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ABSTRACT 

 

EVALUATION OF EFFECT OF SULFATE ON CLASS C FLY ASH AND 
LIME STABILIZED EXPANSIVE SOIL 

 

As, Mehmet 
Doctor of Philosophy, Civil Engineering 

Supervisor: Prof. Dr. Erdal Çokça 
 

December 2019, 282 pages 

 

In this study, effect of sulfate on expansive soil treated with Class C Fly Ash was 

investigated. Also, lime was used for comparison purposes. The swelling soil was 

prepared at laboratory environment by mixing kaolinite and bentonite. Class C Fly 

Ashes obtained from Soma and Sivas-Kangal Thermal Power Plants were used as 

main additives for stabilization. Na2SO4 and CaSO4.2H2O were used as sulfate sources 

with different concentrations (3000ppm to 40000ppm). Optimum fly ash content was 

chosen as 15% and 10% for Soma (SFA) and Sivas-Kangal Fly Ash (KFA) 

respectively. 

Index tests, swelling and unconfined compressive strength tests were performed to 

understand the effect of fly ash on sulfate bearing soils. XRD analysis, zeta potential 

tests and scanning electron microscope were also used to see the effect of treatment 

on chemical structure and microstructure. 

Sulfate addition affected the swell potential of each treated specimen differently. 

Swell potential of 15% SFA treated specimen was positively affected from sulfate 

addition. Although not dramatic, general increase was observed in the swell potential 

of 4% lime treated specimen after sulfate addition. Swell potential of 10% KFA treated 

specimen was not affected much from the sulfate addition, especially for 
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CaSO4.2H2O. The strength of fly ash and lime treated specimens was generally 

affected negatively from Na2SO4 addition however, CaSO4.2H2O addition had no 

significant effect. A dramatic decrease was observed in strength of 40000ppm Na2SO4 

added fly ash treated specimens that were cured at 10⁰C as a result of the probable 

salination and ettringite formation.  
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ÖZ 

 

SÜLFATIN C SINIFI UÇUCU KÜL VE KİREÇ İLE STABİLİZE EDİLEN 
ŞİŞEN ZEMİNE ETKİSİNİN DEĞERLENDİRİLMESİ 

 

As, Mehmet 
Doktora, İnşaat Mühendisliği 

Tez Danışmanı: Prof. Dr. Erdal Çokça 
 

Aralık 2019, 282 sayfa 

 

Bu araştırmada sülfatın (Na2SO4 ve CaSO4.2H2O) C sınıfı uçucu kül ile stabilizasyonu 

sağlanan şişen zemin üzerindeki etkisi incelenmiştir. Aynı zamanda karşılaştırma 

amaçlı olarak kireç kullanılmıştır. Şişen zemin laboratuvar ortamında kaolin ve 

bentonit kullanılarak elde edilmiştir. Soma ve Sivas-Kangal Termik santrallerinden 

temin edilen C sınıfı uçucu küller ana katkı malzemeleri olarak kullanılmıştır. Sülfat 

kaynağı olarak değişik oranlarda (3000ppm ila 40000ppm) Na2SO4 ve CaSO4.2H2O 

kullanılmıştır. Optimum uçucu kül oranı Soma (SFA) ve Sivas-Kangal (KFA) uçucu 

külleri için sırasıyla %15 ve %10 olarak seçilmiştir. 

Uçucu külün sülfat içeren zeminler üzerindeki etkisinin belirlenmesi amacı ile 

tanımlama, şişme ve tek eksenli basınç dayanımı deneyleri yapılmıştır. Aynı zamanda 

iyileştirmenin kimyasal ve mikroyapı üzerindeki etkisinin belirlenmesi amacı ile XRD 

analizleri, zeta potensiyel testleri ve taramalı elektron mikroskobu görüntüleri 

kullanılmıştır. 

Sülfat eklemek, stabilize edilen zeminlerin şişme potansiyellerini değişik şekillerde 

etkilemiştir. %15 SFA ile iyileştirilen numunenin şişme potansiyeli sülfat 

eklenmesinden pozitif olarak etkilenmiştir. Ciddi oranda olmasa da sülfat eklemek %4 

oranında kireç ile stabilize edilen numunenin şişme potensiyelinde genelde bir artışa 
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neden olmuştur. %10 KFA ile iyileştirilen numunenin şişme potansiyeli özellikle 

CaSO4.2H2O’dan olmak üzere sülfat eklenmesinden pek fazla etkilenmemiştir. 

Na2SO4 eklemek uçucu kül ve kireç ile iyileştirilen numunelerin dayanımlarını 

genelde olumsuz etkilemiş ancak CaSO4.2H2O eklemenin dayanıma önemli bir etkisi 

olmamıştır. Tuzlanma (salination) ve etrenjit oluşumu nedeniyle 10⁰C’de kürlenen 

40000ppm Na2SO4 eklenmiş uçucu kül ile iyileştirilen numunelerde ciddi dayanım 

kayıpları gözlenmiştir.  

Anahtar Kelimeler: Şişen Zeminler, C Sınıfı Uçucu Kül, Sülfat, Etrenjit, Tuz Kaynaklı 

Kabarma 
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CHAPTER 1  

 

1. INTRODUCTION 

 

1.1. General 

The number of constructed houses, apartments, hospitals, industrial buildings, social 

facilities increases rapidly with the rise in population, however areas with available 

soil conditions decreases and treatment techniques gain importance. One of the 

challenging soil types is expansive soil that causes many problems in lightweight civil 

engineering structures due to the cyclic swell-shrink behavior of this type of soils as a 

result of the fluctuation of moisture content with the seasonal conditions. Swelling and 

shrinking of expansive soils cause an estimated annual cost of several millions of euros 

(Chindris et al., 2017). Several methods are applied for the improvement of this type 

of soils such as; soil replacement, moisture control, chemical stabilization, prewetting, 

etc. One of the most widely used methods among these is chemical stabilization. Lime, 

cement and class C fly ash are generally used as calcium-based stabilizers for this 

method. Lime stabilization is widely used to improve the strength and plastic 

properties of high clay content cohesive soils.  

There are many studies in the literature that proves the beneficiary effect of calcium-

based stabilizers on the treatment of expansive soils. However, sulfate, existing in 

clays can also react with lime which results in the formation of ettringite (McCarthy, 

2009). Ettringite that is a weak sulfate mineral will undergo significant heaving when 

exposed to hydration and this heave which is named sulfate-induced heave in literature 

caused also many problems in highways, runway, parking lots, residential and 

industrial buildings, etc. Repairing and reconstruction of the failed structures cost 

millions of dollars (Puppala et al., 2004). 
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The studies performed on sulfate bearing soils have been focused on understanding 

the behavior of lime treated soils, however, all the calcium-based stabilizers have the 

potential to cause sulfate-induced heave problems. 

Little and Nair (2009) stated that cases have been reported where soils stabilized with 

portland cement and/or fly ash has heaved. The effect of different cement types and 

the influence of various compositions of fly ash on ettringite/thaumasite formation are 

not completely understood and further investigation in this area is needed. 

There are some recommendations in the literature to classify the level of risk 

associated with lime stabilization in sulfate-bearing clays according to sulfate content 

(Little and Graves, 1995, etc.). However, there are not any recommendations in the 

literature about fly ash stabilization and any data even the classifications for lime 

based on the sulfate concentration of soil is applicable for fly ash or not.  This gap in 

the literature is continuing. 

Turkey is a country with a rich sulfate reserve. Sodium sulfate is used in detergent, 

paper, glass, and textile industry and in the production of many chemicals. One of the 

biggest sodium sulfate reserve of Turkey exists in Çayırhan, Ankara with a 192.5 

million tons reserve capacity.  Şereflikoçhisar, Beypazarı, and Nallıhan are rich in 

gypsum which is a potential source of sulfate. The total gypsum reserve in these areas 

is estimated to be 150 million tons (General Directorate of Mineral Research and 

Exploration, 2010). 

General Directorate of Highways made a protocol with Lime Industrialists 

Association (KİSAD) to conduct studies for examining performance of lime 

stabilization in some parts of the real roads (Kavak et al., 2008). The aim of these 

studies is to extend the use of lime stabilization and reduce the cost of constructions 

spent on the treatment of soils. 

The most prevailing technical specification about the lime even the only one in Turkey 

has been prepared by the General Directorate of Highways (2013). The limit presented 
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in the technical specification related to sulfate (SO4) content of soil for lime treatment 

is as follows; 

“The reaction of sulfate with lime can cause additional lime consumption and volume 

increase in the mix. The ratio of the total SO3 (sulfite) content to dry soil weight should 

be smaller than 3% for the soil sieved from No.10 sieve (2.0mm).” 

3% SO3 is equal to 3.6% SO4 (36000 ppm) and this value is far more higher than the                

10000ppm (1%) which is classified as the unacceptable risk in the literature. 

Therefore, study related to chemical treatment of sulfate bearing clays gains extra 

importance in Turkey.  

1.2. Aim of the Study 

There are lots of studies concerning the effect of class C fly ash on the engineering 

properties of expansive clays. Although, there are studies about the effect of lime 

stabilization on sulfate bearing soils, there are insufficient number of studies about the 

fly ash treatment of these type of soils. 

Also, Turkey is rich in fly ash production with a high sulfate level which cannot be 

used in concrete production. The aim of this study is to investigate the behavior of 

class C fly ashes beside lime that is used with sulfate bearing soils, attract attention to 

ettringite induced heave problems in Turkey and also investigate the suitability of 

usage of high sulfate class C fly ashes in stabilization of non-sulfate bearing soils. 

1.3. Scope of the Study 

In the scope of the study, two different fly ashes with different CaO and sulfate 

content; Soma fly ash (SFA) and Sivas- Kangal fly ash (KFA) were used. Lime was 

also used for comparison purposes. 

Initially swelling tests were performed to determine the optimum additive content. 

Besides swelling tests, pH tests were also performed according to ASTM D6276 

standard derived from the method proposed by Eades and Grim (1983) to obtain the 

optimum lime content. Optimum additive content for SFA, KFA and lime was selected 
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as 15%, 10% and 4% respectively. Two different sulfates namely; Na2SO4 (NS) and 

CaSO4.2H2O (CS) were added to fly ash treated samples with 3000ppm, 5000ppm, 

10000ppm, 20000ppm, and 40000ppm concentrations.  Tests on lime were performed 

on samples with 5000ppm, 10000ppm, and 40000ppm sulfate concentrations.  

Firstly, tests were performed to understand the effect of calcium-based stabilizers and 

sulfate on index properties (grain size, Atterberg limits, specific gravity, etc.). Swell 

and unconfined compressive strength tests were performed to understand the effect of 

sulfate on physical and mechanical properties of soils treated with calcium-based 

stabilizers. Swell tests were performed at three different temperatures; 10°C, 25°C, 

and 40°C and 7 days and 28 days cured specimens at 25°C. Unconfined compressive 

strength tests were performed on both uncured specimens prepared at 25°C and 7 days 

and 28 days cured specimens at 10°C, 25°C, and 40°C. 

Scanning electron microscope views, XRD and zeta potential analysis were used to 

see the effect of treatment in chemical structure and microstructure. Shear Wave 

Velocity (Vs) tests were also performed for comparison purposes since Vs is a valuable 

parameter that frequently used for determination of other soil parameters by using 

correlations recommended in the literature. These tests were performed only on 

representative sulfate added fly ash treated samples. 

1.4. Outline of the Study 

In the scope of this thesis, a literature review on expansive soil, chemical stabilization, 

and fly ashes are given in Chapter 2. In Chapter 3, a literature review on sulfate-

induced heave problem including case studies and previous studies is given. In 

Chapters 4, 5, 6 and 7 the methodology of experimental works, test results, discussions 

of the test results and conclusions are presented respectively.  
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CHAPTER 2  

 

2. LITERATURE REVIEW 

 

2.1. Expansive Soils 

Expansive soils show considerable volume changes as a result of the variation of water 

content. This type of soils exists worldwide and in charge of serious economic losses 

by causing many damages to buildings and infrastructures (Seco et. al., 2011).  

United States, Canada, China, Israel, Australia, Egypt are the countries that are 

frequently faced with expansive soils related problems (Murthy, 2002). Turkey is also 

one of the countries that reported expansive soil-related problems (Cokca, 2001; 

Fredlund et al., 2012). The annual cost of the damages due to the expansive soils are 

expected to vary between one to thirteen billion dollars in the USA (Puppala and 

Cerato, 2009; Firoozi et al., 2017).  Representative expansive soil related problems in 

roads and pavements are presented in Figure 2.1. 

 

  

Figure 2.1. Expansive soil related problems. a- longitudinal cracks in road (Wang, 2016), b- heave in 
road and pavements (Colorado Geological Survey, n.d.)  

 

a b 
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2.2. Mechanism of Swelling 

The zone in the ground where the seasonal change in water content observed is called 

the active zone. The depth of this zone can vary between 0.3 – 6.0m depending on the 

local conditions.  The active zone is exposed to significant volume changes as a result 

of the fluctuations in water content. Depth of this zone could be determined by plotting 

depth versus liquidity index of the soil profile during a couple of seasons (Kalantari, 

2012). 

Clay particles have a negative surface charge which causes attraction of H2O 

molecules. This phenomenon provides the orientation of H2O molecules on the surface 

of the clay. The water molecules are separated in layers dependent on electronic forces 

with the increase in distance from the clay surface (Stavredakis, 2006). Soil expansion 

mechanism is presented in Figure 2.2. 

 

Figure 2.2. Schematic representation of soil expansion (Stavredakis, 2006) 
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2.3. Factors Influencing Swelling 

Soil properties, environmental factors, and stress conditions are the main factors that 

affect the swelling properties of expansive soils (Jayalath et. al., 2016). The sub-

factors for each previously mentioned main factor are presented in Figure 2.3 (Nelson 

and Miller, 1992). 

 

 

Figure 2.3. Factors affecting swell potential of expansive soils (Nelson and Miller, 1992) 

 

•Clay Mineralogy
•Soil Chemistry
•Soil Suction
•Plasticity
•Soil Structure and Fabric
•Dry Density

Soil Properties

•Initial Moisture Condition
•Climate
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•Drainage and Manmade Water Sources
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•Permeability
•Temperature

Environmental Factors

•Stress Histroy
•In situ Conditions
•Loading
•Soil Profile

Stress Conditions
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2.4. Clay Mineralogy 

Although clay hydration is related to the swelling phenomenon, being in contact with 

water does not result swell for all clays (Foster, 1954). Chemical stabilization of soils 

depends on pH, specific surface area, cation exchange capacity, zeta potential and 

origin of soils, etc. (Cherian and Arnepalli, 2015). Since all these factors depend on 

clay mineralogy, this phenomenon is an important factor both for swelling properties 

and effectiveness of treatment. 

