weight (gm/cm3) 1.50 1.62 1.75 1.89 1.83 1.85 

Dry density (gm/cm3) 1.26 1.28 1.31 1.33 1.28 1.27 

 

 

Figure E-11Compaction curve of treated soil by4% of hydrated lime and 5-20% fly ash  
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Appendix F: Unconfined Compression Strength Test results  

The Unconfined compression strength test results were done for both Untreated and 

Treated Soil. 

Table F-1 Unconfined compression strength test results for untreated soil TP-1. 

Diameter of 

mold=38mm 

length of mold 

=76mm 
Area of mold=1133.54mm2 

Step 

Sample 

deformation 

∆L (mm) 

Stain 

(ε) 

Strain 

(%) 

Corrected 

area 

(mm2) 

Load (kN) 
Stress 

(KPa) 

Time 

(s) 

1 0.000 0.000 0.000 1133.54 0.000 0.00 0.000 

2 0.090 0.001 0.118 1134.88 0.053 46.70 2.100 

3 0.200 0.003 0.263 1136.53 0.072 63.35 4.000 

4 0.330 0.004 0.434 1138.48 0.088 77.30 5.800 

5 0.480 0.006 0.632 1140.74 0.102 89.42 7.600 

6 0.620 0.008 0.816 1142.86 0.120 105.00 9.300 

7 0.770 0.010 1.013 1145.14 0.125 109.16 11.100 

8 0.910 0.012 1.197 1147.28 0.136 118.54 12.900 

9 1.060 0.014 1.395 1149.57 0.149 129.61 14.700 

10 1.210 0.016 1.592 1151.88 0.157 136.30 16.500 

11 1.350 0.018 1.776 1154.04 0.167 144.71 18.300 

12 1.490 0.020 1.961 1156.21 0.177 153.09 20.100 

13 1.640 0.022 2.158 1158.54 0.183 157.96 21.900 

14 1.780 0.023 2.342 1160.73 0.189 162.83 23.700 

15 1.930 0.025 2.539 1163.08 0.195 167.66 25.500 

16 2.080 0.027 2.737 1165.44 0.201 172.47 27.300 

17 2.220 0.029 2.921 1167.65 0.203 173.85 29.100 

18 2.370 0.031 3.118 1170.03 0.208 177.77 30.800 

19 2.510 0.033 3.303 1172.26 0.210 179.14 32.600 

20 2.660 0.035 3.500 1174.65 0.212 180.48 34.400 

21 2.810 0.037 3.697 1177.06 0.211 179.26 36.200 

22 2.970 0.039 3.908 1179.64 0.211 178.87 38.000 

23 3.200 0.042 4.211 1183.37 0.211 178.30 39.800 

qu=180.48 KPa and cu=qu/2=90.24 KPa 

Table F-2 Unconfined compression strength test results for untreated soil TP-2 

Diameter of 

Mold=38mm 

Height of 

Mold =76mm 
Area of Mold=1133.54mm2 

Step 

Sample 

deformation 

∆L(mm) 

Strain 

(ε) 

Strain 

(%) 

Corrected 

area 

Load 

(kN) 

Stress 

(KPa) 

Time 

(s) 

1 0.000 0.000 0.000 1133.54 0.000 0.00 0.000 
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2 0.110 0.001 0.145 1135.18 0.027 23.78 2.100 

3 0.250 0.003 0.329 1137.28 0.041 36.05 3.900 

4 0.420 0.006 0.553 1139.84 0.053 46.50 5.700 

5 0.590 0.008 0.776 1142.41 0.065 56.90 7.500 

6 0.750 0.010 0.987 1144.84 0.076 66.38 9.300 

7 0.910 0.012 1.197 1147.28 0.089 77.57 11.100 

8 1.070 0.014 1.408 1149.73 0.100 86.98 12.900 

9 1.240 0.016 1.632 1152.34 0.111 96.33 14.700 

10 1.400 0.018 1.842 1154.81 0.122 105.64 16.500 

11 1.560 0.021 2.053 1157.30 0.132 114.06 18.300 

12 1.710 0.023 2.250 1159.63 0.142 122.45 20.100 

13 1.870 0.025 2.461 1162.13 0.152 130.79 21.900 

14 2.040 0.027 2.684 1164.81 0.161 138.22 23.700 

15 2.210 0.029 2.908 1167.49 0.171 146.47 25.500 

16 2.380 0.031 3.132 1170.19 0.180 153.82 27.300 

17 2.550 0.034 3.355 1172.89 0.188 160.29 29.100 

18 2.720 0.036 3.579 1175.61 0.195 165.87 30.800 

19 2.890 0.038 3.803 1178.35 0.201 170.58 32.600 

20 3.060 0.040 4.026 1181.09 0.208 176.11 34.400 

21 3.230 0.043 4.250 1183.85 0.214 180.77 36.200 

22 3.390 0.045 4.461 1186.46 0.221 186.27 38.000 

23 3.550 0.047 4.671 1189.08 0.225 189.22 39.800 

24 3.710 0.049 4.882 1191.71 0.230 193.00 41.600 

25 3.860 0.051 5.079 1194.19 0.235 196.79 43.400 

26 4.000 0.053 5.263 1196.51 0.239 199.75 45.200 

27 4.300 0.057 5.658 1201.52 0.245 203.91 48.700 

28 4.440 0.058 5.842 1203.87 0.249 206.83 50.500 

29 4.590 0.060 6.039 1206.40 0.252 208.89 52.300 

30 4.730 0.062 6.224 1208.77 0.255 210.96 54.100 

31 4.880 0.064 6.421 1211.32 0.258 212.99 55.900 

32 5.020 0.066 6.605 1213.71 0.258 212.57 57.700 

33 5.170 0.068 6.803 1216.28 0.261 214.59 59.400 

34 5.310 0.070 6.987 1218.69 0.263 215.81 61.200 

35 5.730 0.075 7.539 1225.97 0.266 216.97 66.600 

36 5.890 0.078 7.750 1228.77 0.268 218.10 68.400 

37 6.040 0.079 7.947 1231.40 0.267 216.83 70.200 

38 6.200 0.082 8.158 1234.23 0.266 215.52 71.900 

qu=218.1 KPa and cu=qu/2=109.05 KPa 
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Table F-3 Unconfined compression strength test results for untreated soil TP-3 

Step 

Sample  

deformation 

∆L(mm) 

Strain 

(ε) 

Strain 

(%) 

Corrected 

area 

(mm2) 

Load ( 

kN) 

Stress 

(kpa) 

Time 

(s) 

1 0.000 0.000 0.000 1133.54 0.000 0.00 0.000 

2 0.120 0.002 0.158 1135.33 0.021 18.06 2.100 

3 0.270 0.004 0.355 1137.58 0.033 29.01 3.900 

4 0.410 0.005 0.539 1139.69 0.041 35.97 5.700 

5 0.545 0.007 0.717 1141.73 0.047 41.17 7.500 

6 0.675 0.009 0.888 1143.70 0.053 46.34 9.300 

7 0.790 0.010 1.039 1145.45 0.058 50.64 11.100 

8 0.925 0.012 1.217 1147.51 0.064 55.34 12.900 

9 1.065 0.014 1.401 1149.65 0.069 59.58 14.700 

10 1.210 0.016 1.592 1151.88 0.073 63.37 16.500 

11 1.360 0.018 1.789 1154.19 0.076 65.85 18.300 

12 1.510 0.020 1.987 1156.52 0.080 69.17 20.000 

13 1.665 0.022 2.191 1158.93 0.084 72.05 21.800 

14 1.815 0.024 2.388 1161.27 0.087 74.49 23.600 

15 1.970 0.026 2.592 1163.70 0.090 76.91 25.400 

16 2.125 0.028 2.796 1166.15 0.091 78.03 27.200 

17 2.285 0.030 3.007 1168.68 0.095 81.29 29.000 

18 2.445 0.032 3.217 1171.22 0.096 81.97 30.800 

19 2.600 0.034 3.421 1173.69 0.098 83.07 32.600 

20 2.770 0.036 3.645 1176.42 0.100 84.58 34.300 

21 2.935 0.039 3.862 1179.07 0.101 85.66 36.100 

22 3.105 0.041 4.086 1181.82 0.103 86.73 37.900 

23 3.270 0.043 4.303 1184.50 0.104 87.38 39.700 

24 3.440 0.045 4.526 1187.28 0.105 88.02 41.500 

25 3.605 0.047 4.743 1189.99 0.106 89.08 43.300 

26 3.770 0.050 4.961 1192.70 0.112 93.90 45.000 

27 3.935 0.052 5.178 1195.44 0.114 95.36 46.800 

28 4.095 0.054 5.388 1198.10 0.117 97.66 48.600 

29 4.255 0.056 5.599 1200.77 0.116 96.60 50.400 

30 4.410 0.058 5.803 1203.37 0.116 96.40 52.200 

31 4.565 0.060 6.007 1205.98 0.116 96.19 54.000 

qu=97.66 KPa and cu=qu/2=48.83 KPa 



105 
 

 