Kaolinite, illite, and montmorillonite are the main clay minerals (Verruijt, 2001). The 

chemical properties, physical properties, and type of clay minerals directly related to 

the arrangement of sheets within the aluminosilicate layers (Barton and Karathanasis, 

2002). Tetrahedral and octahedral sheets are the two main units that form the clay 

minerals’ atomic structure (Murray, 2007). 

The tetrahedron occurs by the connection of four oxygen atoms from the centers that 

surround the silicon atom. Cations are located at the center and the hydroxlys at the 

corners for the formation of octahedron. Magnesium, iron, and aluminum are the main 

cations that form the octahedron (Al-Ani and Sarapaa, 2008).  

Silica sheet is formed as a result of the combination of tetrahedral units by means of 

sharing oxygen atoms. Combination of octahedrons from the shared hydroxyl ions 

results in the formation of octahedral sheets (Knappett and Craig, 2012). The 

octahedral sheet is called as gibbsite, if the aluminum is the only existing cation. 

Brucite is the octahedral sheet that contains magnesium as a cation (Oweis and Khera, 

1998).  Although the gibbsite sheet is neutral, the silica sheet carries a negative charge 

(Knappett and Craig, 2012).  

Schematic representation of basic units and structures of main clay minerals are 

presented in Figure 2.4. 
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Figure 2.4. Basic units of clay minerals and main clay minerals (Knappett and Craig, 2012) 

 

The properties of kaolinite, illite, and montmorillonite are given below. 

2.4.1. Kaolinite 

Kaolinite is a 1:1 mineral (Barton and Karathanasis, 2002). Crystals of kaolinite 

consist of repetitive layers which connect each other by hydrogen bonding.  Silica 

sheet and alumina sheet that shares an oxygen atom layer form each layer. A hydrogen 

bond occurs between the hydroxyls and oxygens of the alumina sheet and silica sheet 

respectively taking parts in opposite faces. Forces caused by hydrogen bonding is 

strong and prevent the entering of water between the layers (Yong and Warkentin, 

1975).  
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SSA of kaolinite varies between 8-20 m2/g according to Das (2008), Murray (2007) 

and Yong et al. (2012). CEC of kaolinite varies between 1-15 meq/100g (Das, 2008; 

Al-Ani and Sarapaa, 2008 and Yong et. al., 2012). Kaolinite is a low activity clay 

mineral that is not showing a considerable swell potential (Oweis and Khera, 1998).   

2.4.2. Illite 

Illite is a 2:1 mineral (Al-Ani and Sarapaa, 2008). Each layer of illite occurs by the 

combination of two silica sheets that contain an alumina sheet between. The layers of 

illite are connected to each other by potassium ions (Yong and Warkentin, 1975). 

SSA of illite varies between 80-120 m2/g according to Das (2008), Murray (2007) and 

Yong et. al. (2012). CEC of illite varies between 10-40 meq/100g (Das, 2008; Al-Ani 

and Sarapaa, 2008; Yong et al., 2012).  

Illite is more active compared to kaolinite and shows a medium swell potential (Oweis 

and Khera, 1998).   

2.4.3. Montmorillonite 

The basic structure of montmorillonite is same as the illite (Yong and Warkentin, 

1975). Instead of potassium, water molecules exist in the space located between the 

combined sheets which resulted in a weak bond (Knappett and Craig, 2012). 

Substitution of aluminum with magnesium and iron is observed within the alumina 

sheet. Different substitution is observed for variant montmorillonite minerals (Yong 

and Warkentin, 1975).  

SSA of montmorillonite varies between 700-800 m2/g according to Das (2008) and 

Yong et. al. (2012). CEC of montmorillonite varies between 80-120 meq/100g (Das, 

2008; Al-Ani and Sarapaa, 2008; Yong et al.,2012). Montmorillonite is a high active 

clay with great swell potential (Yong and Warkentin, 1975). Calcium montmorillonite 

is the most widespread mineral within this group (Murray, 2007). Sodium 

montmorillonite has a more water adsorption capacity and a less hydraulic 

conductivity than calcium montmorillonite (Grim, 1942). 
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One of the important reserves of bentonite clay which is included in this group exists 

in Turkey. 11.8 million tons of bentonite was produced worldwide in 2007. Turkey is 

the third country after USA and Greece with an annual production of 1.0 million tons 

(Al-Ani and Sarapaa, 2008). 

XRD, SEM, and TEM are the main methods that are used for the identification of 

different clay minerals (Barton and Karathanasis, 2002 and Al-Ani and Sarapaa, 

2008). 

2.5. Methods for Treatment of Expansive Soils 

Investigation and elimination methods of expansive soils gain importance as a result 

of high repairing cost of damaged structures (Al-Mhaidib and Al-Shamrani, 1996). 

Ardani (1992) listed the methods for the treatment of expansive soils as presented 

below; 

• Sub-excavation and removal of expansive soil and replacement with non-

expansive soil 

• Application of heavy applied load to balance the swelling pressure 

• Preventing access of water to the soil by encapsulation 

• Stabilization by means of chemical admixtures 

• Mechanical stabilization 

• Pre-wetting the soil 

• Avoiding the expansive soil 

2.5.1. Chemical Stabilization 

Chemical treatment is a commonly used method in many of the geotechnical related 

civil engineering projects such as embankments, roads, highways, etc. for soil 

improvement purposes (Tran et al., 2014). Stabilizers are divided into three main 

groups namely; traditional (lime, fly ash, cement, etc.), non-traditional (enzymes, 

potassium compounds, polymers, ammonium chloride, etc.) and by-product (cement 
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kiln dust, lime kiln dust, etc.). Lime is the most widely used stabilizer among 

previously mentioned stabilizers (Little and Nair, 2009).   

2.5.1.1. Soil- Lime Reactions 

Cation exchange, flocculation and pozzolanic reactions are the leading mechanisms 

that results improvement of engineering properties of soils when clayey soils are 

mixed with lime in an aqueous medium. Carbonation is the other chemical reaction 

that occurs when the soil is mixed with lime (Little, 1995; West and Carder, 1997; Al-

Rawas, 2005). Properties of each mechanism are presented below. 

2.5.1.1.1. Cation Exchange and Flocculation 

Cation exchange and flocculation are the rapid reactions that occur immediately with 

the mixing of soil and lime (Mallela et. al., 2004). Lyotropic series give the 

replaceability of cations as follows; Th4+ > Fe3+ > Al3+ > Cu2+ > Ba2+=Sr2+ > Ca2+ > 

Mg2+ > Cs+ > Rb+ > K+=NH4+ > Li+ > Na+ (Cherian and Arnepalli, 2015). Ca2+ ions, 

released from lime replace with Na+, K+ and H+ ions that exist in the soil. Replacement 

of univalent ions with calcium ions results in an increase in the attraction between soil 

particles (Mallela et. al., 2004).  Flocs are formed when the soil particles come closer 

to each other as a result of the attraction and cation exchange. This phenomenon is 

called flocculation (Al-Rawas, 2005). Cation exchange and flocculation result in a 

more granular structure with a lower swell potential, plasticity and higher permeability 

coefficient (Seco et al., 2011).  Schematic representations of cation exchange and 

flocculation reactions are presented in Figure 2.5 and 2.6 respectively. 
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Figure 2.5. Schematic representation of cation exchange (Prusinski and Bhattacharja, 1999) 

 

 

Figure 2.6. Schematic representation of flocculation (Prusinski and Bhattacharja, 1999) 

 

2.5.1.1.2. Pozzolonic Reactions 

Addition of enough quantity of lime results an increase of soil’s pH approximately to 

12.4 that cause the dissolution of silica and alumina from the clay (Seco et al., 2011). 

The reaction between the Ca from the lime and silica or alumina from the soils is 

called pozzolanic reactions. Especially calcium silicate and calcium aluminate 

hydrates are formed as cementing agents at the end of the pozzolanic reactions 

(ASTM, 1970).  
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Some basic soil-lime pozzolonic reactions are presented below (Mallela et. al., 2004); 

                                                   Ca(OH)2 → Ca2+ + 2 (OH)-                                 (2.1) 

       Ca2 + OH- + SiO2 (soluble clay silica) → CSH (calcium-silicate-hydrate)    (2.2) 

 Ca2 + OH- + Al2O3 (soluble clay alumina) → CAH (calcium-aluminate-hydrate)  (2.3) 

The cementing compounds cause an improvement in the mechanical properties (such 

as strength) and a reduction in swelling properties (Seco et al., 2011). 

Organic content, mineralogy, weathering degree, presence of carbonates and natural 

drainage are the main soil properties that affect the release of alumina and silica.  

Besides soil properties, pozzolanic reactions are also affected from curing 

temperature, curing time and lime percentage (ASTM, 1970). The schematic 

representation of the pozzolanic reactions is presented in Figure 2.7. 

 

 

Figure 2.7. Schematic representation of pozzolonic reactions (Prusinski and Bhattacharja, 1999) 

 

2.5.1.1.3. Carbonation 

This reaction occurs between lime and CO2. CaCO3 is formed as a result of the 

carbonation reaction instead of CSH and CAH (Mallela et al., 2004). It is an unwanted 
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reaction since carbonation consumes some part of the lime which will be used for 

other reactions (West and Carder, 1997) and CaCO3 is a plastic material causing an 

increase in the plasticity of soil (Fang, 1991). 

2.5.1.2. Lime Treatment 

Main construction steps of lime treatment given by the National Lime Association 

(2004) are presented below; 

• scarifying or pulverization of the soil 

• lime spreading 

• water addition and mixing  

• compaction 

• curing before the placement of the next layer  

Schematic representation of the lime treatment process is given in Figure 2.8. 

 

 

Figure 2.8. Schematic representation of the lime treatment process (Britpave, 2007) 
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Many researchers (Dempsey and Thompson, 1968; Al-Mhaidib and Al-Shamrani, 

1995; Güney et al., 2007; Baglari and Dash, 2013; Bhuvaneshwari et al., 2014; Tran 

et al., 2014; Belchior et al., 2017; etc.) studied the effect of lime stabilization on soils. 

Jawad et al. (2014) summarized the outcomes of some of the previous studies and the 

effect of lime treatment in different soil properties with the reasons as given in Table 

2.1. 

Table 2.1. Overview of previous studies on lime (Jawad et al., 2014) 

Property Effect Reason 

Water- Content -                         
Density Relationship 

- Increase in void ratio 
- Decrease in maximum dry 
density 
- Increase in optimum moisture 
content 

- Flocculation- agglomeration 

Plasticity Index 

- Increase or decrease in liquid 
limit and plastic limit depending 
on the treated soil properties 
- Decrease in plasticity index 

- Flocculation- agglomeration 

Soil Strength 

- Significant increase in soil 
cohesion 
- Slight improvement in internal 
friction angle 

- Decrease in plasticity 

- Improvement in compaction features 

- Pozzolanic reactions 

Swell Potential and 
Volume Change 

- Decrease in swell potential and 
swell pressure 

- Decrease in plasticity 

- Decrease in the thickness of diffuse 
double layer 

Permeability 
-bDecrease or increase in soil 
permeability 
 

- Increase is explained with 
flocculation and agglomeration 

- Decrease is explained by the 
formation of bonds between the soil 
particles and formation of cementitious 
products that results contraction of 
pore spaces 

Compressibility 

- Increase in pre-consolidation 
pressure (Pc) 
- Decrease in compression index 
- Decrease in coefficient of 
volume compressibility 
- Increase in coefficient of 
consolidation (Cv) 

- Bond formation between the soil 
particles 
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2.5.1.3. Fly Ash Treatment 

Fly ash is a by-product that is generated in coal-fired thermal power plants (Ji-ru and 

Xing, 2002). It is produced during the burning of powdered coal in the boiler. 

Electrostatic precipitators, flue gas desulphurization, and baghouses are used to 

remove the fly ash from the flue gases (Hartuti et al., 2018). 

The schematic representation of fly ash production is given in Figure 2.9. 

 

 

Figure 2.9. Schematic representation of fly ash production (FHWA, 2008) 

 

Fly ash is originated from the silt-sized particles that are spherical in general. The 

primary oxides that form the fly ash are silicon, aluminum, iron, and calcium. Sodium, 

sulfur, potassium, magnesium, and titanium are also observed within fly ash as 

secondary oxides (American Coal Ash Association, 2003).   
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Fly Ashes are divided into two main groups namely; Class C and Class F according 

to ASTM C-618. Class C fly ashes have both pozzolanic and cementitious properties 

whereas the Class F fly ashes have only pozzolanic properties. SiO2 + Al2O3 + Fe2O3 

content is greater than 70% and 50% for Class F and Class C Fly ashes respectively. 

CaO concentration of Class F fly ash is smaller than 10%, however, Class C fly ash 

has a CaO content greater than 10%. Also, for both type of fly ashes, SO3 content 

should be lower than 5%. 

The main factors that affect the fly ash properties are boiler and emission control 

design and coal source. The coal type determines the content of fly ash. Ash produced 

from bituminous and lignite coals have not self- cementing properties whereas burning 

of sub-bituminous coal lead to the production of fly ashes with self-cementing 

properties and higher calcium content.  Boiler and emission control design has a major 

effect on the crystalline structure which specifies the hydration properties of fly ash 

(Mackiewicz and Fergusan, 2005). 

Development in industry and population growth results in an increase in electrical 

energy demand. One of the leading energy sources are the thermal power plants. The 

increase in fly ash production become unavoidable with the going of new thermal 

power plants into operation (Mir and Shidharan, 2019).   

Concrete and brick production, soil stabilization, embankment construction, etc. are 

the areas where fly ash is used in civil engineering applications (Dwivedi and Jain, 

2014).  

There exist many studies in the literature that show the beneficiary effect of fly ash in 

soil stabilization (Cokca, 2001; Kolias et al., 2005; Al-Dahlaki, 2007; Zha et al., 2008; 

Deb and Pal, 2014; Ige and Ajamu, 2015; Nath et al., 2017, Mir and Shidharan, 2019). 

ASTM C-618 “Standard Specification for Coal Fly Ash and Raw or Calcined Natural 

Pozzolan for Use in Concrete” limits the maximum allowable SO3 content of fly ash 

as 5% to be used in concrete. However, there are no criteria about the SO3 content of 
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fly ash for soil stabilization in ASTM D5239 “Standard Practice for Characterizing 

Fly Ash for Use in Soil”. 

2.5.1.3.1. Fly Ash Production in Turkey 

The energy demand of Turkey is increasing day-by-day with industrial development. 

22% of the used energy is produced in thermal power plants by using coal (Uyanik 

and Topeli, 2012). 

24.2 million tons of waste material, 98.5% of which consisted of mineral wastes (ash, 

gypsum, fly ash, slag, etc), were produced in 2014 at thermal power plants with a 

capacity greater than 100 mW. 70% of the waste material was deposited at ash dams 

and disposal areas, 15% of it was sold or sent to recycling firms and remaining 15% 

were disposed by other ways (sent to mine and quarries, thrown away to the municipal 

rubbish tip, etc.) (TUIK, 2014).  