Figure F-1 Unconfined Compression Strength Test Result for natural black cotton soil 

three TP 

Table F-4 Unconfined compression strength test results for stabilized soil by 3% hydrated 

lime 

Step 
sample 
deformation 

strain 
(ε) 

Strain  
(%) 

corrected 
area 
(A)(mm2) 

load 
(KN) 

load 
(N) 

stress 
(Kpa) Time (s) 

            ∆L(mm)               

1 0.000 0.000 0.000 1133.54 0.000 0 0.00 0.000 

2 0.070 0.001 0.092 1134.59 0.008 3 2.35 2.100 

3 0.100 0.001 0.132 1135.03 0.032 11 9.40 4.000 

4 0.190 0.003 0.250 1136.38 0.046 15 13.49 5.800 

5 0.320 0.004 0.421 1138.33 0.070 23 20.50 7.600 

6 0.470 0.006 0.618 1140.59 0.094 31 27.47 9.300 

7 0.640 0.008 0.842 1143.17 0.113 38 32.95 11.100 

8 0.810 0.011 1.066 1145.75 0.137 46 39.86 12.900 

9 0.970 0.013 1.276 1148.19 0.157 52 45.58 14.700 

10 1.130 0.015 1.487 1150.65 0.170 57 49.25 16.500 

11 1.300 0.017 1.711 1153.27 0.201 67 58.10 18.300 

12 1.460 0.019 1.921 1155.74 0.223 74 64.32 20.100 

13 1.620 0.021 2.132 1158.23 0.245 82 70.51 21.900 

14 1.790 0.024 2.355 1160.88 0.267 89 76.67 23.700 

15 1.940 0.026 2.553 1163.23 0.293 98 83.96 25.500 

16 2.090 0.028 2.750 1165.59 0.314 105 89.80 27.300 

17 2.250 0.030 2.961 1168.12 0.335 112 95.59 29.100 

18 2.400 0.032 3.158 1170.50 0.353 118 100.53 30.800 

19 2.550 0.034 3.355 1172.89 0.368 123 104.58 32.600 

20 2.700 0.036 3.553 1175.29 0.393 131 111.46 34.400 
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21 2.850 0.038 3.750 1177.70 0.398 133 112.65 36.200 

22 3.010 0.040 3.961 1180.29 0.409 136 115.51 38.000 

23 3.160 0.042 4.158 1182.72 0.416 139 117.24 39.800 

24 3.310 0.044 4.355 1185.16 0.425 142 119.53 41.500 

25 3.460 0.046 4.553 1187.61 0.428 143 120.13 43.300 

26 3.620 0.048 4.763 1190.23 0.427 142 119.58 45.100 

27 3.770 0.050 4.961 1192.70 0.424 141 118.50 46.900 

28 3.930 0.052 5.171 1195.35 0.412 137 114.89 48.700 

29 4.080 0.054 5.368 1197.85 0.396 132 110.20 50.500 

30 4.230 0.056 5.566 1200.35 0.375 125 104.14 52.200 

qu=120.13KPa and cu=qu/2=60.07 KPa 

Table F-5 Unconfined compression strength test results for stabilized soil by 4% hydrated 

lime 

Step 

Sample 

deformation 

∆L(mm) 

Strain 

(ε) 

Strain 

(%) 

Corrected 

area 

(mm2) 

Load 

(kN) 

Stress 

(KPa) 
Time (s) 

1 
0.000 

 
0.000 0.000 1133.54 0.0000 0.00 0.000 

2 0.130 0.002 0.171 1135.48 0.0008 0.70 2.100 

3 0.290 0.004 0.382 1137.88 0.0080 7.03 4.000 

4 0.470 0.006 0.618 1140.59 0.0164 14.38 5.800 

5 0.660 0.009 0.868 1143.47 0.0224 19.59 7.600 

6 0.770 0.010 1.013 1145.14 0.0276 24.10 9.300 

7 0.870 0.011 1.145 1146.67 0.0356 31.05 11.100 

8 0.990 0.013 1.303 1148.50 0.0416 36.22 12.900 

9 1.140 0.015 1.500 1150.80 0.0500 43.45 14.700 

10 1.290 0.017 1.697 1153.11 0.0584 50.65 16.500 

11 1.440 0.019 1.895 1155.43 0.0672 58.16 18.300 

12 1.600 0.021 2.105 1157.92 0.0776 67.02 20.100 

13 1.760 0.023 2.316 1160.41 0.0880 75.84 21.900 

14 1.910 0.025 2.513 1162.76 0.0988 84.97 23.700 

15 2.070 0.027 2.724 1165.28 0.1100 94.40 25.500 

16 2.220 0.029 2.921 1167.65 0.1216 104.14 27.300 

17 2.380 0.031 3.132 1170.19 0.1312 112.12 29.100 

18 2.530 0.033 3.329 1172.57 0.1432 122.12 30.800 

19 2.670 0.035 3.513 1174.81 0.1544 131.43 32.600 

20 2.820 0.037 3.711 1177.22 0.1636 138.97 34.400 

21 2.970 0.039 3.908 1179.64 0.1720 145.81 36.200 

22 3.120 0.041 4.105 1182.07 0.1784 150.92 38.000 

23 3.260 0.043 4.289 1184.34 0.1812 153.00 39.800 

24 3.410 0.045 4.487 1186.79 0.1804 152.01 41.500 

qu=153 KPa and cu=qu/2=76.5 KPa 
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Table F-6 Unconfined compression strength test results for stabilized soil by 5% hydrated 

lime 

Step 
sample 
deformation 

strain 
(ε) 

Strain   
(%) 

corrected 
area 
(A)(mm2) 

load 
(KN) load (N) 

stress 
(Kpa) Time (s) 

            ∆L(mm)               

1 0.000 0.000 0.000 1133.54 0.000 0 0.00 0.000 

2 0.290 0.004 0.382 1137.88 0.079 26 23.20 2.100 

3 0.330 0.004 0.434 1138.48 0.086 29 25.21 4.000 

4 0.330 0.004 0.434 1138.48 0.094 31 27.61 5.800 

5 0.450 0.006 0.592 1140.29 0.114 38 33.28 7.600 

6 0.590 0.008 0.776 1142.41 0.132 44 38.59 9.300 

7 0.760 0.010 1.000 1144.99 0.158 53 45.87 11.100 

8 0.940 0.012 1.237 1147.74 0.175 58 50.77 12.900 

9 1.130 0.015 1.487 1150.65 0.202 67 58.63 14.700 

10 1.330 0.018 1.750 1153.73 0.228 76 65.79 16.500 

11 1.530 0.020 2.013 1156.83 0.260 87 74.89 18.300 

12 1.690 0.022 2.224 1159.32 0.282 94 81.01 20.100 

13 1.850 0.024 2.434 1161.82 0.300 100 86.11 21.900 

14 2.000 0.026 2.632 1164.18 0.330 110 94.50 23.700 

15 2.150 0.028 2.829 1166.54 0.361 120 103.18 25.500 

16 2.300 0.030 3.026 1168.92 0.390 130 111.17 27.300 

17 2.450 0.032 3.224 1171.30 0.405 135 115.20 29.100 

18 2.600 0.034 3.421 1173.69 0.443 148 125.74 30.800 

19 2.740 0.036 3.605 1175.94 0.465 155 131.70 32.600 

20 2.890 0.038 3.803 1178.35 0.499 166 141.19 34.400 

21 3.040 0.040 4.000 1180.77 0.518 173 146.09 36.200 

22 3.190 0.042 4.197 1183.20 0.555 185 156.48 38.000 

23 3.350 0.044 4.408 1185.81 0.596 199 167.45 39.800 

24 3.490 0.046 4.592 1188.10 0.631 210 177.13 41.500 

25 3.630 0.048 4.776 1190.40 0.665 222 186.13 43.300 

26 3.760 0.049 4.947 1192.54 0.696 232 194.47 45.100 

27 3.900 0.051 5.132 1194.85 0.714 238 199.23 46.900 

28 4.040 0.053 5.316 1197.18 0.7303 243 203.33 48.700 

29 4.180 0.055 5.500 1199.51 0.7291 243 202.61 50.500 

30 4.320 0.057 5.684 1201.86 0.70495 235 195.52 52.200 

31 4.480 0.059 5.895 1204.54 0.644 215 178.21 54.000 

qu=203.33 KPa and cu=qu/2=101.67 KPa 
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Table F-7 Unconfined compression strength test results for stabilized soil by 6% hydrated 

lime 

Step 
sample 
deformation 

strain 
(ε) 

Strain  
(%) 

corrected 
area 
(A)(mm2) 

load 
(KN) load (N) 

stress 
(Kpa) Time (s) 

            ∆L(mm)               

1 0.000 0.000 0.000 1133.54 0.000 0 0.00 0.000 

2 0.220 0.003 0.289 1136.83 0.033 33 29.03 2.100 

3 0.250 0.003 0.329 1137.28 0.040 40 35.17 4.000 

4 0.330 0.004 0.434 1138.48 0.049 49 43.04 5.800 

5 0.450 0.006 0.592 1140.29 0.057 57 49.99 7.600 

6 0.590 0.008 0.776 1142.41 0.067 67 58.65 9.300 

7 0.760 0.010 1.000 1144.99 0.079 79 69.00 11.100 

8 0.940 0.012 1.237 1147.74 0.095 95 82.77 12.900 

9 1.400 0.018 1.842 1154.81 0.123 123 106.51 14.700 

10 1.800 0.024 2.368 1161.04 0.157 157 135.22 16.500 

11 1.950 0.026 2.566 1163.39 0.174 174 149.56 18.300 

12 2.100 0.028 2.763 1165.75 0.183 183 156.98 20.100 

13 2.240 0.029 2.947 1167.96 0.464 193 165.53 21.900 

14 2.390 0.031 3.145 1170.34 0.531 212 181.49 23.700 

15 2.550 0.034 3.355 1172.89 0.596 238 203.26 25.500 

16 2.700 0.036 3.553 1175.29 0.657 263 223.60 27.300 

17 2.850 0.038 3.750 1177.70 0.705 282 239.45 29.100 

18 3.010 0.040 3.961 1180.29 0.741 296 251.13 30.800 

19 3.160 0.042 4.158 1182.72 0.766 306 259.06 32.600 

20 3.310 0.044 4.355 1185.16 0.772 309 260.56 34.400 

21 3.460 0.046 4.553 1187.61 0.749 300 252.27 36.200 

qu=260.56 KPa and cu=qu/2=130.28 KPa 

 

Figure F-2Unconfined Compression Strength Test Result for treated black cotton soil by 3-

6% of hydrated lime 
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Table F-8 Unconfined compression strength test results for stabilized soil by mixed 6% 

hydrated lime and 5%fly ash 

Step 
sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2)   

load 
(KN) 

load 
(N) 

stress 
(Kpa) 

Time 
(s) 

            ∆L(mm)                 

1 0   0.000 0.000 1133.54   0.000 0 0.00 0.000 

2 0.07   0.001 0.092 1134.59   0.010 10 16.75 2.100 

3 0.18   0.002 0.237 1136.23   0.013 13 21.74 4.000 

4 0.330   0.004 0.434 1138.48   0.017 17 28.37 5.800 

5 0.510   0.007 0.671 1141.20   0.024 24 39.96 7.600 

6 0.680   0.009 0.895 1143.77   0.029 29 48.17 9.300 

7 0.870   0.011 1.145 1146.67   0.033 33 54.68 11.100 

8 1.070   0.014 1.408 1149.73   0.039 39 64.45 12.900 

9 1.270   0.017 1.671 1152.80   0.045 45 74.17 14.700 

10 1.470   0.019 1.934 1155.90   0.052 52 85.47 16.500 

11 1.660   0.022 2.184 1158.85   0.056 56 91.82 18.300 

12 1.820   0.024 2.395 1161.35   0.062 62 101.43 20.100 

13 1.980   0.026 2.605 1163.86   0.070 70 114.27 21.900 

14 2.130   0.028 2.803 1166.22   0.075 75 122.19 23.700 

15 2.280   0.030 3.000 1168.60   0.083 83 134.95 25.500 

16 2.430   0.032 3.197 1170.98   0.089 89 144.41 27.300 

17 2.580   0.034 3.395 1173.37   0.097 97 157.07 29.100 

18 2.730   0.036 3.592 1175.78   0.102 102 164.83 30.800 

19 2.890   0.038 3.803 1178.35   0.108 108 174.14 32.600 

20 3.030   0.040 3.987 1180.61   0.114 114 183.46 34.400 

21 3.180   0.042 4.184 1183.04   0.121 121 194.33 36.200 

22 3.340   0.044 4.395 1185.65   0.125 125 200.31 38.000 

23 3.490   0.046 4.592 1188.10   0.130 130 207.90 39.800 

24 3.640   0.048 4.789 1190.56   0.135 135 215.44 41.500 

25 3.800   0.050 5.000 1193.20   0.140 140 222.93 43.300 

26 3.960   0.052 5.211 1195.85   0.144 144 228.79 45.100 

27 4.110   0.054 5.408 1198.35   0.149 149 236.24 46.900 

28 4.270   0.056 5.618 1201.02   0.154 154 243.63 48.700 

29 4.420   0.058 5.816 1203.54   0.156 156 246.27 50.500 

30 4.580   0.060 6.026 1206.23   0.159 159 250.45 52.200 

31 4.740   0.062 6.237 1208.94   0.160 160 251.46 54.000 

32 4.900   0.064 6.447 1211.66   0.165 165 258.74 55.800 

33 5.060   0.067 6.658 1214.39   0.169 169 264.41 57.600 

34 5.230   0.069 6.882 1217.31   0.172 172 268.46 59.400 

35 5.410   0.071 7.118 1220.41   0.170 170 264.66 61.200 

36 5.770   0.076 7.592 1226.67   0.169 169 261.77 63.000 

qu=268.46 KPa and cu=qu/2=134.23 Kpa 
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Table F-9 Unconfined compression strength test results for stabilized soil by mixed 6% 

hydrated lime and 10%fly ash. 

Step 
sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2)   

load 
(KN) 

load 
(N) 

stress 
(Kpa) 

Time 
(s) 

            ∆L(mm)                 

1 0.000   0.000 0.000 1133.54   0.000 0 0.00 0.000 

2 0.090   0.001 0.118 1134.88   0.015 15 18.50 2.100 

3 0.240   0.003 0.316 1137.13   0.026 26 32.01 4.000 

4 0.410   0.005 0.539 1139.69   0.038 38 46.68 5.800 

5 0.590   0.008 0.776 1142.41   0.052 52 63.73 7.600 

6 0.760   0.010 1.000 1144.99   0.071 71 86.81 9.300 

7 0.930   0.012 1.224 1147.58   0.090 90 109.80 11.100 

8 1.100   0.014 1.447 1150.19   0.110 110 133.89 12.900 

9 1.280   0.017 1.684 1152.96   0.129 129 156.64 14.700 

10 1.450   0.019 1.908 1155.59   0.147 147 178.09 16.500 

11 1.630   0.021 2.145 1158.38   0.165 165 199.42 18.300 

12 1.800   0.024 2.368 1161.04   0.181 181 218.25 20.100 

13 1.960   0.026 2.579 1163.55   0.195 195 234.63 21.900 

14 2.120   0.028 2.789 1166.07   0.208 208 249.73 23.700 

15 2.290   0.030 3.013 1168.76   0.217 217 259.93 25.500 

16 2.470   0.033 3.250 1171.62   0.228 228 272.44 27.300 

17 2.640   0.035 3.474 1174.33   0.235 235 280.16 29.100 

18 2.800   0.037 3.684 1176.90   0.240 240 285.50 30.800 

19 2.960   0.039 3.895 1179.48   0.241 241 286.06 32.600 

20 3.120   0.041 4.105 1182.07   0.242 242 286.62 34.400 

21 3.450   0.045 4.539 1187.44   0.239 239 281.78 36.200 

22 3.610   0.048 4.750 1190.07   0.234 234 275.28 38.000 

qu=286.62 Kpa and cu=qu/2=143.31 KPa 

Table F-10 Unconfined compression strength test results for stabilized soil by mixed 6% 

hydrated lime and 15%fly ash. 

Step 
sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2)   

load 
(KN) 

load 
(N) 

stress 
(Kpa) 

Time 
(s) 

            ∆L(mm)                 

1 0.000   0.000 0.000 1133.54   0.000 0 0.00 0.000 

2 0.080   0.001 0.105 1134.73   0.003 3 5.95 2.100 

3 0.240   0.003 0.316 1137.13   0.005 5 9.89 4.000 

4 0.390   0.005 0.513 1139.39   0.009 9 17.77 5.800 

5 0.540   0.007 0.711 1141.65   0.013 13 25.62 7.600 

6 0.670   0.009 0.882 1143.62   0.019 19 37.38 9.300 
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7 0.800   0.011 1.053 1145.60   0.024 24 47.14 11.100 