Turker et al. (2009) performed chemical tests on fly ashes taken from 11 different 

thermal power plants namely; Afşin-Elbistan, Çatalağzı, Çayırhan, Kangal, 

Kemerköy, Orhaneli, Seyitömer, Soma, Tunçbilek, Yatağan, and Yeniköy. The 

chemical composition of fly ashes is given in Table 2.2.   
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Table 2.2. The chemical composition and classification of fly ashes in Turkey (Turker et al., 2009) 

Thermal 
Power Plant 

SiO2 +Al2O3 + 
Fe2O3 (%) 

CaO (%) SO3 (%) Class 

Afşin-Elbistan 16.6 - 30.6 53.9 - 54.4 11.2 - 24.2 

Satisfies the CaO criteria for 
Class C however SiO2 + Al2O3 + 
Fe2O3 and SO3 criteria could not 

be satisfied 

Çayırhan 73.8 11.8 3.9 C 

Çatalağzı 89.8 1.5 0.1 F 

Kemerköy 43.8 38.5 13.8 

Satisfies the CaO criteria for 
Class C however SiO2 + Al2O3 + 
Fe2O3 and SO3 criteria could not 

be satisfied 

Orhaneli 80.7 9.5 2.5 F 

Seyitömer 84.3 4.3 0.5 F 

Sivas-Kangal 51.3 - 55.3 30.0 - 34.9 6.2 - 7.6 C with high SO3 

Soma 68.2 - 73.9 17.2 - 23.5 1.5 - 4.1 C 

Tunçbilek 88.8 1.7 0.6 F 

Yatağan 80.7 10.5 1.3 C 

Yeniköy 30.4 - 33.7 39.3 - 39.5 22.2 - 25.7 

Satisfies the CaO criteria for 
Class C however SiO2 + Al2O3 + 
Fe2O3 and SO3 criteria could not 

be satisfied 
 

Özmen (2011) listed the total ash production in previously mentioned 11 thermal 

power plants in Turkey as given in Table 2.3. 
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Table 2.3. Total ash production in Turkey (Ozmen, 2011) 

Thermal 
Power Plant 

Ash 
Production 
(ton/year) 

Fly Ash Class Total Ash Production 
(ton/year) 

Çatalağzı 803.703 

Class F 3.741.948 
Orhaneli 357.391 

Seyitömer 1.989.000 

Tunçbilek 591.854 

    

Soma 2.373.439 

Class C 5.601.921 Yatağan 1.320.570 

Çayırhan 1.907.912 

    

Kangal 1.322.832 Class C with high 
sulfate level 

9.763.011 
Kemerköy 1.585.195 

Class C according to 
CaO ≥10% criteria. 
Has a high sulfate 

level 

Yeniköy 713.847 

Afşin-Elbistan 6.141.137 

 

Özmen (2011) stated that “75-80% of the total produced ash is fly ash and the 

remaining part is bottom ash”. Therefore, the maximum produced type of fly ash is 

Class C Fly Ash with high sulfate content (Figure 2.10) in Turkey. As these materials 

could not satisfy the criteria to be used in the concrete industry, investigation of the 

suitability of these materials to be used in soil stabilization gains extra importance due 

to deposition problems of these waste materials and related environmental concerns. 
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Figure 2.10. Percent distribution of the fly ash class in Turkey 
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CHAPTER 3  

 

3. EFFECT OF SULFATE ON CHEMICALLY STABILIZED SOILS 

 

3.1. Effect of Sulfate on Lime Stabilized Soils 

Treatment of soils with calcium-based stabilizers may cause heave dependent 

problems as a result of the sulfate included chemical reactions (Harris et al.,2006). 

During construction, when the calcium-based stabilizers are mixed with water, a high 

pH environment is developed. Presence of lime and high pH create a favorable 

environment to the formation of two expansive minerals, ettringite and thaumasite 

when sulfate exists in soil (Little and Nair, 2009).  

When subjected to hydration, ettringite which is a weak sulfate mineral shows 

significant heaving, this heave is named as sulfate-induced heave in literature and 

causes severe damages in highways, parking lots, runways, residential and industrial 

buildings, etc. (Puppala et al., 2004).  As the repairing or reconstruction works causes 

closure of highway lanes and delays in traffic, sulfate-induced heave attracts great 

attention especially in the transportation division of civil engineering (Puppala et al., 

2019). 

Examples of heave problems caused by ettringite formation are given in Figure 3.1 

and 3.2. 
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Figure 3.1. Vertical heave problem in roads due to the ettringite formation (Puppala et al., 2019) 

 

 

Figure 3.2. Evidence of accumulation of considerable lateral strain resulting in shear failure in lime- 
treated high sulfate soil layer (Little and Nair, 2009) 
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The rate of sulfate related reactions depends on the water amount and sulfate crystals’ 

size. Reactions could occur within one day as a result of rainfall or may take several 

years (Texas Department of Transportation, 2005). 

Unforeseen failure of lightweight civil engineering structures resulted in questions 

regarding the efficiency of calcium base stabilizers in soil stabilization (Puppala et al., 

2013). 

3.1.1. Soil- Lime- Sulfate Reactions 

Hunter (1988) summarizes the geochemical reactions for lime-induced heave as 

follows; 

CaO + H2O → Ca(OH)2    (hydration of quicklime)                                                (3.1)                                                                                     

Ca(OH)2 → Ca2+ + 2(OH)-   

(ionization of calcium hydroxide; pH rises to 12.3)                                                (3.2) 

Al2Si4O10(OH)2. nH2O+2(OH)- + 10H2O → 2Al(OH)4
- + 4H4SiO4+ nH2O  

(dissolution of clay mineral, at pH>10.5)                                                                (3.3)                                                                                                                                                       

2H4SiO4 → 2H3SiO4
- + 2H+ → 2H2SiO4

2- + 2H+  

(dissociation of silicic acid)                                                                                      (3.4)                                                                                                                                                               

5Ca2+ + 2H3SiO4
- + 4OH- → Ca5(Si6O18H2).4H2O+6H2O                                       (3.5)       

MXSO4. nH2O → XMY+ + SO4
2- + nH2O 

(dissolution of sulfate minerals; x=1, y=2 or x=2, y=1)                                          (3.6)  

6Ca2+ + 2Al(OH)4
- + 4OH- + 3(SO4)2- + 26H2O →  

Ca6 (Al(OH)6)2. (SO4)3. 26H2O (formation of ettringite)                                           (3.7)                                                                     

CO2 + H2O → H2CO3 (formation of carbonic acid)                                                (3.8)             
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 CaCO3 + H2CO3  → Ca2+ + 2H+ + 2CO3
2-  

(dissolution of calcite in carbonic acid)                                                                                        (3.9)        

Ca6(Al(OH)6)2. (SO4)3. 26H2O  +  2H2SiO4
2- + 2CO3

2- + O2 →  

Ca6(Si(OH)6)2. (SO4)2. (CO3)2. 24H2O + 2Al(OH)4
- + SO4

2- + 4OH- + 2H2O 

(formation of thaumasite)                                                                                          (3.10) 

Hunter (1988) explains the reactions as follows; 

• Equations 3.1-3.4 are pozzolanic reactions that cause the siliceous cementation 

of lime – treated soils (Equation 3.3 is given for montmorillonite), 

• The rate of the reaction given in equation 3.5 approaches to zero in the 

presence of excessive sulfate, 

• Sulfate coming from Equation 3.6 reacts with alumina (coming from Equation 

3.3 which is the dissolution of any clay mineral) to form ettringite (Equation 

3.7). 

• Once ettringite forms, it proceeds growing as far as the temperature decreases 

below 15°C and when the temperature decreases below 15°C, ettringite is 

transformed to thaumasite (Equation 3.10). 

Ettringite crystals have a prism structure which is hexagonal as shown in Figure 3.3. 
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Figure 3.3. Chemical structure of ettringite columns (Puppala et al., 2019) 

 

3.2. Mechanism of Heaving or Disruption During Ettringite Formation 

Two theories exist in the literature related to the cause of expansion during the 

formation of ettringite namely; 

1. topochemical formation and aelotropic growth of the ettringite crystals 

2. expansion resulted from the water absorption of ettringite crystals  

The chemical potential of adsorbed water could be lowered due to the negative surface 

charge of ettringite crystals. A considerable amount of water could be attracted due to 

the high surface area and the negative charge. Interparticle repulsion that occurs due 

to the water can result in matrix expansion since inter-crystalline chemical bonding 

does not exist between the ettringite crystals. The mechanism is parallel with the 

swelling that is observed when clays electrostatically attract bipolar molecules. 

Previous studies show that absorption of water enhances the ettringite induced 
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expansion. In both theories, external water could be accepted as one of the leading 

activators of the detrimental reactions in treated soil (Little et al., 2010). 

3.3. Factors Affecting Sulfate Attack 

pH, moisture availability, temperature, sulfate level, and clay mineralogy are the 

factors that affect the sulfate attack of stabilized materials (Rollings et al., 1999).       

3.3.1. pH                                                                                               

The pH of soil raises above 12 after the use of calcium-based stabilizers. The solubility 

of alumina and silica increases exponentially when the pH exceeds 9. This 

phenomenon is also very important for the release of materials from the clay particles 

to take part in pozzolanic reactions that cause strength gain in chemical treatment. 

Released active alumina is also one of the main factors that participate in the formation 

of ettringite. pH value significantly decreases with the ettringite formation (Rollings 

et al., 1999).    

3.3.2. Moisture Availability 

Water is one of the main factors that participate in ettringite reactions. Ettringite 

formation is strengthened with the existence of moisture and results cracks or joints in 

pavements. The reactions of ettringite are affected positively from rainfall originated 

water coming from the joints/ cracks or movement of water vapor. The previous 

studies show that the deposition of water as a result of the insufficient drainage or 

ponding causes considerable swelling in sulfate bearing soils that are chemically 

treated with lime (Rajasekaran, 2005). 

3.3.3. Temperature 

The occurrence of sulfoalumina hydrates depends on temperature (Rollings et al., 

1999). Temperature is one of the leading reasons of swelling in clayey soils exist in 

sulfate environments. The formation of ettringite and swelling occur with a higher rate 

in summer compared to other seasons (Rajasekaran, 2005). 
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3.3.4. Clay Content and Mineralogy 

The amount of clay existing in soil system has a critical role in sulfate activated heave, 

observed in lime treated soils (Rajasekaran, 2005). There is a direct relationship 

between the extent of strength loss and clay percent. Increase in clay content results 

in a decrease in strength. Alumina is one of the principal components that take parts 

in ettringite formation and clay minerals that have a high potential of releasing alumina 

like kaolin are more vulnerable to sulfate attack compared to the ones with lower 

potential like montmorillonite (Rollings et al., 1999). 

3.3.5. Sulfate Level 

Damage caused by sulfate-induced heave is also based on the sulfate within the soil 

or environment. Parts per million (ppm) and mg/kg are the general expressions used 

to describe sulfate concentrations. 10000ppm is equal to 10000 mg/kg and 1% by dry 

weight (Little and Nair, 2009). 

Degree of risk relative to the sulfate level in lime treated soils is summarized in Table 

3.1. 

 

Table 3.1. Degree of risk relative to the sulfate level in lime treated soils (Little and Graves, 1995) 

Degree of Risk 
Soluble Sulfate Concentration 

ppm Percent Dry Weight (%) 

Low Risk < 3000 < 0.3 

Moderate Risk 3000 ≤ - ≤ 5000  0.3 ≤ - ≤ 0.5 

Moderate to High Risk 5000 < - ≤ 8000 0.5 < - ≤ 0.8 

High to Unacceptable Risk > 8000 > 0.8 

Unacceptable Risk > 10000 > 1.0 

 

The sulfate content of the soils, in which sulfate-induced heave problems occurred, 

found to vary between 320 – 43500ppm in many of the cases (Puppala et al., 2013). 
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Little et al. (2005) listed the factors that affect the amount of ettringite induced heave; 

• Thermodynamic suitability of ettringite formation in soils 

• Quantity of restraining reactants determining the quantity of ettringite 

• Amount of water, sulfate and other ions that play main roles in ettringite 

formation 

• The resistance of the cementitious matrix 

• Spatial placement of the crystals of ettringite in the matrix of soil 

3.4. Sources of Sulfate 

The source of sulfate responsible for the heave of soils is divided into two groups as 

primary and secondary. The primary source includes the native sulfate existing in 

natural soils. Sulfate coming from the construction wastes, spilled chemicals and 

industrial wastes form the secondary source (Rao and Shivananda, 2005). 

Gypsum mineral observed in soils is the main source of calcium sulfate. Water 

resulted from the rainfall and flow of groundwater cause perpetual disintegration of 

gypsum and this phenomenon supplies sulfate needed for ettringite formation (Little 

and Nair, 2009). Representative photo of gypsum related heave in lime treated soil is 

presented in Figure 3.4. 

 

 

Figure 3.4. Gypsum crystals monitored below lime treated heaved layers and optical microscopy 
image of the soil containing gypsum (Little et al., 2010) 
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One of the major sources of sulfur is also surface bedrocks that are located all over the 

world (Little and Nair, 2009). There are also minerals other than gypsum that are 

possible source of sulfate/sulfide. Texas Department of Transportation (2005) listed 

the previously mentioned minerals that generally exist within rocks as follows; 

Alunite, Bassinite, Kainite, Kierserite, Mirabilite, Thenardite, Arcanite, Pyritic, 

Marcasite, Gypsiferous, Selenite, Selenitic, Marcasitic, Pyrite, Jarosite, Barite, 

Antlerite, Anglesite, Alabaster, Anhydrite and  Anhydritic.  

Another main source of sulfate is water since sulfate ions exist in many water supplies 

and additionally in wastewater (Onitsuka et al., 2001). 

The solubility of gypsum (CaSO4.2H2O), Na2SO4, and MgSO4 in water are 2.5, 408 

and 260 g/L respectively (Puppala et al., 2019). Considering its low solubility, the 

water that is required in mixing and compacting procedures of chemically stabilized 

soil is very low for the dissolution of all favorable sulfates in gypsum (Little and Nair, 

2009). 

3.5. Determination of Sulfate Content of Soil and Groundwater 

Sulfate content of soil and groundwater is usually determined by using the 

methodology given in BS 1377-3:1990. This test gives the sulfate content at the time 

of sampling. Tests could be applied to acid extract soil samples which are prepared by 

using hydrochloric acid, water extract soil samples, and groundwater samples. 

There are two methods suggested in the standard namely;  

a. Gravimetric Method  

b. Ion-exchange Method 

Summary of the methods given in BS 1377-3:1990 are presented below; 

A solution of barium chloride is used in the gravimetric method. The solution is 

included to the sample and collected barium sulfate precipitate is dried and weighed. 

The initial mass of the sample and mass of precipitated barium sulfate is used to 
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determine the sulfate content. Acid extract, water extract soil samples, and 

groundwater samples could be tested by this method. 