8 0.950   0.013 1.250 1147.89   0.028 28 54.88 12.900 

9 1.140   0.015 1.500 1150.80   0.033 33 64.52 14.700 

10 1.340   0.018 1.763 1153.88   0.040 40 78.00 16.500 

11 1.560   0.021 2.053 1157.30   0.048 48 93.32 18.300 

12 1.750   0.023 2.303 1160.26   0.053 53 102.78 20.100 

13 1.850   0.024 2.434 1161.82   0.056 56 108.45 21.900 

14 1.960   0.026 2.579 1163.55   0.066 66 127.63 23.700 

15 2.090   0.028 2.750 1165.59   0.069 69 133.19 25.500 

16 2.230   0.029 2.934 1167.81   0.075 75 144.50 27.300 

17 2.390   0.031 3.145 1170.34   0.082 82 157.65 29.100 

18 2.550   0.034 3.355 1172.89   0.086 86 164.98 30.800 

19 2.700   0.036 3.553 1175.29   0.095 95 181.87 32.600 

20 2.860   0.038 3.763 1177.86   0.100 100 191.02 34.400 

21 3.010   0.040 3.961 1180.29   0.106 106 202.07 36.200 

22 3.160   0.042 4.158 1182.72   0.113 113 214.97 38.000 

23 3.320   0.044 4.368 1185.32   0.117 117 222.09 39.800 

24 3.480   0.046 4.579 1187.93   0.123 123 232.97 41.500 

25 3.630   0.048 4.776 1190.40   0.129 129 243.83 43.300 

26 3.790   0.050 4.987 1193.03   0.133 133 250.83 45.100 

27 3.940   0.052 5.184 1195.52   0.137 137 257.84 46.900 

28 4.090   0.054 5.382 1198.01   0.142 142 266.69 48.700 

29 4.240   0.056 5.579 1200.52   0.145 145 271.76 50.500 

30 4.390   0.058 5.776 1203.03   0.15 150 280.54 52.200 

31 4.530   0.060 5.961 1205.39   0.154 154 287.46 54.000 

32 4.690   0.062 6.171 1208.09   0.155 155 288.68 55.800 

33 4.840   0.064 6.368 1210.64   0.158 158 293.65 57.600 

34 4.990   0.066 6.566 1213.20   0.160 160 296.74 59.400 

35 5.140   0.068 6.763 1215.76   0.163 163 301.66 61.200 

36 5.300   0.070 6.974 1218.52   0.160 160 295.44 63.000 

qu=301.66 KPa and cu=qu/2=150.83 KPa 

Table F-11 Unconfined compression strength test results for stabilized soil by mixed 6% 

hydrated lime and 20%fly ash 

Step 
sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2)   

load 
(KN) 

load 
(N) 

stress 
(Kpa) 

Time 
(s) 

            ∆L(mm)                 

1 0.000   0.000 0.000 1133.54   0.000 0 0.00 0.000 

2 0.190   0.003 0.250 1136.38   0.008 8 16.90 2.100 

3 0.360   0.005 0.474 1138.93   0.015 15 31.61 4.000 

4 0.520   0.007 0.684 1141.35   0.020 20 42.06 5.800 

5 0.680   0.009 0.895 1143.77   0.026 26 54.56 7.600 

6 0.830   0.011 1.092 1146.06   0.032 32 67.01 9.300 
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7 0.990   0.013 1.303 1148.50   0.039 39 81.50 11.100 

8 1.140   0.015 1.500 1150.80   0.045 45 93.85 12.900 

9 1.270   0.017 1.671 1152.80   0.054 54 112.42 14.700 

10 1.420   0.019 1.868 1155.12   0.060 60 124.66 16.500 

11 1.570   0.021 2.066 1157.45   0.069 69 143.07 18.300 

12 1.730   0.023 2.276 1159.94   0.078 78 161.39 20.100 

13 1.890   0.025 2.487 1162.45   0.083 83 171.36 21.900 

14 2.050   0.027 2.697 1164.96   0.093 93 191.59 23.700 

15 2.200   0.029 2.895 1167.33   0.100 100 205.60 25.500 

16 2.360   0.031 3.105 1169.87   0.108 108 221.56 27.300 

17 2.510   0.033 3.303 1172.26   0.114 114 233.40 29.100 

18 2.660   0.035 3.500 1174.65   0.122 122 249.27 30.800 

19 2.810   0.037 3.697 1177.06   0.130 130 265.07 32.600 

20 2.960   0.039 3.895 1179.48   0.136 136 276.73 34.400 

21 3.070   0.040 4.039 1181.26   0.140 140 284.44 36.200 

22 3.160   0.042 4.158 1182.72   0.143 143 290.18 38.000 

23 3.230   0.043 4.250 1183.85   0.145 145 293.96 39.800 

24 3.300   0.043 4.342 1184.99   0.150 150 303.80 41.500 

25 3.420   0.045 4.500 1186.95   0.155 155 313.41 43.300 

26 3.570   0.047 4.697 1189.41   0.157 157 316.80 45.100 

27 3.730   0.049 4.908 1192.04   0.160 160 322.14 46.900 

28 3.880   0.051 5.105 1194.52   0.163 163 327.49 48.700 

29 4.040   0.053 5.316 1197.18   0.161 161 322.76 50.500 

qu=327.49 KPa and cu=qu/2=163.75 KPa 

 

Figure F-11 Unconfined Compression Strength Test Result for treated black cotton soil by 

mixed 6% of hydrated lime and 5-20% of fly ash 
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Table F-12 Unconfined compression strength test results for stabilized soil by 3% hydrated 

lime after curing for 7 days 

Step 
sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2)   

load 
(KN) 

load 
(N) 

stress 
(Kpa) 

Time 
(s) 

            ∆L(mm)                 

1 0.000   0.000 0.000 1133.54   0.000 0 0.00 0.000 

2 0.110   0.001 0.145 1135.18   0.010 9 11.01 2.200 

3 0.260   0.003 0.342 1137.43   0.019 17 20.88 4.100 

4 0.410   0.005 0.539 1139.69   0.029 26 31.81 5.900 

5 0.580   0.008 0.763 1142.26   0.041 37 44.87 7.800 

6 0.740   0.010 0.974 1144.69   0.054 48 58.97 9.700 

7 0.910   0.012 1.197 1147.28   0.071 63 77.36 11.500 

8 1.070   0.014 1.408 1149.73   0.087 78 94.59 13.400 

9 1.230   0.016 1.618 1152.19   0.107 96 116.08 15.200 

10 1.400   0.018 1.842 1154.81   0.121 108 130.97 17.100 

11 1.560   0.021 2.053 1157.30   0.139 124 150.13 19.000 

12 1.730   0.023 2.276 1159.94   0.150 134 161.65 20.800 

13 1.900   0.025 2.500 1162.61   0.165 147 177.40 22.700 

14 2.070   0.027 2.724 1165.28   0.177 158 189.87 24.600 

15 2.240   0.029 2.947 1167.96   0.187 167 200.13 26.400 

16 2.420   0.032 3.184 1170.82   0.195 174 208.19 28.300 

17 2.590   0.034 3.408 1173.53   0.201 179 214.10 29.100 

18 2.760   0.036 3.632 1176.26   0.210 188 223.17 30.800 

19 2.930   0.039 3.855 1178.99   0.217 194 230.07 32.600 

20 3.100   0.041 4.079 1181.74   0.224 200 236.94 34.400 

21 3.260   0.043 4.289 1184.34   0.234 209 246.97 36.200 

22 3.430   0.045 4.513 1187.12   0.239 213 251.66 38.000 

23 3.600   0.047 4.737 1189.90   0.242 216 254.22 39.800 

24 3.760   0.049 4.947 1192.54   0.244 218 255.76 41.500 

25 3.930   0.052 5.171 1195.35   0.248 221 259.34 43.300 

26 4.090   0.054 5.382 1198.01   0.252 225 262.94 45.100 

27 4.410   0.058 5.803 1203.37   0.254 227 263.84 46.900 

28 4.570   0.060 6.013 1206.06   0.255 232 269.10 48.700 

31 5.040   0.066 6.632 1214.05   0.252 225 259.46 54.000 

32 5.200   0.068 6.842 1216.79   0.251 224 257.85 55.800 

qu=269.1 KPa and cu=qu/2=134.55 KPa 
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Table F-13 Unconfined compression strength test results for stabilized soil by 4% hydrated 

lime after curing for 7 days 

Step 

Sample  

deformation     

∆L(mm) 

Strain 

(ε) 

Strain 

(%) 

Corrected 

area 

(A)(mm2) 

Load  ( 

kN) 

Stress 

(KPa) 
Time (s) 

1 0.000 0.000 0.000 1133.54 0.000 0.00 0.000 

2 0.460 0.006 0.605 1140.44 0.009 11.05 5.900 

3 0.610 0.008 0.803 1142.71 0.019 23.28 7.800 

4 0.760 0.010 1.000 1144.99 0.031 37.90 9.700 

5 0.910 0.012 1.197 1147.28 0.043 52.47 11.500 

6 1.070 0.014 1.408 1149.73 0.053 64.54 13.400 

7 1.240 0.016 1.632 1152.34 0.065 78.97 15.200 

8 1.410 0.019 1.855 1154.97 0.078 94.55 17.100 

9 1.570 0.021 2.066 1157.45 0.089 107.65 19.000 

10 1.730 0.023 2.276 1159.94 0.102 123.11 20.800 

11 1.900 0.025 2.500 1162.61 0.114 137.28 20.800 

12 2.070 0.027 2.724 1165.28 0.126 151.38 22.700 

13 2.230 0.029 2.934 1167.81 0.138 165.44 4.100 

14 2.400 0.032 3.158 1170.50 0.140 167.45 5.900 

15 2.580 0.034 3.395 1173.37 0.153 182.55 7.800 

16 2.750 0.036 3.618 1176.10 0.165 196.41 9.700 

17 2.920 0.038 3.842 1178.83 0.174 206.65 11.500 

18 3.090 0.041 4.066 1181.58 0.187 221.57 13.400 

19 3.270 0.043 4.303 1184.50 0.196 231.66 15.200 

20 3.440 0.045 4.526 1187.28 0.205 241.73 17.100 

21 3.610 0.048 4.750 1190.07 0.214 251.75 19.000 

22 3.780 0.050 4.974 1192.87 0.222 260.55 20.800 

23 3.950 0.052 5.197 1195.68 0.231 270.47 22.700 

24 4.120 0.054 5.421 1198.51 0.239 279.18 24.600 

25 4.280 0.056 5.632 1201.19 0.244 284.39 26.400 

26 4.440 0.058 5.842 1203.87 0.251 291.89 28.300 

27 4.770 0.063 6.276 1209.45 0.257 297.49 30.800 

28 5.080 0.067 6.684 1214.74 0.262 301.96 34.400 

29 5.240 0.069 6.895 1217.48 0.263 302.43 36.200 

30 5.400 0.071 7.105 1220.24 0.265 304.04 38.000 

31 5.710 0.075 7.513 1225.62 0.262 299.28 39.800 

32 6.030 0.075 7.513 1225.62 0.258 294.71 41.500 

qu=304.04 KPa and cu=qu/2=152.02 KPa 
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Table F-14 Unconfined compression strength test results for stabilized soil by 5% hydrated 

lime after curing for 7 days 

Step 

Sample 

deformation      

∆L(mm) 

Strain (ε) Strain  (%) 
Corrected 

area (mm2) 

Load 

( kN) 

Stress 

(KPa) 
Time (s) 

        

1 0.000 0.000 0.000 1133.54 0.000 0.00 0.000 

2 0.150 0.002 0.197 1135.78 0.026 22.89 5.900 

3 0.320 0.004 0.421 1138.33 0.043 37.77 7.800 

4 0.500 0.007 0.658 1141.05 0.065 56.97 9.700 

5 0.660 0.009 0.868 1143.47 0.092 80.46 11.500 

6 0.820 0.011 1.079 1145.90 0.122 106.47 13.400 

7 0.990 0.013 1.303 1148.50 0.150 130.61 15.200 

8 1.140 0.015 1.500 1150.80 0.179 155.54 17.100 

9 1.310 0.017 1.724 1153.42 0.209 181.20 19.000 

10 1.470 0.019 1.934 1155.90 0.240 207.63 20.800 

11 1.610 0.021 2.118 1158.07 0.269 232.28 20.800 

12 1.710 0.023 2.250 1159.63 0.293 252.67 22.700 

13 1.850 0.024 2.434 1161.82 0.315 271.13 4.100 

14 1.980 0.026 2.605 1163.86 0.336 288.69 5.900 

15 2.150 0.028 2.829 1166.54 0.358 306.89 7.800 

16 2.320 0.031 3.053 1169.23 0.375 320.72 9.700 

17 2.490 0.033 3.276 1171.94 0.385 328.52 11.500 

18 2.670 0.035 3.513 1174.81 0.393 334.52 13.400 

19 2.830 0.037 3.724 1177.38 0.394 334.64 15.200 

20 3.010 0.040 3.961 1180.29 0.389 329.58 17.100 

21 3.180 0.042 4.184 1183.04 0.376 317.83 19.000 

22 3.350 0.044 4.408 1185.81 0.357 301.06 20.800 

23 3.530 0.046 4.645 1188.75 0.337 283.49 22.700 

qu=334.64 KPa and cu=qu/2=167.32 KPa 

Table F-15 Unconfined compression strength test results for stabilized soil by 6% hydrated 

lime after curing for 7 days 

Step 
sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2) 

load 
(KN) 

load 
(N) 

stress 
(Kpa) 

Time 
(s) 

            ∆L(mm)                 

1 0.000   0.000 0.000 1133.54 0.000 0 0.00 0.000 

2 0.280   0.004 0.368 1137.73 0.042 42 36.92 5.900 

3 0.420   0.006 0.553 1139.84 0.065 65 57.03 7.800 

4 0.660   0.009 0.868 1143.47 0.096 96 83.95 9.700 

5 0.860   0.011 1.132 1146.51 0.131 131 114.26 11.500 

6 0.930   0.012 1.224 1147.58 0.149 149 129.84 13.400 
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7 1.020   0.013 1.342 1148.96 0.166 166 144.48 15.200 

8 1.070   0.014 1.408 1149.73 0.185 185 160.91 17.100 

9 1.210   0.016 1.592 1151.88 0.237 237 205.75 19.000 

10 1.380   0.018 1.816 1154.50 0.265 265 229.54 20.800 

11 1.510   0.020 1.987 1156.52 0.295 295 255.08 20.800 

12 1.620   0.021 2.132 1158.23 0.327 327 282.33 22.700 

13 1.740   0.023 2.289 1160.10 0.348 348 299.97 4.100 

14 1.890   0.025 2.487 1162.45 0.362 362 311.41 5.900 

15 2.070   0.027 2.724 1165.28 0.376 376 322.67 7.800 

16 2.240   0.029 2.947 1167.96 0.385 385 329.63 9.700 

17 2.400   0.032 3.158 1170.50 0.391 391 334.04 11.500 

18 2.570   0.034 3.382 1173.21 0.396 396 337.53 13.400 

19 2.810   0.037 3.697 1177.06 0.409 409 347.48 15.200 

20 2.910   0.038 3.829 1178.67 0.400 400 339.37 17.100 

21 3.080   0.041 4.053 1181.42 0.380 380 321.65 19.000 

22 3.250   0.043 4.276 1184.18 0.375 375 316.68 20.800 

qu=347.48 KPa and cu=qu/2=173.74 KPa 

 

Figure F-15 Unconfined Compression Strength Test Result for treated black cotton soil by 

3-6% of hydrated lime after curing for 7 days 
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Table F-16 Unconfined compression strength test results for stabilized soil by mixed 6% 

hydrated lime and 5% fly ash after curing for 7 days 

Step 
sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2)   

load 
(KN) load (N) 

stress 
(Kpa) Time (s) 

            ∆L(mm)                 

1 0.000   0.000 0.000 1133.54   0.000 0 0.00 2.200 

2 0.240   0.003 0.316 1137.13   0.011 14 12.00 4.100 

3 0.420   0.006 0.553 1139.84   0.017 21 18.49 5.900 

4 0.580   0.008 0.763 1142.26   0.025 31 27.14 7.800 

5 0.740   0.010 0.974 1144.69   0.032 40 34.66 9.600 

6 0.900   0.012 1.184 1147.12   0.043 53 46.48 11.500 

7 1.010   0.013 1.329 1148.81   0.053 66 57.21 13.400 

8 1.140   0.015 1.500 1150.80   0.067 83 72.19 15.200 

9 1.290   0.017 1.697 1153.11   0.079 98 84.95 17.100 

10 1.440   0.019 1.895 1155.43   0.090 112 96.59 17.100 

11 1.590   0.021 2.092 1157.76   0.103 128 110.32 19.000 

12 1.740   0.023 2.289 1160.10   0.118 146 126.13 20.800 

13 1.890   0.025 2.487 1162.45   0.133 165 141.87 22.700 

14 2.040   0.027 2.684 1164.81   0.150 186 159.68 24.600 

15 2.190   0.029 2.882 1167.17   0.166 206 176.36 26.400 

16 2.350   0.031 3.092 1169.71   0.185 229 196.12 28.300 

17 2.500   0.033 3.289 1172.10   0.201 249 212.64 29.100 

18 2.650   0.035 3.487 1174.49   0.219 272 231.21 30.800 

19 2.810   0.037 3.697 1177.06   0.235 291 247.57 32.600 

20 2.960   0.039 3.895 1179.48   0.251 311 263.88 34.400 

21 3.110   0.041 4.092 1181.90   0.266 330 279.07 36.200 

22 3.260   0.043 4.289 1184.34   0.279 346 292.11 38.000 

23 3.420   0.045 4.500 1186.95   0.294 365 307.14 39.800 

24 3.570   0.047 4.697 1189.41   0.305 378 317.97 41.500 

25 3.710   0.049 4.882 1191.71   0.315 391 327.76 43.300 

26 3.860   0.051 5.079 1194.19   0.323 401 335.39 45.100 

27 4.020   0.053 5.289 1196.85   0.333 413 345.01 46.900 

28 4.180   0.055 5.500 1199.51   0.341 423 352.51 48.700 

29 4.350   0.057 5.724 1202.36   0.343 425 353.74 54.000 

30 4.520   0.059 5.947 1205.22   0.336 417 345.70 55.800 

qu=353.74 KPa and cu=qu/2=176.87 KPa 
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Table F-17 Unconfined compression strength test results for stabilized soil by mixed 6% 

hydrated lime and 10% fly ash after curing for 7 days 

Step 
sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2)   

load 
(KN) 

load 
(N) 

stress 
(Kpa) 

Time 
(s) 

            ∆L(mm)                 