In the ion-exchange method, the sample is passed through an ion-exchange resin 

column and quantity of present anions is determined by titration against a sodium 

hydroxide standardized solution. This method is applicable for samples that do not 

contain other strong acid anions like nitrates, chlorides, and phosphates. Only water 

extracted soil samples and groundwater samples could be tested by this method. 

Technical guideline prepared by Britpave (2005) explained the deficiencies related to 

sample preparation methods as follows; 

Water Soluble Sulfate (2:1 Water Soil Extract) 

As the calcium sulfate has low solubility, this test method has a constricted use for the 

evaluation of gypsum content of samples. If the soil has a gypsum content that results 

more than 0.3% SO4, the quantity exceeding 0.3% SO4 could not be measured. 

Acid Soluble Sulfate (Total Sulfate)  

All sulfate existing in soil including the portion that does not dissolve in water is 

probably measured by acid extracts method. Sulfide (S-2) that has the potential to 

convert to sulfate and causing expansion will not be detected by this method. 

3.6. Techniques for Treating Sulfate-Rich Soils 

Four main materials that play a major role in ettringite formation are aluminum, water, 

calcium, and sulfates. The mitigation of ettringite induced heave which may reach up 

to 250% in some cases, could be probable by preventing the source of at least one of 

the main components (National Lime Association, 2000). 

Texas Department of Transportation (2005) provides a guideline for stabilization of 

sulfate-rich soils (Figure 3.5). 
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Figure 3.5. Guideline for the stabilization of sulfate soils (Texas Department of transportation, 2005) 

 

3.6.1. Mellowing 

Forcing the formation of the harmful minerals before compaction is the optimal 

approach while dealing with stabilization of clay that includes a significant amount of 

soluble sulfate by using lime (The National Lime Association, 2000). 

Mellowing is defined as the process of letting lime stabilized soil to stay in 

uncompacted state for a length of time for the occurrence of reactions of lime with 

clay and sulfate (Texas Department of Transportation, 2005). The formation of 

ettringite will be rapid if a release of alumina from the clays occurs and there exists 

soluble sulfate and required amount of water in the environment (The National Lime 

Association, 2000).  
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The required reaction time for decreasing of sulfate content to a tolerable level 

increases with the increase in sulfate level (Texas Department of Transportation, 

2005). 

Sufficient time for mellowing may vary between 24 hours and 7 days according to the 

level of soluble sulfates in the soil. A satisfactory amount of water is 3 to 5% higher 

than the optimum moisture content (The National Lime Association, 2000). 

Additional moisture can help to decrease the mellowing time by means of increasing 

the reaction rate (Texas Department of Transportation, 2005). 

3.6.2. Progressive (Double) Application of Lime 

Double application is another concept used in treating sulfate-rich soils. In double 

mixing method, half of the lime is used firstly. The soil, lime, and excess water are 

mixed and mellowed for a period of 3 to 7 days to give time for the occurrence of 

expansive reactions prior to compaction. After mellowing, remaining half of lime is 

applied to the soil and finally, the mixture is compacted (The National Lime 

Association, 2000). 

The first half of the lime is used for ettringite formation and the second half of the 

lime application provides actual stabilization (Rollings et al., 1999). Rollings et al. 

(1999) also define the mellowing period after mixing clay with the first half of the 

lime as one month.  

3.6.3. Use of Additives 

Researchers are continuing to identify the efficiency of using additives such as soluble 

silica (normally in the form of fly ash/lime blends or GBFS) in decreasing the risks 

related to the ettringite formation. The effectiveness of using additives should be 

considered carefully for specific soil before site applications because these additives 

are foreigner for the soils system (Little and Nair, 2009).  

Combinations of barium chloride, fly ash, GBFS, lime, amorphous silica and portland 

cement are used to mitigate the ettringite induced heave problem. Obtaining GBFS 
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becomes harder due to its high usage in the concrete industry for the mitigation of 

alkali-silica reactivity of aggregates that take part in concrete production (Harris et al., 

2014). Therefore, detailed studies on other materials gain extra importance. 

3.7. Misconceptions about Heave Problems 

National Lime Association (2000) listed the three main misconceptions about the 

ettringite induced heave problems as given below; 

1) The problem could be faced only on lime stabilized soil 

Any of the calcium-based stabilizers has a potential of causing heave problems since 

they are all sources of calcium which is one of the four main components for ettringite 

formation. 

2) Sulfate induced heave problem is not a problem for the soils stabilized with sulfate 

resistant portland cement 

The aim of using sulfate resistant portland cement in concrete is the elimination of 

ettringite formation by reducing the aluminum content. However, this phenomenon is 

not applicable to soil stabilization since the aluminum source is soil. 

3) Heave could be minimized by using class F fly ash 

Using solely of class F fly ash is not effective in soil stabilization, it requires an 

additional lime source. Therefore, although class F fly ash may not cause ettringite 

induced heave problems, it is not an effective stabilizer. 

3.8. Case Studies 

Mitchell (1986) presented a case study in the Twentieth Terzaghi Lecture which 

attracted attention to the issue of sulfate-induced heave problems. 

The subbase of 5 km section of major arterial street in Las Vegas, Nevada was 

constructed by using lime treated expansive silty clay. Lime treatment for base 

stabilization was used in another street section and a parking lot of a school before this 
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application, and their performance was sufficient, and no problems had been observed 

one or two years after the construction. 

The street was constructed in 1975 with approximately 27.0m width. The street’s 

initial performance was excellent and there was no problem. However, surface heaves 

and cracks (Figure 3.6) suddenly developed more than two years after the initial 

construction, in some parts of the street and in remaining parts the pavement was in 

very good condition and appearance. 

 

 

Figure 3.6. Pavement surface failure (Mitchell, 1986) 

 

After heaves and cracks, tests were performed to investigate the soil composition, 

chemistry, and the reaction products and the following information were obtained. 

• The soil at the project site contained soluble sodium up to 15000ppm and 

expansive clay minerals were present in the soil. 

• The soil comprised significant amount of gypsum, calcite and some dolomite. 

• Lime was observed both in failed and intact zones.  
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• Calcium Silicate Hydrates (CSH) which is a cementing material and a product 

of a successful lime-clay minerals reaction was not observed in the soils taken 

from the failed and intact zones due to low pH environment. 

• Considerable amount of ettringite and thaumasite was observed in lime-treated 

soils taken from the heaved zones. 

• Negligible amounts of ettringite and thaumasite were found in treated samples 

taken from zones where failures had not occurred 

The author explained the heaving and cracking problems with the formation of 

ettringite and thaumasite which are recognized as very expansive and responsible for 

the damages in concrete, originated from sulfate attack.  

In other case study, bumps were observed on 3.5 km long section of a Bush Road in 

Georgia within six months following the construction period. Rollings et al. (1999) 

performed field and laboratory studies to understand the mechanism behind the 

occurrence of these unforeseen bumps. Laboratory tests were performed on the 

representative samples taken from both problematic and unproblematic parts of the 

road. The test results showed that the reason behind the observed mechanism was the 

sulfate attack on cement-treated sand that was used as a base course in pavement 

construction. The sand had a low clay content varying between 6-13% and it was 

stabilized with 5-6% cement. The XRD analyses showed that the clay within the sand 

mostly formed of halloysite mineral which was rich in alumina. At the end of the 

study, it was found out by the investigators that cement and clay were the sources of 

alumina and the well water that was used in the cement and soil mixing procedure was 

the potential source of sulfate and sulfate was not observed within cement or soil. 

Puppala et al. (2005) summarized the details of the other important cases where 

ettringite related heave problems occurred as presented in Table 3.2.  
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Table 3.2. Summary of cases related to ettringite induced heave problems                                  

(Puppala and Vempati, 2005) 

Researcher Location Soil 
Type and 

% of 
additive 

Sulfate 
content 
(ppm) 

Occurrence 
of heave 

after 
construction 

Hunter (1988) 
Stewart Avenue, 

Las Vegas, 
Nevada 

Silty Clay 4% Lime 43500 6 months 

Perrin (1992) 
Lloyd Park, Joe 

Pool Lake, Dallas, 
Texas 

Overconsolidated 
Clay 

4.5% 
Lime 

2000-
9000 Immediately 

Perrin (1992) 

Auxiliary 
Runway, 

Laughlin AFB, 
Spofford, Texas 

Clay 5% Lime 14000-
25000 2 months 

Perrin (1992) 

Cedar Hill State 
Park, 

Joe Pool Lake, 
Dallas, Texas 

Highly Plastic 
Residual Clays 

6 -9 % 
Lime 21200 2 months 

McCallister 
and Tidwell 

(1994) 

Denver 
International 

Airport, Denver, 
Colorado 

Expansive Clays 
Not 

Available 
Lime 

2775 Not Available 

Kota et al. 
(1996) 

SH-118, Alpine 
and 

SH-161, Dallas, 
Texas 

Clayey 
Subgrades 

4% 
Cement 
6-7% 
Lime 

>12000 6 -18 months 

Burkarter et 
al. (1999) 

Localities in 
Dallas– 

Fort Worth 
Region, 
Texas 

Clay 6-9% 
Lime 

233-
18000 Variable 

Puppala 
(1999) 

Dallas–Fort 
Worth 

International 
Airport, 

Irving, Texas 

Clay 5% Lime 320-
13000 3 months 

 

3.9. Previous Studies on Ettringite Induced Heave Problems 

Abdi and Wild (1993) studied the effect of the addition of gypsum on lime treated 

kaolinite. During the study; 2, 4, 6 and 8% gypsum was added to the 6% and 14% lime 

treated kaolinite. Tests were performed on compacted specimens cured at 30⁰C and 

100% humidity environment. It was found out that the addition of low rates of gypsum 
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had a positive effect on reducing swell potential however increase in sulfate rate 

affected the swell potential adversely. A representative swell percent graph from their 

study is presented in Figure 3.7. 

 

 

Figure 3.7. Linear expansion vs. soaking time graphs for kaolinite, 6% lime treated kaolinite and 
gypsum added 6% lime treated kaolinite specimens (Abdi and Wild, 1993) 

 

Puppala et al. (2004) studied the treatment of sulfate bearing soils with sulfate resistant 

cement. 4 different natural soils which were classified as CH according to USCS with 

variable sulfate concentrations (287, 1490, 5688, 32122ppm) were used in the studies 

with Types I/II and V cement. The authors explained the reason for the selection of 

Type I/II and Type V cements by the usage of these cement types in the preparation 

of concrete in low-moderate and high sulfate soil environments respectively. At the 

end of the studies, it was found that both cement types were successful at improving 

both physical and engineering properties of all four sulfate-rich soils. The decrease in 

plasticity index and swelling potential and increase in strength properties were 

observed after the addition of cement.  
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The authors explained the beneficial effect of sulfate resistant cement treatment by the 

mitigation of ettringite formation, occurrence of pozzolanic compounds such as 

tobermorite that were determined according to the XRD analyses. Flocculation of 

particles due to the ion exchanges was the other contributing effect on improvement.  

Variation of the swell potential of cement-treated soils for different cement types and 

concentrations are presented in Figure 3.8.  

 

 

Figure 3.8. Swell potential of soils after cement treatment (Puppala et al., 2004) 

 

Also unconfined compressive strength of the cement added 14 days cured specimens 

are presented in Figure 3.9. 
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Figure 3.9. Strength of soils after cement treatment (Puppala et al., 2004) 

 

Higgens (2005) investigated on many studies in the literature related to the effect of 

GBFS on the suppression of sulfate-induced heave problems observed in lime treated 

soils. The typical outcomes of his study are as follows; the GBFS content had no 

significant effect on initial lime consumption and physical properties (Atterberg 

limits, compaction properties, etc.) of treated soil, these properties were dominated by 

lime. An increase in resistance against expansion was observed with the increase in 

the ratio of GBFS to lime. Although 1:1 ratio resulted in a considerable resistance, an 

increase of GBFS:lime ratio to more than 5:1 caused the greatest benefit.   

As fly ash is a material that suppresses sulfate attack in concrete, McCarthy (2009) 

performed studies to determine whether fly ash keeps its beneficiary effect in sulfate-

induced heave problems. McCarthy (2009) performed studies on soil with a known 

risk of ettringite-induced swelling called Kimmeridge Clay. The properties of the test 

clay are given in Table 3.3. 
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Table 3.3. Main properties of the clay used in the studies of McCarthy (2009)  

Natural Moisture Content, % 30 

Optimum Moisture Content (OMC), % 24.5 

Total Potential Sulfate, % 0.96 

Maximum Dry Density, Mg/m3 1.54 

Particle Density, Mg/m3 2.70 

 

Four Class F fly ashes with varying fineness, loss-on-ignition values and different 

storage history were used. Test samples were prepared by using different percent of 

quick lime (3, 4 and 6%) and fly ash (6, 12, 18 and 24%) contents. Also, different 

mellowing periods (0, 1 and 3 days) before remixing with fly ash was applied.  

Typical outcomes after 7 days exposure of control 3% lime and 3% lime + 24% FA 

specimen to water at 40 °C is given in Figure 3.10. 

 

 

Figure 3.10. Typical appearance of ettringite-induced swelling and the effect of fly ash                            

(McCarthy, 2009) 
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Effect of mellowing period on the volumetric swelling of the lime stabilized soil with 

varying fly ash content could be seen in Figure 3.11. 

 

Figure 3.11. Effect of mellowing period and fly ash content in swelling of test specimens                          

(McCarthy, 2009) 

 

As can be seen from Figure 3.11, the decrease in swelling increased with the rise in 

fly ash content and mellowing period. 

Different lime contents were examined during the study and although swelling 

potential reduced with the increasing fly ash content, only a minor difference was 

observed for the specimens treated with different percentage of lime.  The results of 

the tests are shown in Figure 3.12.  
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Figure 3.12. Effect of lime content and fly ash content on swelling properties of test specimens                         

(McCarthy, 2009) 

 

Also, SEM views of the raw clay sample, 4% lime treated soil and 4% lime + 24% FA 

treated sample is given in Figure 3.13. The ettringite formation can be seen in the 

images. 

According to the results of the tests following outcomes were obtained by the author; 

• A similar amount of ettringite was observed in lime stabilized and lime + fly 

ash stabilized soils. 

• Coarser fly ashes with greater loss-on-ignition were found to be more effective 

than finer ones due to providing of a more porous structure. 

• Although swelling decreased with increasing fly ash and decreasing lime 

content, higher lime and fly ash content increased strength. 

• Mellowing period was an important aspect that mitigated swelling. 
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Figure 3.13. SEM images of the raw clay and test mixes at 40⁰C water                                           

(McCarthy, 2009) 

 

McCarthy et al. (2012a) studied on the effect of fly ash on reducing the sulfate-induced 

heave problems of lime treated soils. Three natural soils namely; Oxford, Lias, and 

Kimmeridge with different sulfite concentrations (1.8%, 1.5%, 1.0% SO3 

respectively), quicklime and seven different fly ashes generally taken from different 

sources were used in the study. Fly ashes had variable fineness, LOI and storage 
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history. Six out of seven fly ashes had a CaO content lower than 5.0%, these fly ashes 

had also considerably low sulfate concentration that was varying between 0.3-1.1%. 