1 0.000   0.000 0.000 1133.54   0.000 0 0.00 0.000 

2 0.256   0.003 0.337 1137.38   0.003 3 2.98 5.900 

3 0.413   0.005 0.544 1139.74   0.010 11 9.91 7.800 

4 0.520   0.007 0.684 1141.35   0.026 29 25.74 9.700 

5 0.613   0.008 0.807 1142.76   0.042 47 41.53 11.500 

6 0.727   0.010 0.956 1144.48   0.051 58 50.35 13.400 

7 1.240   0.016 1.632 1152.34   0.080 90 78.45 15.200 

8 1.400   0.018 1.842 1154.81   0.102 115 99.81 17.100 

9 1.570   0.021 2.066 1157.45   0.125 141 122.04 19.000 

10 1.730   0.023 2.276 1159.94   0.150 170 146.13 20.800 

11 1.900   0.025 2.500 1162.61   0.173 195 168.15 20.800 

12 2.060   0.027 2.711 1165.12   0.197 223 191.06 22.700 

13 2.230   0.029 2.934 1167.81   0.222 251 214.81 4.100 

14 2.390   0.031 3.145 1170.34   0.243 275 234.62 5.900 

15 2.550   0.034 3.355 1172.89   0.265 299 255.31 7.800 

16 2.690   0.035 3.539 1175.13   0.286 323 275.02 9.700 

17 2.820   0.037 3.711 1177.22   0.305 345 292.77 11.500 

18 2.950   0.039 3.882 1179.32   0.323 365 309.49 13.400 

19 3.110   0.041 4.092 1181.90   0.340 384 325.07 15.200 

20 3.270   0.043 4.303 1184.50   0.356 402 339.62 17.100 

21 3.450   0.045 4.539 1187.44   0.372 420 354.00 19.000 

22 3.620   0.048 4.763 1190.23   0.383 433 363.62 20.800 

23 3.790   0.050 4.987 1193.03   0.391 442 370.34 22.700 

24 3.950   0.052 5.197 1195.68   0.390 441 368.58 24.600 

25 4.120   0.054 5.421 1198.51   0.379 428 357.33 26.400 

qu=370.34 KPa and cu=qu/2=185.17 KPa 
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Table F-18 Unconfined compression strength test results for stabilized soil by mixed 6% 

hydrated lime and 15% fly ash after curing for 7 days 

sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2)   

load 
(KN) 

load 
(N) 

stress 
(Kpa) 

Time 
(s) 

          ∆L(mm)                 

0.000   0.000 0.000 1133.54   0.000 0 0.00 0.000 

0.640   0.008 0.842 1143.17   0.035 40 32.33 17.100 

0.860   0.011 1.132 1146.51   0.053 60 48.82 19.000 

1.070   0.014 1.408 1149.73   0.072 81 66.14 20.800 

1.120   0.015 1.474 1150.49   0.081 92 74.35 22.700 

1.270   0.017 1.671 1152.80   0.105 119 96.19 24.600 

1.467   0.019 1.930 1155.85   0.128 145 116.95 26.400 

1.560   0.021 2.053 1157.30   0.146 165 133.23 28.300 

1.667   0.022 2.193 1158.96   0.161 182 146.71 29.100 

1.773   0.023 2.333 1160.62   0.172 194 156.51 30.800 

1.880   0.025 2.474 1162.29   0.191 216 173.55 32.600 

1.987   0.026 2.614 1163.97   0.207 234 187.81 34.400 

2.000   0.026 2.632 1164.18   0.212 240 192.31 36.200 

2.207   0.029 2.904 1167.44   0.238 269 215.30 38.000 

2.320   0.031 3.053 1169.23   0.259 293 233.93 39.800 

2.400   0.032 3.158 1170.50   0.278 314 250.82 41.500 

2.547   0.034 3.351 1172.84   0.299 338 269.23 43.300 

2.653   0.035 3.491 1174.55   0.323 365 290.42 45.100 

2.760   0.036 3.632 1176.26   0.339 383 304.36 46.900 

2.867   0.038 3.772 1177.97   0.358 405 320.95 48.700 

2.960   0.039 3.895 1179.48   0.373 421 333.97 54.000 

3.053   0.040 4.018 1180.99   0.384 434 343.38 55.800 

3.153   0.041 4.149 1182.61   0.395 446 352.74 55.800 

3.253   0.043 4.281 1184.23   0.409 462 364.74 55.800 

3.360   0.044 4.421 1185.97   0.414 468 368.66 55.800 

3.444   0.045 4.531 1187.34   0.425 480 378.01 55.800 

3.580   0.047 4.711 1189.58   0.432 488 383.52 55.800 

3.693   0.049 4.860 1191.44   0.437 494 387.35 56.800 

3.707   0.049 4.878 1191.67   0.441 498 390.82 57.800 

3.907   0.051 5.140 1194.97   0.443 501 391.51 58.800 

4.120   0.054 5.421 1198.51   0.438 495 385.95 59.800 

qu=391.51 KPa and cu=qu/2=195.76 KPa 
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Table F-19 Unconfined compression strength test results for stabilized soil by mixed 6% 

hydrated lime and 20% fly ash after curing for 7 days 

Step 
sample 
deformation 

strain 
(ε) 

strain 
(%) 

corrected 
area 
(A)(mm2)   load (KN) 

load 
(N) 

stress 
(Kpa) 

Time 
(s) 

            ∆L(mm)                 

1 0.000   0.000 0.000 1133.54   0.000 0 0.00 0.000 

2 0.940   0.012 1.237 1147.74   0.063 63 62.03 5.900 

3 1.050   0.014 1.382 1149.42   0.077 77 75.70 7.800 

4 1.200   0.016 1.579 1151.73   0.094 94 92.23 9.700 

5 1.340   0.018 1.763 1153.88   0.118 118 115.56 11.500 

6 1.500   0.020 1.974 1156.36   0.138 138 134.85 13.400 

7 1.660   0.022 2.184 1158.85   0.159 159 155.04 15.200 

8 1.820   0.024 2.395 1161.35   0.175 175 170.28 17.100 

9 1.980   0.026 2.605 1163.86   0.198 198 192.24 19.000 

10 2.140   0.028 2.816 1166.38   0.227 227 219.92 20.800 

11 2.290   0.030 3.013 1168.76   0.256 256 247.51 20.800 

12 2.430   0.032 3.197 1170.98   0.280 280 270.20 22.700 

13 2.550   0.034 3.355 1172.89   0.303 303 291.92 4.100 

14 2.690   0.035 3.539 1175.13   0.328 328 315.40 5.900 

15 2.850   0.038 3.750 1177.70   0.352 352 337.74 7.800 

16 3.020   0.040 3.974 1180.45   0.375 375 358.97 9.700 

17 3.190   0.042 4.197 1183.20   0.393 393 375.33 11.500 

18 3.360   0.044 4.421 1185.97   0.408 408 388.74 13.400 

19 3.540   0.047 4.658 1188.92   0.419 419 398.24 15.200 

20 3.710   0.049 4.882 1191.71   0.422 422 399.79 17.100 

21 3.880   0.051 5.105 1194.52   0.423 423 400.15 19.000 

22 4.050   0.053 5.329 1197.35   0.421 421 397.32 20.800 

23 4.220   0.056 5.553 1200.18   0.414 414 389.79 22.700 

24 4.380   0.058 5.763 1202.86   0.405 405 380.47 24.600 

qu=400.15 KPa and cu=qu/2=200.075 KPa 

 

Figure F-5 Unconfined Compression Strength Test Result for treated black cotton soil by 

mixed 4% of hydrated lime and 5-20% fly ash after curing for 7 days 
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Appendix G: Consolidation Test Results 

Consolidation Test for Natural Soil 

Table G-1 Specimen Data 

Wt of specimen Ring +soil 176.16gm 

Wt of specimen Ring 76.74gm 

Wt of specimen 99.42gm 

Diameter of specimen 6cm 

Initial Height of Specimen 2cm 

Initial Wet density 1.758 gm/ cm3 

Initial Moisture Content 32.45% 

Initial Dry density of specimen 1.327 gm/ cm3 

Specific gravity 2.72 

Volume of Voids in soil specimen 0.512 

Volume of Water in soil specimen 0.431 

Initial degree of saturation 84.2 

Final Moisture content % 46.69 

Final degree of saturation 100 

Final volume of solid 27.31cm3,   Hs = 0.966cm 

Initial void ratio 1.071 

Table G-2 Time versus Deformation data Pressure increment from 1.6kg/cm2 to 6.4kg/cm2 

Date Time Elapsed 

time(min) 
Deformation Dial Reading 

1.6kg/cm2 3.2kg/cm2 6.4kg/cm2 Rebound 

26/07/2022 9:34AM 0.10 0.23 0.840 1.47  

  0.25 0.25 0.860 1.488 1.6=1.96 

  0.50 0.26 0.871 1.503 3.2=2.103 

  1.00 0.282 0.883 1.530 6.4=2.525 

  2.00 0.30 0.898 1.560  

  4.00 0.318 0.908 1.60  

  8.00 0.338 0.919 1.651  

  15.00 0.360 0.927 1.715  

  30.00 0.390 0.934 1.811  

  60.00 0.420 0.948 1.941  

  120.00 0.452 0.959 2.115  

  240.00 0.485 0.970 2.330  

  480.00 0.500 1.137 2.545  

27/07/2022 9:34AM 1440.00 0.520 1.22 2.715  
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Table G-3 Void Ratio 

Pressure 

Initial 

Deformation 

dial reading 

at beginning 

of 1st 

Loading 

Deformation 

dial reading 

Representing 

100% 

primary 

consolidation 

Change in 

thickness of 

specimen 

ΔH 

(cm) 

Change in 

Void Ratio 

ΔH/Hs 

Void Ratio 

     1.071 

0.8Kg/cm2 0 0.116 0.0116 0.012 1.059 

1.6Kg/cm2 0 0.485 0.0485 0.050 1.021 

3.2Kg/cm2 0 1.157 0.1157 0.1198 0.9512 

6.4Kg/cm2 0 2.545 0.2545 0.263 0.808 

Rebound 

value 
     

0.8Kg/cm2 0 1.342 0.1342 0.1389 0.9321 

1.6Kg/cm2 0 1.96 0.196 0.2029 0.8681 

3.2Kg/cm2 0 2.103 0.2103 0.2177 0.8533 

6.4Kg/cm2 0 2.525 0.2525 0.2614 0.8096 

 

Table G-4 Coefficient of Consolidation 

pressure 

Initial 

Height of 

specimen 

at 

beginning 

of test Ho 

(cm) 

Deformation 

dial reading 

at 50% 

Consolidatio

n 

(cm) 

Thickness of 

specimen at 

50% 

consolidation 

Half-

Thickness of 

specimen at 

50% 

consolidation 

Time for 

50% 

consolidation 

(min.) 

Coefficien

t of 

consolidati

on 

(cm2/min.) 

 2      

0.8Kg/cm2 2 0.01056 1.989 0.9947 8 2.436*10-2 

1.6Kg/cm2 2 0.0374 1.963 0.9813 15 1.265*10-2 

3.2Kg/cm2 2 0.0959 1.904 0.9520 15 1.190*10-2 

6.4Kg/cm2 2 0.2017 1.798 0.8992 86 1.85*10-3 

The Compression index        𝐶𝑐 =
𝑒1−𝑒2

log(
𝑝2
𝑝1

)
 

𝐶𝑐 = 0.557 

Settlement 

St. =
𝐶𝑐

1+𝑒0
*𝐻 ∗ 𝐿𝑜𝑔(

𝑝2

𝑝1
) 

Settlement = 0.1477 cm 

d0 = 0.088 d100 = 0.116 d50 = 0.102 t50 = 30min. 
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Figure G-1 Time Vs Deformation Graphs for 0.8 Kg/cm2 Loading 

d0=0.23 d100 = 0.485 d50 = 0.3575 t50 = 15 min. 

 

 

Figure G-2 Time Vs Deformation Graphs for 1.6 Kg/cm2 Loading 

d0 = 0.84 d100 = 1.01 d50 = 0.925 t50 = 15min. 
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Figure G-3 Time Vs Deformation Graphs for 3.2 Kg/cm2 Loading 

d0 = 1.47 d100 = 2.545 d50 = 2.007 t50 = 86 min. 

 

Figure G-4 Time Vs Deformation Graphs for 6.4 Kg/cm2 Loading 
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Figure G-5 e versus log p curve 

Consolidation Test Natural Soil + 6% Lime + 5% Fly Ash 

Table G-5 Specimen Data 
Wt of specimen Ring +soil 175.32gm 

Wt of specimen Ring 76.33gm 

Wt of specimen  98.99gm 

Diameter of specimen 6cm 

Initial Height of Specimen 2cm 

Initial Wet density 1.750 gm/ cm3 

Initial Moisture Content 43.5% 

Initial Dry density of specimen 1.219 gm/ cm3 

Specific gravity 2.63 

Volume of Voids in soil specimen 0.537 

Volume of Water in soil specimen 0.531 

Initial degree of saturation 98.88 

Final Moisture content % 48.65 

Final degree of saturation 100 

Final volume of solid 24.84cm3  Hs = 0.879cm 

Initial void ratio 1.27 

 

Table G-6 Time versus Deformation data Pressure increment from 1.6kg/cm2 to 6.4kg/cm2 

Date Time Elapsed 

time(min) 
Deformation Dial Reading 

1.6kg/cm2 3.2kg/cm2 6.4kg/cm2 Rebound 

08/08/2022 9:16AM 0.10 0.25 0.70 1.22  

  0.25 0.29 0.75 1.29 1.6 = 1.45 

  0.50 0.30 0.755 1.34 3.2 = 1.560 

  1.00 0.32 0.765 1.392 6.4 = 1.618 

  2.00 0.334 0.786 1.445  

  4.00 0.349 0.81 1.491  

  8.00 0.358 0.82 1.53  
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  15.00 0.365 0.83 1.556  

  30.00 0.377 0.845 1.578  

  60.00 0.385 0.859 1.594  

  120.00 0.39 0.87 1.61  

  240.00 0.40 0.88 1.63  

  480.00 0.414 0.892 1.648  

09/08/2022 9:16AM 1440.00 0.422 0.90 1.66  

 

Table G-7 Void Ratio 

Pressure Initial 

Deformation 

dial reading at 

beginning of 

1st Loading 

Deformation 

dial reading 

Representing 

100% primary 

consolidation 

Change in 

thickness of 

specimen ΔH 

(cm) 

Change in 

Void Ratio 

ΔH/Hs 

Void Ratio 

     1.270 

0.8Kg/cm2 0 0.108 0.0108 0.01229 1.258 

1.6Kg/cm2 0 0.414 0.0414 0.04710 1.223 

3.2Kg/cm2 0 0.892 0.0892 0.10148 1.168 

6.4Kg/cm2 0 1.648 0.1648 0.18749 1.083 

Rebound 

value 

     

0.8Kg/cm2 0 1.325 0.1325 0.15074 1.119 

1.6Kg/cm2 0  1.45 0.145 0.16496 1.105 

3.2Kg/cm2 0  1.560 0.1560 0.17747 1.093 

6.4Kg/cm2 0  1.618 0.1618 0.18407 1.086 

 

Table G-8 Coefficient of Consolidation 

Pressur

e 

Initial 

Height of 

specimen 

at 

beginnin

g of test 

Ho 

Deformation 

dial reading 

at 50% 

Consolidatio

n 

Thickness 

of specimen 

at 50% 

consolidatio

n 

(cm) 

Half-

Thickness 

of specimen 

at 50% 

consolidatio

n  

(cm) 

Time for 

50% 

consolidatio

n 

(min) 

Coefficient 

of 

consolidatio

n 

(cm2/min) 

 2      

0.8Kg/c
2 

2 0.00945 

1.9906 0.9953 

14 

1.394*10-2 

1.6Kg/c
2 

2 0.0337 

1.9663 0.9832 

2.4 

7.935*10-2 

3.2Kg/c
2 

2 0.0768 

1.9232 0.9616 

3 

6.272*10-2 

6.4Kg/c
2 

2 0.1418 

1.8582 0.9291 

1.5 

0.11337 
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The Compression index 

𝐶𝑐 =
𝑒1 − 𝑒2

log (
𝑝2

𝑝1
)

 

𝐶𝑐 = 0.392 

Settlement  

St =
𝐶𝑐

1+𝑒0
*𝐻 ∗ 𝐿𝑜𝑔(

𝑝2

𝑝1
) 

Settlement = 0.1069 cm 

d0 = 0.078 d100 = 0.108 d50 = 0.093 t50 = 14min. 

 

 

Figure G-6 Time Vs Deformation Graphs for 0.8 Kg/cm2 loading 

d0 = 0.25 d100 = 0.414 d50 = 0.337 t50 = 2.4min. 
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Figure G-7 Time Vs Deformation Graphs for 1.6 Kg/cm2 loading 

d0 = 0.7 d100 = 0.892 d50 = 0.796 t50 = 3 min. 