The last fly ash (FA-5) had CaO and SO3 content of 12.0% and 4.1% respectively. 

Tests were performed on fly ash added 3% lime treated soils. The following 

conclusions were obtained from their study. 

Wet stored fly ashes with high coarseness and LOI had a significant effect on 

enhancing the compaction properties of lime treated soils while a little effect was 

observed for dry fly ashes with low LOI. 

Addition of fly ashes up to 24% were effective in decreasing the swelling of lime 

treated soil with a sulfate content smaller or equal to 1.5%. As for the compaction 

properties, wet stored fly ashes with high coarseness and LOI were more successful. 

None of the fly ashes achieved to reduce the swelling potential of Oxford soil with 

sulfate content of 1.8% to the desired level (<5%).  

Fly ashes with high sulfate level caused less reduction in swell potential compared to 

the ones with less sulfate content. The results of the tests that show the effect of sulfate 

concentration is presented in Figure 3.14.  

 

 

Figure 3.14. Effect of fly ash content on swelling of lime treated clays (McCarthy et al., 2012a) 
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The beneficial effect of the addition of wet stored, coarse fly ashes with high LOI was 

explained by causing coarser structure with compaction.  Contribution of the addition 

of dry fine fly ashes with low LOI to the lime stabilized soils was explained with 

strength increase that withstood the ettringite formation related pressures.  

McCarthy et al. (2012b) also performed extra tests for the determination of the effect 

of temperature variation on fly ash added lime treated sulfate-containing soil. Lias 

clay with 1.5% SO3 content and class F fly ash with 3.6% CaO content were used 

during the studies. Swelling tests were performed at three different temperature (8, 20 

and 40⁰C) on 6%, 12%, 18% and 24% fly ash added 3% lime treated Lias clay. Before 

the swelling tests, specimens were exposed to 1 day mellowing and 3 days curing. 

Test results are given in Figure 3.15. 

 

 

Figure 3.15. Effect of temperature on swell potential of fly ash added 3% lime treated clays                    

(McCarthy et al., 2012b) 

 

An increase in swelling potential of lime treated soil was observed with the increase 

of temperature from 20 to 40⁰C. Authors explained this condition by the increase of 

the rate of ettringite favorable reactions. Opposite behavior was observed for fly ash 
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added specimens. This time increase in swell potential was obtained with the reducing 

temperature. The variation on the swelling potential between 8 and 20⁰C was greater 

than that of 20 and 40⁰C. Effect of temperature on fly ash added specimens showed a 

decreasing trend with the increase in fly ash concentrations.  

Puppala et al. (2003) studied on the effect of class F fly ash, sulfate resistant cement, 

GBFS and lime (mixed with fibers) on the sulfate bearing soils. Four different natural 

soils with sulfate concentration higher than 4000ppm were selected as test soils. Two 

different levels of dosages were used during treatment.  Additive percentage by dry 

weight of soil were as follows; 5% and 10% for cement, 10% and 20% for fly ash and 

GBFS. Also 8% lime was mixed with 0.15% and 0.30% fiber. Atterberg limits, 

strength, and swelling tests were performed on 3, 7 and 14 days cured specimens. 

Sulfate resistant cement and lime- fiber mixtures showed the maximum beneficiary 

effect and moderate improvement was achieved with fly ash and GBFS.  

Gaily (2012) studied the behavior of high sulfate soils treated with lime. Six natural 

soils with high sulfate content taken from the different regions of Texas were used in 

the study. Properties of the selected soils are presented in Table 3.4. 

 

Table 3.4. Properties of soils (Gaily, 2012)  

Soil Name LL (%) Pl (%) Classification 
(USCS) 

Sulfate 
Content 
(ppm) 

Austin 76 51 CH 36000 

Childress 71 36 MH 44000 

Dallas 80 45 CH 12000 

FM1417 72 42 CH 24000 

Riverside 35 24 CL 20000 

US-82 75 50 CH 12000 
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6% lime was selected as optimum lime content. The tests were performed both on 

natural and lime added samples. Also, 3 days mellowing period was applied to see the 

effect of ettringite formation and mellowing. The results of the swelling and 

unconfined compressive strength tests performed on specimens compacted at their 

optimum moisture contents are presented in Table 3.5. 

 

Table 3.5. UCS and volumetric swelling test results (Gaily, 2012)  

Soil 
Name 

UCS (kPa) Volumetric Swelling (%) 

Untreated  
6% Lime Treated 

Untreated  
6% Lime Treated 

without 
mellowing 

3 days 
mellowing 

without 
mellowing 

3 days 
mellowing 

Austin 193 607 379 16.6 8.8 11.7 

Childress 159 745 310 7.5 14.6 8.5 

Dallas 110 634 228 11.0 24.4 10.4 

FM1417 228 558 483 16.2 22.0 10.2 

Riverside 207 434 324 10.0 16.0 8.4 

US-82 214 503 359 18.1 24.4 11.3 
 

The UCS of the lime treated specimens were higher than the untreated specimens. 

Also, an adverse effect of mellowing on UCS was observed for treated specimens. The 

decrease in UCS after 3 days mellowing period was explained by using extra water 

for the preparation of mellowing specimens. 

The swell potential of all soils except for Austin increased after addition of lime. This 

behavior was explained by the ettringite induced heave.  Also, after 3 days mellowing 

period, swell potential of four lime treated specimens decreased below the untreated 

ones. The common property of these four specimens was the fact that their sulfate 

content was lower than 30000ppm.  
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Higgins et al. (2013) studied on the effect of lime, cement, and GBFS on soils 

containing sulfates and sulfides. Three different high plastic soils with zero sulfate, 

medium sulfate, and low sulfate + high sulfide were used in the study. CBR, 

volumetric swelling and strength tests were performed on soils without additives, 2% 

lime, 2% lime + 2% cement and 2% lime + 2 % GBFS treated specimens. It was found 

out from the study that the sulfate related problems observed for the clayey soil with 

medium sulfate concentration and the maximum beneficiary effect was observed with 

the addition of 2% lime + 2% GBFS. 

Puppala et al. (2013) studied on the heaving mechanism in lime treated high sulfate 

soils. The researchers studied on 2 different soils called Sherman and Childress that 

belonged to different classification and geological formation. Sherman and Childress 

soils were classified as CH and MH respectively according to the Unified Soil 

Classification System. Soluble Sulfate Content was 44000ppm and 24000ppm for 

Childress soil and Sherman soil respectively. Therefore, both soils were classified as 

high sulfate soils. 

Optimum lime content was found as 6% for both soils. The dominant mineral in 

Sherman and Childress Soils were montmorillonite and kaolinite respectively and both 

soils showed swell potential.  

In the scope of the study, tests were performed to evaluate the swell and strength 

characteristics of lime treated soils. As silica and alumina take part in ettringite and 

thaumasite reactions, reactive silica and alumina that participated in sulfate reactions 

were measured as a part of the mineralogical tests. 

During testing, lime treated soils were mellowed for periods of 0, 3 and 7 days in a 

moisture-controlled environment to see the effect of mellowing.  

Each specimen was compacted at the optimum moisture content (OMC) and wet of 

optimum moisture content (WOMC) corresponding to 95% of maximum dry density. 

Results of the swell tests are presented in Figure 3.16. 
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Figure 3.16. Voluımetric swell, a- Childress soil, b- Sherman soil     

 

Initial reactive silica and alumina contents of the natural soils and % loss for treated 

specimens for different mellowing periods are presented in Table 3.6. 

 

Table 3.6. Reactive alumina and silica (ppm) in present soils (Puppala et al.,2013)  

Soil 

Untreated (Natural) 6%L, 0-day 
mellowing 

6%L, 3-day 
mellowing 

Al (ppm) Si (ppm) 
% loss % loss 

Al Si Al Si 

Sherman 
at OMC 279 137 58 66 53 64 

Sherman 
at WOMC 279 137 57 64 52 63 

Childress 
at OMC 76 13 63 54 61 46 

Childress 
at WOMC 76 13 62 62 58 54 

 

a b 
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As it can be seen in Figure 3.16, an increase in swell potential was observed for both 

soils after treatment and 0 days mellowing period. Authors explained this condition 

by the fact that sulfate reactions were more dominant than the stabilization reactions. 

After 3 days mellowing period, a lower swell potential was obtained for lime treated 

soil compared to the untreated case for Sherman Soil and 7 days mellowing provided 

additional decrease in swell potential. 

A decrease in the swell potential of lime treated Childress soil that exposed to 3 days 

mellowing period was observed with respect to 0 days mellowing, it was still high 

compared to the untreated case,  and 7 days mellowing caused an increase in the swell 

potential with respect to 3 days mellowing. It could be stated that mellowing was not 

beneficial in reducing the swell potential of lime treated Childress soil. 

The authors explained the low heaving in Sherman Soil as follows; 

Sherman soil had a higher initial reactive alumina and silica content compared to the 

Childress soil.  Ettringite formation depended on the amount of reactive alumina 

present in the system. Low alumina contents favored the ettringite formation and high 

alumina contents resulted in both ettringite and pozzolanic reactions. Attractive forces 

due to the pozzolanic formation resisted the devastating forces caused by hydration 

reactions of ettringite for Sherman Soil. Combination of low initial reactive alumina 

content and large sulfate contents for Childress Soil caused large heaving and 

mellowing was ineffective primarily due to the low alumina content in the soil. 

Celik (2014) studied on the swelling behavior of natural and lime treated expansive 

soils in the lack and presence of sulfate. 

Soil with a low sulfate level of 640ppm taken from the Değirmenlik Village of North 

Cyprus was used as natural soil.  The soil composed of 40% silt and 60% clay and had 

a LL of 56% and a PL of 25%.   
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Three different sodium sulfate concentrations namely; 2000ppm, 5000ppm and 

10000ppm NS were added to the soil with the aim of increasing sulfate level.  Also 

5% hydrated lime was used during the studies.   

Results of the swelling tests are given in Figure 3.17. 

 

Figure 3.17. Comparison of the swell percentages of the untreated soil (CS), lime treated soil 

(CS+5L) and lime treated soil (CS+5L) with different concentration of sulfates (Celik, 2014) 

 

According to test results, lime was effective in stabilization of the control soil.  

However, the swell potential of the 5% lime stabilized soil specimens that were 

subjected to the 5000ppm and 10000ppm concentration of sulfate increased with the 

lime treatment. The swell potential for the 5% lime stabilized soil with 2000ppm 

sulfate concentration remained below the swelling potential of control soil which was 

a sign that 2000ppm sulfate concentration was not adequate for lime ettringite 

minerals formation. 

XRD were performed and SEM views were taken for control soil and 5% lime 

stabilized soil sample with 10000ppm sulfate concentration to identify the chemical 

and microstructural changes.  XRD of the lime treated soil with 10000ppm sulfate was 



 

 
 

54 
 

given in Figure 3.18 and SEM views for control soil and lime treated soil with 

10000ppm sulfate was given in Figure 3.19. 

 

Figure 3.18. XRD of lime treated soils with 10000ppm sulfate concentration (Celik, 2014) 

 

 

Figure 3.19. SEM views, a- natural soil, b- lime treated soil with 10000ppm sulfate concentration 

(Celik, 2014) 

 

a b 
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Both XRD results and SEM views showed the ettringite formation in the sample 

subjected to 10000ppm sulfate which was thought to be responsible for the increase 

in swell potential. 

Also, GBFS was used in this research to determine whether the addition of this 

material would be beneficial in reducing the swell potential increase due to the 

ettringite formation or not. 6% slag was added to the lime treated specimens with 

different sulfate concentrations. The results of the tests are summarized in Figure 3.20. 

 

 

Figure 3.20. Swell potential of soils with 6% GBFS and different sulfate concentrations (Celik, 2014) 

 

As can be seen in Figure 3.20, the undesired effect of sulfate on lime treated soil was 

eliminated with the use of slag and the swelling of lime-treated soil was prevented.  

Harris et al. (2014) studied on the effect of chemicals on preventing the occurrence of 

ettringite formation. Clay minerals, gypsum, hydrated lime, and water were used to 

obtain ettringite in the laboratory environment. Smectite rich natural soils and 
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kaolinite were selected as clay minerals. The occurrence of ettringite was observed 

with XRD method. Diatomaceous earth, volcanic glass (amorphous silica), and 

calcium phosphate monobasic monohydrate were selected as main chemicals for 

preventing the creation of ettringite. Although the addition of calcium phosphate 

monobasic monohydrate inhibited the formation of ettringite in some soils, any 

beneficial effect had not been observed with the addition of volcanic glass and 

diatomaceous earth. 

Mohammed and Vipulandan (2015) studied on the effect of calcium sulfate addition 

on physical and mechanical properties of CL type soil. Also, additional tests were 

performed on lime and class C fly ash added calcium sulfate contaminated samples to 

see the effect of calcium-based stabilizers. Different percentages of calcium sulfate 

(up to 4%), 10% fly ash and 6% lime were chosen as the representative additive 

concentrations. Tests were performed on 7 days cured specimens at 25⁰C and 100% 

humidity environment. Following outcomes were obtained from the study; 

LL of the soil increased after 4% calcium sulfate addition. Addition of 6% lime and 

10% fly ash resulted a decrease in LL of the 4% sulfate added soil. The reduction was 

higher for fly ash added sample. 

PI of the soil increased after 4% calcium sulfate addition. Addition of 6% lime and 

10% fly ash resulted a decrease in PI of the 4% sulfate added soil. The reduction was 

higher for the lime added sample.  

Compaction properties of sulfate added samples improved with the addition of lime 

and fly ash. The swell percent of the soil increased from 7% to 19% with the addition 

of 4% sulfate. Adding 6% lime and 10% fly ash decreased the swell percent of 4% 

sulfate treated specimen to 9 and 10% respectively. 

UCS of the soil decreased after 4% calcium sulfate addition. Addition of 6% lime and 

10% fly ash resulted an increase in strength of the 4% sulfate added soil. The increase 

was higher for the lime added specimen. 
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The changes in Atterberg limits and swelling properties attributed to the alteration in 

clay mineralogy and the strength increase with the addition of lime and fly ash was 

explained by the cementing compounds. The results of the free swelling tests are 

presented in Figure 3.21. 

 

 

Figure 3.21. Swell vs. time graphs for (a) natural soil, (b) lime treated soil, (c) fly ash treated soil 

(Mohammed and Vipulandan, 2015) 

 

Mohn (2015) performed a study on the effect of sulfate-containing water on lime and 

cement treated high sulfate bearing soil (SO4=9395ppm). At the end of the study, it 

was observed that both cement and lime caused ettringite induced heave problems. An 

increase in swell values was also observed when water containing SO4 used instead of 

distilled water.  
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Puppala et al. (2019) made an overview of the previous investigations about the 

sulfate-induced heave problems and problematic cases documented in the USA. As a 

result of the study, the following outcomes were obtained; 

• Sulfate induced heave is directly related to the consumption of reactive 

alumina and sulfates. 

• GBFS and class F fly ash with low calcium content could be used for the 

treatment of soils with a sulfate content less than 8000ppm. 

• Combination of fly ash – lime could be used for high sulfate soils with the 

application of extended mellowing periods.  

• Additional studies with field validation are required for determination of 

different methods for treatment of high sulfate soils. 
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CHAPTER 4  

 

4. EXPERIMENTAL WORKS 

 

4.1. Purpose 

The aim of this study is to investigate the effects of sulfate addition on physical, 

chemical and mechanical properties of class C fly ash treated expansive soil. 

4.2. Materials 

Bentonite, kaolinite, class C fly ash, lime, Na2SO4 (NS) and CaSO4.2H2O (CS) were 

used in this study. The main stabilizer is the class C fly ash, lime is used for only 

comparison purposes. 

Kaolinite: As alumina (Al2O3) content is an important factor in ettringite formation, 

a grinded kaolinite consisting of a high amount of alumina was obtained from ESAN 

to be used in studies (Figure 4.1).  

Bentonite: Na-Bentonite was taken from the Karakaya Bentonite Factory located in 

Ankara. The producer informed about the fact that the deposit of the bentonite changes 

within a year. Therefore, not to make the experiments affected by the change in 

bentonite properties, two times the required amount of bentonite has been obtained 

(Figure 4.1). 

Fly Ash: Two different fly ashes were used during the study. They were obtained from 

Soma and Sivas-Kangal Thermal Power Plants. Both fly ashes have a CaO content 

greater than 10% and are classified as class C fly Ash. The aim of choosing these fly 

ashes is that they have different properties and represent different conditions. Soma 

fly ash (SFA) has low sulfate content and considerably lower CaO content however, 

Sivas Kangal fly ash (KFA) has a higher CaO and sulfate level. They were both sieved 

through #40 sieve before usage (Figure 4.1). 



 

 
 

60 
 

Mineralogical composition of fly ashes was determined by using X-Ray Florence 

Spectrometer. Analyses were performed in Central Laboratory of METU (Appendix-

A). Chemical compositions of the fly ashes are presented in Table 4.1. The LOI value 

could not be determined in Central laboratory, therefore tests were performed at 

Chemical Engineering Department of Ankara University according to method A 

presented in ASTM D7348 in which samples are heated up to 750⁰C during the tests. 

LOI values of SFA and KFA are found as 2.3% and 4.7% respectively. 

Lime: TS EN 459-1 CL 70-S type hydrated lime was taken from Bastas Cement Trade 

Inc. This material passed through #40 sieve before usage (Figure 4.1). The chemical 

composition of lime that was obtained from the supplier is presented in Table 4.1. 

Sulfate: Pure sodium sulfate (NS) and calcium sulfate dihydrate (CS) with a Merck 

brand were used as a sulfate source during the study. 

Artificial swelling soil (Sample A) that was prepared in the laboratory environment 

by mixing 85% kaolinite and 15% bentonite by dry weight of the sample was used in 

the study. The aim of using artificial soil was to know the absolute composition and 

eliminate the probable effects caused by the variation in soil composition.           

Chemical composition of Sample A was determined by XRF method in Central 

Laboratory of METU (Appendix-A) and is presented in Table 4.1. 
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Figure 4.1. Materials (a-kaolinite, b-bentonite, c-soma fly ash, d-sivas-kangal fly ash, e-lime) 

 

Table 4.1. Chemical composition of sample A, fly ashes and lime 

Chemical 
Composition 

Sample A 
(%) 

Soma Fly Ash 
(SFA) 
(%) 

Sivas- Kangal 
 Fly Ash (KFA) 

(%) 

Lime (L) 
(%) 

SiO2  51.6 45.8 25.3 * 

Al2O3  41.3 26.6 11.9 * 

Fe2O3  1.22 4.38 5.87 * 

CaO  0.51 11.6 29.5 83.68 

SO3 (SO4) - 1.79 (2.15) 14.6 (17.5) 0.66 (0.79) 

CO2 3.46 5.14 7.35 9.23 

K2O 0.5 1.54 0.97 * 

Na2O 0.17 0.45 0.31 * 

MgO 0.15 1.2 2.77 2.75 

P2O5 0.06 0.3 0.29 * 

SrO 0.02 0.06 0.16 * 

ZrO2 0.02 - 0.02 * 

 

a b c 

e d 
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4.3. Scope of the Experimental Study 

In the scope of the study,  

• Two different class C fly ashes with different CaO and sulfate concentrations 

were used as main calcium-based stabilizers. Hydrated lime was also used for 

comparison purposes.  

• Firstly, tests were performed to determine the optimum additive content. 

• Two different sulfates namely; Na2SO4 (NS) and CaSO4.2H2O (CS) were used 

to better understand the effect of different sulfate sources on treated soils. 

• Different sulfate concentrations were used during the study namely; 3000ppm, 

5000ppm, 10000ppm, 20000ppm, and 40000 ppm. 

• Tests were performed to understand the effect of calcium-based stabilizers and 

sulfate on index properties (grain size, Atterberg limits, specific gravity, etc.). 

• Swell and unconfined compressive strength tests were performed to 

understand the effect of sulfate on physical and mechanical properties of soils 

treated with calcium-based stabilizers. 

• Daily fluctuation of air temperature does not affect the soil temperature 

significantly below 1.0m depth however, the annual change in air temperature 

affects the soil temperature to a depth of 10m. Variations in short-term 

temperature generally highly effective up to 0.5m depth (Florides and 

Kalogirou, 2005). The representative graph that shows the annual temperature 

variation in 2013 at different depths of soil located at Maslak/Istanbul is 

presented in Figure 4.2 (Aydin et al., 2015). 
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Figure 4.2. Annual temperature variation at different depth of soil located at Maslak / 
Istanbul in 2013 (Aydin et al., 2015) 

 

• As the temperature at the upper levels of the soil layer is not constant during a 

year at real site conditions, swell and unconfined compressive strength tests 

were performed at three different temperatures; 10°C, 25°C, and 40°C. The 

main working temperature was 25°C, others were selected to reflect different 

conditions. One of the leading factors that affect the formation of 

sulfoaluminates is temperature. Ettringite turns into thaumasite when the 

temperature falls below 15°C (Hunter, 1988). In literature, the studies are 

mainly focused on the behavior of ettringite so working at low temperatures is 

beneficial to understand the effect of thaumasite. 40°C was chosen to see the 

effect of high temperatures and simulate the long-term field conditions by 

increasing the rate of reactions. ASTM D5102 indicates the 40°C as the most 

appropriate temperature for the acceleration of the chemical reactions by 

resulting similar pozzolanic products that occur during curing at field 
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conditions. Further increase in temperature may result in significantly different 

products that do not represent real site conditions. 

• Scanning electron microscope views, XRD and zeta potential analysis were 

used to see the effect of treatment in chemical structure and microstructure. 

• Shear Wave Velocity (Vs) tests were also performed for comparison purposes 

since Vs is a valuable parameter that frequently used for determination of other 

soil parameters by using correlations recommended in the literature. 

 

Test plans are presented in Figure 4.3, 4.4 and 4.5. 

 

 

Figure 4.3. Test plan for index tests 
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Figure 4.5. Test Plan for SEM, XRD, zeta potential and shear wave velocity tests 

 

4.4. Sample Preparation 

All the materials except for sulfates are oven-dried at 60°C and sieved through #40 

sieve before mixing. Then the predetermined amount of each material was put into a 

bowl and mixed with a plastic spoon. After mixing, materials were sieved through #30 

sieve two times to obtain a well-mixed, homogenous sample. Class C fly ashes are 

added to 5, 10, 15 and 20 % by dry weight of Sample A and lime as 2, 3, 4 and 5%. 

The optimum additive percent for SFA, KFA and L was selected as 15%, 10%, and 

4% respectively. Tests conducted to see the sulfate effect were performed on samples 

treated with optimum additive percentages. 

3000ppm, 5000ppm, 10000ppm, 20000ppm and 40000ppm NS and CS were added to 

fly ash treated samples by dry weight of swelling soil. 5000ppm, 10000ppm and 

40000ppm sulfate concentrations were chosen for lime treated samples. The 

composition of each sample is presented in Table 4.2. 
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Table 4.2. Composition of samples 

Sample 

Weight of Expansive Soil 
(Me) Weight of Fly 

Ash / Lime  

Weight of 
Sulfate 

(NS or CS)  Kaolinite Bentonite 

A 

0.85 Me  0.15 Me 

- - 

5% FA 0.05 Me - 

10% FA 0.10 Me - 

15% FA 0.15 Me - 

20% FA 0.20 Me - 

2% L 0.02 Me - 

3% L 0.03 Me - 

4% L 0.04 Me - 

5% L 0.05 Me - 

15% SFA + 3000ppm NS/CS 

0.15 Me 

0.003 Me 

15% SFA + 5000ppm NS/CS 0.005 Me 

15% SFA + 10000ppm NS/CS 0.01 Me 

15% SFA + 20000ppm NS/CS 0.02 Me 

15% SFA + 40000ppm NS/CS 0.04 Me 

10% KFA + 3000ppm NS/CS 

0.10 Me 

0.003 Me 

10% KFA + 5000ppm NS/CS 0.005 Me 

10% KFA + 10000ppm NS/CS 0.01 Me 

10% KFA + 20000ppm NS/CS 0.02 Me 

10% KFA + 40000ppm NS/CS 0.04 Me 

4% L + 5000ppm NS/CS 

0.04 Me 

0.005 Me 

4% L + 10000ppm NS/CS 0.01 Me 

4% L + 40000ppm NS/CS 0.04 Me 

 

 

4.4.1. Swell and UCS Tests 

130g dry Kaoline+Bentonite mixture was used for swell and UCS tests and other 

materials were added by considering the rates given in Table 4.2. The optimum water 

content for Specimen A was determined as wopt. =32% from the proctor test however, 
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the specimens were prepared at a water content of 24.5% due to the workability issues 

(Figure 4.6). 

 

Figure 4.6. Proctor Test Results for Specimen A 

 

Although specimens were prepared with a water content of 24.5%, each time nearly 

29% water was added to sample since during the mixing process, some of the water 

evaporated. After mixing with water, materials that stuck to each other were separated 

by crushing with hand and wooden block and sieved through #30 and #16 sieve until 

all the materials passed.  The sieved part of the materials was put in a container and 

top of the container covered with a wet towel not to lose water and crushing process 

was continued for the remaining part. 

Finally, the sample was put into a plastic bag and allowed to wait at least one hour in 

a desiccator to have homogeneous water distribution.   

CS was added to the mixture in a powder form before the sieving process as it was not 

dissolved in water, however when NS contacted with water it became solid and turned 

into a crystalline form, therefore it was not directly added to the mixture in a powder 

form and put into the water that was added to the dry mixture before compacting the 
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specimen.  After addition of water, NS crystals were broken by the help of a stainless-

steel rod and mix until all NS was dissolved in water. 

The sample preparation process is shown in Figure 4.7, 4.8 and 4.9. 

 

  

Figure 4.7. Addition of water to the dry mixture and mixing 

 

    

Figure 4.8. Crushing particles that sticked to each other with wooden blocks and sieving 
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Figure 4.9. Final condition of the sample and putting sample to plastic bag 

 

4.5. Methodology of the Tests 

4.5.1. Swell Tests 

Free swell tests were performed by taking the ASTM D4546-14 as reference.  

4.5.1.1. Molds 

Two different types of molds were used during the study.  

1. The first type of molds had a diameter of 5.0cm and allows to measure very 

high swell potential (Figure 4.10). These molds had a height of approximately 

8.0cm and were used to measure the swell potential of Specimen A. The 

specimens for this mold were prepared with 2.0cm height. 
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Figure 4.10. Swelling apparatus type-1 

 

2. The second type of molds were actually rings with approximately 7.1cm 

diameter and 2.1cm height (Figure 4.11). They were used with oedometers for 

chemically stabilized soils. 

Mold 

Porous Stone 

Piston 

Cap 

Upper Portion of the Mold 

Piston Lower Portion of 

the Mold Porous Stone 



 

 
 

72 
 

 

Figure 4.11. Swelling apparatus type-2 

 

The schematical representation of the test apparatus is presented in Figure 4.12 

(Knappett and Craig, 2012). 

 

 

Figure 4.12. Schematic representation of oedometer (modified from Knappett and Craig, 2012) 
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4.5.1.2. Compaction 

Specimens were compacted directly into consolidation rings /molds statically with a 

bulk density of 1.80 g/cm3 by the help of a Uniaxial Compression / Tension Test Press 

for Rocks.  Before compaction, vaseline was applied to the inner surface of the ring to 

prevent sticking of particles.  

Static compaction was performed in one step, as the height of the specimen was very 

low and compaction of specimens in layers may result in stratification (poor 

connections) between layers even if threaded surface formed at the end of the static 

compaction step of each layer. 

At the end of the static compaction, specimens with 2.0cm height and 5.0cm diameter 

were obtained for the first type of mold and 2.1cm height and 7.1cm diameter for the 

second type of molds. After compaction, bottom and top of the specimens were 

trimmed by means of a steel ruler to open the pores. Photos from the compaction 

process are presented in Figures 4.13. 
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Figure 4.13. View from compaction 
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4.5.1.3. Procedure 

3 different methods are recommended in the standard; Method A, B, and C. Procedure, 

described for Method A except for applying different stress levels to identical 

specimens are used during testing. Typical time-swell curve that shows the primary 

and secondary swell concepts is given in Figure 4.14. 

 

Figure 4.14. Time- swell curve (ASTM D4546-14) 

 

The methodology of the swell test is summarized below.  

• Porous stone, filter paper, consolidation ring (specimen), filter paper and a 

porous stone was placed on the oedometer cell in given sequence (the first type 

of mold was also used as oedometer and specimen was directly compacted in 

it only filter papers and porous stones were placed on top and bottom of the 

specimen). 

• The test was performed under a seating pressure of approximately 1.0 kPa 

resulted from the mass of the top porous stone and cap of the oedometer. 
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• The oedometer was put inside the plastic containers that were placed on a water 

bath (the first type of mold was put into beaker instead of a plastic container). 

• The reading of dial gauge was taken and recorded as initial reading. 

• The specimen was inundated by filling the cell and plastic containers/beakers 

with water.  

• Deflection values were recorded until taking the same reading at least three 

successive days (completion of both primary and secondary swell). 

Tests were performed by using distilled water for the elimination of ion effects. Swell 

tests were performed at different temperatures namely; 10°C, 25°C, 40°C.  

Distilled water was waited in a water bath before usage not to allow any temperature 

difference. Also, each oedometer was put into a separate container/beaker in water 

bath since the specimens were prepared with different sulfate concentrations and 

probable seepage of water from one oedometer to another may affect the results of the 

tests. Also, a motor pump was put into the water bath to circulate the water and made 

the water temperature evenly distributed. View from the water bath is presented in 

Figure 4.15. 