 

Figure G-8 Time Vs Deformation Graphs for 3.2 Kg/cm2 loading 

d0 = 1.22 d100 = 1.648 d50 = 1.434 t50 = 1.5 min. 
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Figure G-9 Time Vs Deformation Graphs for 6.4 Kg/cm2 loading 

 

Figure G-10 e Vs log p Curve 

Consolidation Test Natural Soil+ 6% Lime + 10% Fly Ash 

 Table G-9 Specimen Data 

Wt of specimen Ring +soil 175.17gm 

Wt of specimen Ring 76.33gm 

Wt of specimen  98.84gm 

Diameter of specimen 6cm 

Initial Height of Specimen 2cm 

Initial Wet density 1.748gm/cm3 

Initial Moisture Content 51.2% 

Initial Dry density of specimen 1.156gm/cm3 

Specific gravity 2.55 
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Volume of Voids in soil specimen 0.5467 

Volume of Water in soil specimen 0.592 

Initial degree of saturation 100% 

Final Moisture content % 51.35% 

Final degree of saturation 100% 

Final volume of solid 25.62cm3  Hs = 0.906cm 

Initial void ratio 1.207 

Table G-10 Time versus Deformation data Pressure increment from 1.6kg/cm2 to 

6.4kg/cm2 

Date Time Elapsed 

time(min) 
Deformation Dial Reading 

1.6kg/cm2 3.2kg/cm2 6.4kg/cm2 Rebound 

08/08/2022 9:16AM 0.10 0.20 0.46 0.84  

  0.25 0.206 0.47 0.86 1.6 = 0.754 

  0.50 0.207 0.472 0.89 3.2 = 0.89 

  1.00 0.210 0.48 0.895 6.4 = 0.938 

  2.00 0.213 0.482 0.898  

  4.00 0.214 0.487 0.905  

  8.00 0.220 0.492 0.923  

  15.00 0.226 0.498 0.93  

  30.00 0.229 0.515 0.94  

  60.00 0.23 0.52 0.947  

  120.00 0.23 0.52 0.947  

  240.00 0.232 0.524 0.947  

  480.00 0.24 0.527 0.97  

09/08/2022 9:16AM 1440.00 0.244 0.538 0.985  

 

Table G-11 Void Ratio 

pressure Initial 

Deformation 

dial reading at 

beginning of 

1st Loading 

Deformation 

dial reading 

Representing 

100% primary 

consolidation 

Change in 

thickness of 

specimen ΔH 

(cm) 

Change in 

Void Ratio 

ΔH/Hs 

Void Ratio 

     1.207 

0.8Kg/cm2 0     

1.6Kg/cm2 0 0.240 0.0240 0.026 1.181 

3.2Kg/cm2 0 0.527 0.0527 0.058 1.149 

6.4Kg/cm2 0 0.967 0.0967 0.107 1.100 

Rebound 

value 

     

0.8Kg/cm2 0     

1.6Kg/cm2 0 0.754 0.0754 0.083 1.124 

3.2Kg/cm2 0 0.890 0.0890 0.098 1.109 

6.4Kg/cm2 0 0.938 0.0938 0.104 1.103 

Table G-12 Coefficient of Consolidation 
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pressure Initial 

Height of 

specimen 

at 

beginnin

g of test 

Ho 

Deformation 

dial reading 

at 50% 

Consolidatio

n 

Thickness 

of specimen 

at 50% 

consolidatio

n 

(cm) 

Half-

Thickness 

of specimen 

at 50% 

consolidatio

n  

(cm) 

Time for 

50% 

consolidatio

n 

(min) 

Coefficient 

of 

consolidatio

n 

(cm2/min) 

0.8Kg/c
2 

2 0.00945 
1.9906 0.9953 

14 
1.30*10-2 

1.6Kg/c
2 

2 0.0223 

1.978 0.989 

8 
1.67*10-2 

3.2Kg/c
2 

2 0.0502 

1.950 0.975 
10 

1.25*10-2 

6.4Kg/c
2 

2 0.09045 

1.910 0.955 

4 
1.12*10-2 

The Compression index 

𝐶𝑐 =
𝑒1 − 𝑒2

log (
𝑝2

𝑝1
)
 

𝐶𝑐 =0.186 

Settlement 

St =
𝐶𝑐

1+𝑒0
*𝐻 ∗ 𝐿𝑜𝑔(

𝑝2

𝑝1
) 

Settlement = 0.0507cm 

d0 = 0.078 d100 = 0.108 d50 = 0.093 t50 = 14 min. 

 

d0 = 0.2    d100 = 0.24   d50=0.22  t50=8 min 
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Figure G-11 Time Vs Deformation Graphs for 1.6 Kg/cm2 loading 

do =0.46  d100=0.527   d50=0.4935    t50=10 min 

 

Figure G-12 Time Vs Deformation Graphs for 3.2 Kg/cm2 loading 

 

d0 = 0.842    d100 = 0.967   d50=0.9045  t50=4 min 
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Figure G-13 Time Vs Deformation Graphs for 6.4 Kg/cm2 loading 

 

 

Figure G-14 e Vs log p curve 

 

Consolidation Test Natural Soil + 6% Lime + 15% Fly Ash 

Table G-13 Specimen data 

Wt of specimen Ring +soil 175.24gm 

Wt of specimen Ring 76.33gm 

Wt of specimen  98.91gm 

Diameter of specimen 6cm 

Initial Height of Specimen 2cm 
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Initial Wet density 1.749 gm/ cm3 

Initial Moisture Content 43.6% 

Initial Dry density of specimen 1.218 gm/ cm3 

Specific gravity 2.66 

Volume of Voids in soil specimen 0.542 

Volume of Water in soil specimen 0.531 

Initial degree of saturation 97.97 

Final Moisture content % 45.15 

Final degree of saturation,% 99.58 

Final volume of solid 25.64cm3           Hs = 0.907 

Initial void ratio 1.206 

Table G-14 Time versus Deformation data Pressure increment from 1.6kg/cm2 to 

6.4kg/cm2 

Date Time Elapsed 

time(min) 
Deformation Dial Reading 

1.6kg/cm2 3.2kg/cm2 6.4kg/cm2 Rebound 

01/08/2022 9:34AM 0.10 0.14 0.36 0.73  

  0.25 0.16 0.378 0.746 1.6=0.694 

  0.50 0.162 0.392 0.745 3.2=0.811 

  1.00 0.17 0.40 0.774 6.4=0.881 

  2.00 0.172 0.408 0.793  

  4.00 0.18 0.415 0.808  

  8.00 0.184 0.422 0.826  

  15.00 0.19 0.43 0.842  

  30.00 0.195 0.44 0.86  

  60.00 0.20 0.445 0.87  

  120.00 0.20 0.45 0.89  

  240.00 0.209 0.46 0.90  

  480.00 0.21 0.47 0.92  
02/08/2022 9:34AM 1440.00 0.22 0.482 0.934  

Table G-15 Void ratio 

Pressure  Initial 

Deformation 

dial reading at 

beginning of 

1st Loading 

Deformation 

dial reading 

Representing 

100% primary 

consolidation 

Change in 

thickness of 

specimen ΔH 

(cm) 

Change in 

Void Ratio 

ΔH/Hs 

Void Ratio 

     1.206 

0.8Kg/cm2 0 0.0994 0.00994 0.01096 1.195 

1.6Kg/cm2 0 0.21 0.021 0.02315 1.183 

3.2Kg/cm2 0 0.47 0.047 0.0518 1.154 

6.4Kg/cm2 0 0.934 0.0934 0.10298 1.103 

Rebound 

Value 

     

0.8Kg/cm2 0 0.165 0.0165 0.02922 1.1569 

1.6Kg/cm2 0 0.694 0.0694 0.07652 1.1295 

3.2Kg/cm2 0 0.811 0.0811 0.08942 1.1166 

6.4Kg/cm2 0 0.881 0.0881 0.09713 1.1089 
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Table G-16 Coefficient of Consolidation 

pressur

e 

Initial 

Height of 

specimen 

at 

beginnin

g of test 

Ho 

(cm) 

Deformation 

dial reading 

at 50% 

Consolidatio

n 

(cm) 

Thickness of 

specimen at 

50% 

consolidatio

n 

(cm) 

Half-

Thickness of 

specimen at 

50% 

consolidatio

n 

(cm) 

Time for 

50% 

consolidatio

n 

(min) 

Coefficient 

of 

consolidatio

n 

cm2/min 

 2      

0.8Kg/
2 

2 0.00872 

1.9913 0.9956 

3 

6.509*10-2 

1.6Kg/
2 

2 0.018 

1.982 0.991 

4 

4.837*10-2 

3.2Kg/
2 

2 0.0423 

1.9577 0.9788 

4 

4.728*10-2 

6.4Kg/
2 

2 0.0837 

1.9163 0.9581 

12.813 

1.411*10-2 

 

The Compression index 

𝐶𝑐 =
𝑒1 − 𝑒2

log (
𝑝2

𝑝1
)

 

𝐶𝑐 = 0.177 

Settlement  

St. =
𝐶𝑐

1+𝑒0
*𝐻 ∗ 𝐿𝑜𝑔(

𝑝2

𝑝1
) 

Settlement = 0.0485 cm 

d0 = 0.077 d100 = 0.0994 d50 = 0.0882 t50 = 3min. 
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Figure G-15 Time Vs Deformation Graphs for 0.8 Kg/cm2 loading 

d0 = 0.14 d100 = 0.21 d50 = 0.18 t50 = 4.0min. 

 

Figure G-16 Time Vs Deformation Graphs for 1.6 Kg/cm2 loading 

d0 = 0.36 d100 = 0.47 d50 = 0.415 t50 = 4min. 
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Figure G-17 Time Vs Deformation Graphs for 3.2 Kg/cm2 loading 

d0 = 0.740 d100 = 0.934 d50 = 0.837 t50 = 12.813min. 

 

Figure G-18 Time Vs Deformation Graphs for 6.4 Kg/cm2 loading 
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Figure G-19 e Vs log p curve 

 

Figure 20 Fly ash                                                       Figure 21 Hydrated Lime 
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