 

Figure 4.15. View from water bath 
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4.5.1.4. Cured Specimens 

Swelling tests were also performed on specimens that were cured for 7 and 28 days at 

25°C. Specimens were covered with plastic wrap after compaction procedure and put 

into plastic bags. Then the specimens were placed in a plastic container which the 

bottom of it was filled with water. Finally, plastic containers were placed to the water 

bath, the temperature of which was arranged to 25°C (Figure 4.16). 

 

 

Figure 4.16. Curing for swelling tests 

 

The water bath was also used for the tests performed on 10°C. The water bath can only 

heat the water but not cool. Therefore, the water bath was put on the basement at 

winter where the temperature was lower than 10°C and the temperature of the water 

could easily be kept at 10°C. Photos of the water bath are presented in Figure 4.17. 
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Figure 4.17. Water bath for 10°C tests  

 

4.5.2. UCS Tests 

Unconfined Compressive Strength tests were performed according to ASTM D2166, 

“Standard Test Method for Unconfined Compressive Strength of Cohesive Soil”.  

4.5.2.1. Degree of Saturation 

Degree of saturation could be calculated by the equations given below; 

                                                         S =
𝑤.𝐺𝑠

𝑒
                                                                     (4.1) 

                                                         e =
𝐺𝑠.𝛾𝑤

𝛾𝑑
 -1                                                        (4.2) 

where; 

S: Degree of saturation 

w: Water content 

Gs: Specific gravity 

e: Void ratio 

w: Unit weight of water 
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d: Dry unit weight of soil 

By using the equation 4.1 and 4.2, degree of saturation of Specimen A is calculated as 

81.7% for the selected specimen preparation water content 24.5%. As degree of 

saturation is an important item for unconfined compressive strength tests, for other 

treated specimens required water content to make the degree of saturation as 81.7% 

was calculated by keeping the dry density constant. Required water contents are 

tabulated in Table 4.3. 

 

Table 4.3. Required water content for S=81.7% 

Sample  Gs d w (%) 
e  S b, 

kN/m3 Gs.w/d-1 w.Gs /e 
A 2.641 14.46 24.50 0.79 81.7 18.0 

%4 L 2.714 14.46 25.32 0.84 81.7 18.1 
%4 L+ 5000ppm NS 2.702 14.46 25.19 0.83 81.7 18.1 

%4 L + 10000ppm NS 2.717 14.46 25.36 0.84 81.7 18.1 
%4 L + 40000ppm NS 2.808 14.46 26.33 0.91 81.7 18.3 
%4 L + 5000ppm CS 2.699 14.46 25.16 0.83 81.7 18.1 

%4 L + 10000ppm CS 2.701 14.46 25.18 0.83 81.7 18.1 
%4 L+ 40000ppm CS 2.724 14.46 25.43 0.85 81.7 18.1 

%15 SFA 2.579 14.46 23.75 0.75 81.7 17.9 
%15 SFA + 3000ppm NS 2.611 14.46 24.14 0.77 81.7 18.0 
%15 SFA + 5000ppm NS 2.646 14.46 24.55 0.79 81.7 18.0 
%15 SFA + 10000ppm NS 2.654 14.46 24.64 0.80 81.7 18.0 
%15 SFA + 20000ppm NS 2.623 14.46 24.27 0.78 81.7 18.0 
%15 SFA + 40000ppm NS 2.695 14.46 25.11 0.83 81.7 18.1 
%15 SFA + 3000ppm CS 2.621 14.46 24.25 0.78 81.7 18.0 
%15 SFA + 5000ppm CS 2.610 14.46 24.12 0.77 81.7 17.9 

%15 SFA + 10000ppm CS 2.580 14.46 23.76 0.75 81.7 17.9 
%15 SFA + 20000ppm CS 2.620 14.46 24.25 0.78 81.7 18.0 
%15 SFA + 40000ppm CS 2.595 14.46 23.94 0.76 81.7 17.9 

%10 KFA 2.699 14.46 25.15 0.83 81.7 18.1 
%10 KFA + 3000ppm NS 2.711 14.46 25.29 0.84 81.7 18.1 
%10 KFA + 5000ppm NS 2.683 14.46 24.98 0.82 81.7 18.1 

%10 KFA + 10000ppm NS 2.724 14.46 25.43 0.85 81.7 18.1 
%10 KFA + 20000ppm NS 2.718 14.46 25.36 0.84 81.7 18.1 
%10 KFA+ 40000ppm NS 2.781 14.46 26.05 0.89 81.7 18.2 
%10 KFA+ 3000ppm CS 2.709 14.46 25.26 0.84 81.7 18.1 
%10 KFA + 5000ppm CS 2.697 14.46 25.13 0.83 81.7 18.1 
%10 KFA + 10000ppm CS 2.687 14.46 25.02 0.82 81.7 18.1 
%10 KFA + 20000ppm CS 2.711 14.46 25.29 0.84 81.7 18.1 
%10 KFA + 40000ppm CS 2.670 14.46 24.82 0.81 81.7 18.0 
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The required water content for S=81.7% varies between 23.75- 26.33%. The 

distribution of water content, mean () and  ± 1 and  ±   are presented in Figure 

4.18. 

 

 

Figure 4.18. Distribution of water content required for S=81.7%  

 

The water content are generally in   range and occasionally    Required 

water content for S=81.7% did not alter much for samples, therefore they were decided 

to be prepared in the same water content which was the same as swelling tests, 

w=24.5%. 

4.5.2.2. Compaction 

In the compaction stage, specimens were compacted in 3 layers. The apparatus that 

were used in the compaction procedure is presented in Figure 4.19. 
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Figure 4.19. Apparatus for specimen compaction for unconfined compressive strength test  

 

At the end of the static compaction specimens with 3.8cm diameter and 7.6cm height 

were obtained after trimming. Therefore, the height to diameter ratio was h/d=2.0. 

This h/d ratio was within the limit 2.0-2.5 which is given in the specified standard. 

Also, the diameter of the specimen was in the allowable limit (d≥30mm). Photos from 

the compaction process are presented in Figures 4.20. 

 

   

Figure 4.20. View from specimen compaction  

 

Pistons Mold Ring 
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4.5.2.3. Procedure 

The test was performed by using Control’s brand UCS device (Figure 4.21). 

 

Figure 4.21. UCS Device  

 

The test procedure was as follows; 

• The specimen was placed in the device and the upper platen of the device was 

adjusted to contact with the specimen without applying load. 

• The dial gauge used for the deformation measurement was adjusted to zero or 

the initial reading was recorded. 

• The load was applied, load readings were taken at predetermined strain 

intervals. 

• The loading was continued until failure or 15% strain was reached. 
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During the testing procedure, the load was applied as to produce an axial strain rate of 

0.716mm /min. The same loading rate was applied for all specimens since it is one of 

the main factors that affect the strength value. Representative test photo for Specimen 

A is presented in Figure 4.22. 

In ASTM 2166, the acceptable range of two results is suggested as 1.96√2*1 where 

 is the standard deviation. The acceptable range of two results for a rigid polyurethane 

foam that has an average strength of 989 kPa, is presented as 120 kPa for the single 

operator tests where  is found as 42 kPa. The acceptable range of two results was 

assumed as 50 kPa during the study and if the strength values obtained from two 

identical specimens differed from 50 kPa, tests were performed on the third specimen. 

Tests were repeated at least 2 times and average values were taken. 

 

   

Figure 4.22. Views from UCS tests (Specimen A)  

 

4.5.2.4. Curing 

Tests were also performed on specimens that were cured for 7 and 28 days at 10°C, 

25°C and 40°C. 
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For curing, compacted specimens were covered with plastic wrap. Then the specimens 

were placed in plastic or glass containers which the bottom of it was filled with water. 

Finally, containers were placed to water bath the temperature of which was arranged 

to the required temperature (Figure 4.23). 

 

            

Figure 4.23. Curing for UCS test  

 

4.5.3. Shear Wave Velocity (Vs) Tests 

The James Instruments brand V-meter Mark IV was used to measure the shear wave 

velocity (Vs) of the specimens (Figure 4.24).  

The James Instruments V-meter Mark IV is an ultrasonic pulse velocity instrument 

designed to determine the quality of concrete, wood and other coarse-grained 

materials; both in the field or in laboratory specimens.  

The specimens with a diameter of 3.8cm and height of 7.6cm were prepared for tests 

like unconfined compressive strength tests. High vacuum grease was used to improve 

the transmission of energy between the transducers and specimen during the 

measurement. 
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Figure 4.24. Measurement of Vs with V-meter Mark IV  

 

Although the device automatically measures Vs after calibration of the transducers and 

entering the length of the specimen, the general procedure for the test presented in 

ASTM D2845 is summarized below;  

• The length and diameter of the specimen are measured. 

• The specimen is placed between the transducers of the device. 

• The voltage output of the pulse generator, the gain of the amplifier and the 

sensitivity of the oscilloscope is increased and countered to an optimum level.  

• Travel time is measured by using the delaying circuits jointed to an 

oscilloscope. The oscilloscope is used with the time-delay circuit to display 

both the direct pulse, the first arrival of the transmitted pulse, and to measure 

the travel time. 

• Correction to the measured travel times is implemented by determining the 

zero time of the circuit including both transducers and the travel-time 

measuring device. Transducers are placed in direct contact to determine the 

Specimen 
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zero time by directly measuring the delay time or travel time measurement on 

uniform material such as steel. 

4.5.4. SEM 

The scanning electron microscope (SEM) is a multipurpose instrument that is used in 

the characterization of chemical composition and microstructure texture (Zhou et al., 

2006).  

A focused beam of electrons is utilized to gather information. Random electrons are 

taken and focused onto a sample. Several detectors that produce the compositional, 

textural, topographical information related to the surface of the solid sample, analyze 

the electrons. The method is very valuable for many industrial and science applications 

(Choudhary and Choudhary, 2017). Magnifications up to 300000 times could be 

achieved by using SEM (Sharma et al., 2018). Chemical composition of the sample 

could be determined at a selected point by EDX method. SEM analyses were 

performed to determine the probable ettringite formation.  

Ettringite has a needle-like structure and typical SEM view of ettringite and 

thaumasite is presented in Figure 4.25 and 4.26 respectively. 

 

 

Figure 4.25. SEM view of ettringite (Weir et al., 2014)  
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Figure 4.26. SEM view of purified thaumasite (Mittermayr et al., 2012)  

 

SEM analysis was performed at Central Laboratory of METU by using QUANTA 

400F Field Emission Scanning Microscope that has a 1.2cm resolution.  

SEM analysis gives valuable information about the microstructure of soils and change 

in microstructure for chemically treated soils. The used voltage and magnification 

factor varied between 20kV and 800-20000 respectively during the analysis. The 

selected samples were dried at 60°C before the analysis since water vapor has a 

detrimental effect on the equipment. Soil samples are insulant, therefore, they were 

vacuumed and covered with palladium and gold right before the analysis. The photos 

of the Scanning Electron Microscope and vacuum device are given in Figure 4.27. 
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Figure 4.27. Scanning electron microscope and vacuum device 

 

4.5.5. XRD 

X-ray diffraction is one of the nondestructive techniques that is used for the 

characterization of crystalline materials. Information related to phases, structures and 

texture, etc. could be obtained from this method. XRD pattern could be assumed as 

the fingerprint of atomic arrangements within a material (Bunaciu et al., 2015). The 

concentration of different types of structures that exist within a mixture is directly 

proportional to the intensity of various diffraction peaks. In XRD, the sample is 

mounted and then X-radiation is performed. Finally, quantitative and qualitative 

interpretation is performed (Jackson, 2005). 
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The advantages of XRD are listed by Sharma et al. (2012) as follows; rapid and 

powerful technique, minimum sample preparation is required, exact phase 

determination and straightforward data interpretation procedure. 

XRD analyses were performed to determine the probable occurrence of ettringite and 

thaumasite. Typical peaks of the ettringite and thaumasite that are used to identify 

these minerals are presented in Table 4.4.  XRD patterns of ettringite and thaumasite 

are presented in Figure 4.28. 

 

Table 4.4. Typical peaks for ettringite and thaumasite in XRD (“x-ray diffraction table” (n.d)) 

 Ettringite Thaumasite 

d (Å) 9.65 5.58 3.21 9.56 5.51 3.41 

2 θ (Cu K ) 9.16 15.87 27.77 9.24 16.07 26.11 
 

 

Figure 4.28. XRD Patterns of thaumasite and ettringite (Collepardi, 1999) 
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The XRD analyses were performed at METU Central Laboratory by using the Rigaku 

Ultima-IV brand X-Ray Diffractometer (Figure 4.29). 

 

 

Figure 4.29. Rigaku Ultimate-IV brand X-ray diffractometer 

 

4.5.6. Zeta Potential 

Electrical double layer takes part around each clay particle. Liquid layer that surrounds 

the particles are composed of two regions; ions are firmly bounded in the Stern layer 

whereas they are not highly associated at the diffuse region. There exists an imaginary 

boundary called the slipping plane within the diffuse layer where the particles move 

as a single body (Misra et al., 2004). The electric potential existing at the slipping 

plane is accepted as Zeta potential (ζ) (Moayedi et al., 2011). 

Representation of zeta potential on a charged particle is presented in Figure 4.30. 
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Figure 4.30. The electrical double layer and zeta potential (modified from Malvern Instruments Ltd, 
2004)       

                                                   

Stability of colloidal dispersions and zeta potential has a relation that makes zeta 

potential significant. Zeta potential is an indicator of the repulsion degree between the 

particles that have similar charges in a dispersion. Attraction surpasses repulsion for 

low zeta potential which results in flocculation however exactly opposite behavior is 

observed for high zeta potential. Therefore, a tendency to flocculation or coagulation 

is observed for colloids with low zeta potential (positive or negative) whereas the 

colloids that have high zeta potential are stabilized (Kumar and Kumbhat, 2016).   

Yong et al. (2012) present a figure that shows the variation in the 

aggregation/dispersion level depending on the average zeta potential value (Figure 

4.31).                
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Figure 4.31. Variation in aggregation/ dispersion level depending on the average zeta potential value 
(Yong et al., 2012) 

 

Zeta potential is one of the most important factors that affect the swelling potential of 

soils. Also, if chemical stabilization results cation exchange reaction in soils, 

electrokinetic properties including zeta potential may change (Arasan and Akbulut, 

2010). Clays have generally negative zeta potential value (Kaya and Yukselen, 2005). 

Zeta potential tests were performed to understand the mechanism behind the variation 

in soil properties with the addition of class C fly ash and sulfate.  

Tests were performed at Central Laboratory of Middle East Technical University by 

using Malvern brand Zetasizer Nano ZS90 model which is capable of measuring 

particle size, molecular size, and zeta potential.  

The device was calibrated before the start of the tests using a material with a known 

zeta potential value. Polystyrene latex ( -42mV±4.2mV) was used for the calibration. 
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Aliquots taken from the sample- water mixtures were put into cuvettes and exposed to 

testing. The device determines the electrophoretic mobility and calculates the zeta 

potential by using the Henry equation automatically. Views from zeta potential tests 

are presented in Figure 4.32. 

 

  

Figure 4.32. Views from zeta potential tests 

 

pH is the primary factor affecting the Zeta Potential and it is senseless without a 

corresponding pH value (Moayedi et al., 2011). Therefore, pH of the samples was also 

measured. 

4.5.7. Optimum Lime Content 

Optimum lime content was determined according to ASTM D6276 standard derived 

from the method proposed by Eades and Grim (1983). This test is performed to 

identify the optimal proportion of soil-lime that provides a pH environment required 

for the occurrence of reactions for the soil stabilization. The minimum lime percentage 

that resulted a pH of 12.4 is stated as optimum lime content (ASTM D6276).  
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Oven-dried soil at a temperature of ≤60°C that was sieved through No.40 sieve and 

HI 8314 brand pH meter were used during the tests. The procedure of the test was as 

follows; 

• pH meter was calibrated with buffer solutions. 

• Five samples each with 25g were prepared. 

• Each sample was put into a plastic bottle and capped tightly. 

• Lime equal to 1, 2, 3, 4 and 5 % of soil mass was weighed. 

• Different concentrations of lime were added to each sample that was 

previously put into plastic bottles and mixture was stirred thoroughly by 

shaking.   

• 100 mL of distilled water was added to each soil-lime mixture.  

• The bottles were capped and all the soil-lime-water mixtures were shaken for 

the 30s until the specimens were thoroughly mixed. 

• The specimens were shaken for the 30s every 10 min for 1 hour. 

• Measurement was performed within 15 minutes after the end of the 1 hour 

shaking period. The temperature of the mixture was controlled if it was 25 ± 

1°C at the time of measurement. 

• The pH value of each soil-lime-water mixture was recorded. 

• The minimum lime percentage that resulted in a pH of 12.4 was chosen as the 

approximate optimum lime content.  

Representative test photos are presented in Figure 4.33. 
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Figure 4.33. pH test photos 

 

4.5.8. Index Tests 

Grain size distribution, Atterberg limits, shrinkage limit, and specific gravity tests 

were also performed to determine the effect of the addition of chemical additives and 

sulfate on physical properties of expansive soil. The standard of each test is presented 

in Table 4.5. 
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Table 4.5. Index tests for physical properties and related standards 

Test Standard 

Grain Size Analysis 
(Sieve Analysis and 

Hydrometer) 

ASTM D422, Standard Test Method for Particle-Size 
Analysis of Soil 
 

Atterberg Limits 
ASTM D4318, Standard Test Methods for Liquid Limit, 
Plastic Limit, and Plasticity Index of Soils 
 

Shrinkage Limit 
ASTM D427, Test Method for Shrinkage Factors of 
Soils by the Mercury Method  

 

Specific Gravity 
ASTM D854, Standard Test Methods for Specific 
Gravity of Soil Solids by Water Pycnometer 

 
 

500 ml flasks and 50g of dry samples were used for the specific gravity tests. After 

putting the soil to flask and addition of water, the mixture was waited in the water tank 

with a temperature of water inside 20 °C for 1 day to make the bentonite and kaolinite 

absorb water well (Figure 4.34). Specific Gravity of the fly ashes and lime were 

performed just after the addition of water to keep the chemical reactions effect smaller.  

 

 

Figure 4.34. Gs samples in water tank 
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As fly ashes react with water, specific gravity tests could be performed according to 

TS EN 196-2 (2013) where kerosene used instead of water to prevent chemical 

reactions. However, performing specific gravity with kerosene would not show the 

exact properties, since samples were prepared by addition of water for swelling and 

unconfined compressive strength tests and chemical reactions start just after the 

addition of water.  

Hydrometer tests were performed by ASTM D422 method but with a slight 

modification. In related standard, it is recommended to mix the tests sample with             

125 mL of sodium hexametaphosphate solution (40 g/L) and allow to soak for at least 

16 hours. This procedure was applied for Sample A. However, for fly ash and lime 

treated samples, only bentonite and kaolinite were soaked for at least 16 hours and 

chemical stabilizers were added in dispersing procedure in stirring apparatus. Also, 

sulfate was added to samples at the same time with fly ash and lime. As the NS change 

into crystalline form when reacts with water, it was mixed with distilled water before 

adding to the mixture and crushed. However, CS was added to the sample in a dry 

powder form. View from the hydrometer test is given in Figure 4.35. 

 

 

Figure 4.35. View form hydrometer tests 
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CHAPTER 5  

 

5. TEST RESULTS 

 

5.1. Determination of Optimum Additive Content 

5.1.1. Lime 

pH tests were performed according to ASTM D6276 standard derived from the 

method proposed by Eades and Grim (1983) to obtain the optimum lime content. The 

results of the tests are presented in Figure 5.1. 

 

 

Figure 5.1. pH vs. lime content 

 

In the aforementioned method, the lowest percentage of lime that results in a soil-lime 

pH of 12.4 is stated as optimum lime content. The tests were performed on 1%, 2%, 
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3%, 4% and 5% lime treated samples. The obtained pH value for 3% lime added even 

2% lime added sample was very close to this value. Therefore, swelling tests were 

also performed to determine the optimum lime content (Figure 5.2). 

 

 

Figure 5.2. Swell percent for lime treated specimens 

 

Swell potential of 3%, 4% and 5% lime treated specimens were very close to each 

other. Although 3% lime could be chosen as optimum lime content, to make the CaO 

content higher and to be able to see the ettringite effect better 4% lime was chosen as 

optimum lime content. 

5.1.2. Fly Ash 

Swell tests were performed on fly ash treated specimens to determine the optimum 

content for each fly ash. Chemically treated specimens were prepared by mixing 5%, 

10%, 15% and 20% fly ashes by dry weight of swelling soil.  Test results for SFA 

(Soma Fly Ash) and KFA (Kangal Fly Ash) treated specimens are presented in Figure 

5.3. 
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Figure 5.3. Swell percent for fly ash treated specimens 

 

The optimum content for SFA and KFA were selected as 15% and 10% respectively 

by considering both test results and triggering factors of ettringite formation. Detailed 

discussion on optimum additive content selection is presented in Section 6.5.1 

5.2. Physical Properties 

Specific gravity, Atterberg limits (LL, PL, PI, SL) and hydrometer (including sieve 

analyses) tests were performed on samples to determine the effect of chemical 

additives and sulfates on physical properties of soil. Tests were performed on Sample 

A, 4% L, 15% SFA, 10% KFA treated samples and sulfate added chemically treated 

samples. 3000ppm, 5000ppm, 10000ppm, 20000ppm and 40000ppm NS (sodium 

sulfate) and CS (calcium sulfate dihydrate) were added to fly ash treated samples 

whereas 5000ppm, 10000ppm and 40000ppm sulfate (NS and CS) concentrations 

were used for 4% L treated sample. 
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5.2.1. Specific Gravity Tests 

Gs values were determined according to ASTM D854. Test results for 4% L, 15% SFA 

and 10% KFA treated soils are presented in Figure 5.4, 5.5 and 5.6 respectively. Test 

result for Sample A is also presented in the same graphs for comparison purposes. 

 

 

Figure 5.4. Gs values of NS and CS added 4% L treated samples 
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Figure 5.5. Gs values of NS and CS added 15% SFA treated samples 

 

 

Figure 5.6. Gs values of NS and CS added 10% KFA treated samples 
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5.2.2. LL, PL & PI 

LL, PL and PI were determined according to ASTM D4318. 

5.2.2.1. 4% L and sulfate added samples 

LL, PL and PI test results for 4% L treated sample and 5000ppm, 10000ppm and 

40000ppm NS and CS added 4% L treated sample are presented in Figure 5.7, 5.8 and 

5.9 respectively. Test results for Sample A are also presented in the same graphs for 

comparison purposes. 

 

 

Figure 5.7. LL of NS and CS added 4% L treated samples 
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Figure 5.8. PL of NS and CS added 4% L treated samples 

 

 

Figure 5.9. PI of NS and CS added 4% L treated samples 
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5.2.2.2. 15% SFA and sulfate added samples 

LL, PL and PI test results for 15% SFA treated sample and 3000ppm, 5000ppm, 

10000ppm, 20000ppm and 40000ppm NS and CS added 15% SFA treated sample are 

presented in Figure 5.10, 5.11 and 5.12 respectively. Test results for Sample A are 

also presented in the same graphs for comparison purposes. 

 

 

Figure 5.10. LL of NS and CS added 15% SFA treated samples 
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Figure 5.11. PL of NS and CS added 15% SFA treated samples 

 

 

Figure 5.12. PI of NS and CS added 15% SFA treated samples 
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5.2.2.3. 10% KFA and sulfate added samples 

LL, PL and PI test results for 10% KFA treated sample and 3000ppm, 5000ppm, 

10000ppm, 20000ppm and 40000ppm NS and CS added 10% KFA treated sample are 

presented in Figure 5.13, 5.14 and 5.15 respectively. Test results for Sample A are 

also presented in the same graphs for comparison purposes. 

 

 

Figure 5.13. LL of NS and CS added 10% KFA treated samples 
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Figure 5.14. PL of NS and CS added 10% KFA treated samples 

 

 

Figure 5.15. PI of NS and CS added 10% KFA treated samples 
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5.2.3. Shrinkage Limit 

SL values were determined according to ASTM D427. Tests were performed on 

Sample A, 4% L, 15% SFA, 10% KFA treated samples and sulfate added chemically 

treated samples. 3000ppm, 5000ppm, 10000ppm, 20000ppm and 40000ppm NS and 

CS were added to fly ash treated samples whereas 5000ppm, 10000ppm and 

40000ppm sulfate concentrations were used for 4% L treated sample. Test results for 

4% L, 15% SFA and 10% KFA treated soils are presented in Figure 5.16, 5.17 and 

5.18 respectively. Test result for Sample A is also presented in the same graphs for 

comparison purposes. 

 

 

Figure 5.16. SL of NS and CS added 4% L treated samples 
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Figure 5.17. SL of NS and CS added 15% SFA treated samples 

 

 

Figure 5.18. SL of NS and CS added 10% KFA treated samples 
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5.2.4. Grain Size Distribution 

Grain size distribution of the samples were determined by using the test method 

recommended in ASTM D422. Grain size distribution curves are presented in Figures 

5.19 and 5.20 for 4% L, Figures 5.21 and 5.22 for 15% SFA and Figures 5.23 and 5.24 

for 10% KFA treated samples. 

 

 

Figure 5.19. Grain size distribution of NS added 4% L treated samples 
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Figure 5.20. Grain size distribution of CS added 4% L treated samples 

 

 

Figure 5.21. Grain size distribution of NS added 15% SFA treated samples 
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Figure 5.22. Grain size distribution of CS added 15% SFA treated samples 

 

 

Figure 5.23. Grain size distribution of NS added 10% KFA treated samples 
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Figure 5.24. Grain size distribution of CS added 10% KFA treated samples 
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Figure 5.25. Hydrometer test for KFA 

 

5.2.5. Soil Classification 

The samples were also classified according to the Unified Soil Classification System 

(USCS) by using the plasticity chart, LL and PI values. The LL and PI of the samples 

are entered to the plasticity chart. The results are presented in Figure 5.26, 5.27 and 

5.28 for 4% L, 15% SFA and 10% KFA treated samples respectively with the values 

of Sample A. 
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Figure 5.26. Plasticity chart for 4% L treated samples 

 

 

Figure 5.27. Plasticity chart for 15% SFA treated samples 
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Figure 5.28. Plasticity chart for 10% KFA treated samples 
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Table 5.1. Classification of samples according to USCS 

Sample Clay (%) Silt (%) LL (%) PI (%) USCS 

A 65.63 34.13 111.0 86.0 CH 

4% L 56.77 42.63 91.9 52.5 CH 

4% L + 5000ppm NS 57.25 42.12 88.9 50.7 CH 

4% L + 10000ppm NS 57.05 42.38 86.0 48.9 CH 

4% L + 40000ppm NS 54.89 44.33 75.3 39.1 MH 

4% L + 5000ppm CS 60.17 39.14 87.9 47.5 MH 

4% L + 10000ppm CS 56.48 42.72 83.2 43.6 MH 

4% L + 40000ppm CS 61.05 38.39 77.9 39.9 MH 

15% SFA 48.58 48.7 112.0 79.1 CH 

15% SFA + 3000ppm NS 48.65 47.42 108.8 73.9 CH 

15% SFA + 5000ppm NS 47.32 48.62 107.9 71.6 CH 

15% SFA + 10000ppm NS 49.70 45.98 106.1 71.1 CH 

15% SFA + 20000ppm NS 47.41 48.46 104.2 70.5 CH 

15% SFA + 40000ppm NS 50.30 45.76 86.9 59.0 CH 

15% SFA + 3000ppm CS 51.06 44.95 106.1 78.7 CH 

15% SFA + 5000ppm CS 49.90 46.34 97.7 63.1 CH 

15% SFA + 10000ppm CS 49.65 46.32 92.9 59.2 CH 

15% SFA + 20000ppm CS 52.50 43.8 87.5 54.5 CH 

15% SFA + 40000ppm CS 52.58 43.88 84.0 50.0 CH 

10% KFA 58.30 39.94 102.8 70.4 CH 

10% KFA + 3000ppm NS 54.84 42.33 92.8 55.9 CH 

10% KFA + 5000ppm NS 50.62 46.59 90.7 54.7 CH 

10% KFA + 10000ppm NS 55.56 42.7 90.1 55.4 CH 

10% KFA + 20000ppm NS 53.80 43.84 85.0 51.3 CH 

10% KFA + 40000ppm NS 61.03 36.34 82.1 48.7 CH 

10% KFA + 3000ppm CS 57.37 40.93 97.8 65.4 CH 

10% KFA + 5000ppm CS 55.54 42.03 97.3 62.2 CH 

10% KFA + 10000ppm CS 57.51 39.56 98.2 63.3 CH 

10% KFA + 20000ppm CS 59.35 37.7 95.9 61.1 CH 

10% KFA + 40000ppm CS 57.89 39.35 94.5 59.5 CH 
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5.3. Swell Tests 

Swelling tests were performed on NS and CS added 15% SFA and 10% KFA treated 

specimens. Initially tests were performed at 25°C and 3000ppm, 5000ppm, 

10000ppm, 20000ppm and 40000ppm sulfate concentrations were used. Then to see 

the effect of temperature, the swelling tests were performed at 10°C and 40°C. This 

time only 5000ppm, 10000ppm and 40000ppm sulfate concentrations were used as 

representative concentrations. To see the curing effect, swelling tests were performed 

on specimens that were cured at 25°C for 7 and 28 days.  

Swelling tests at 25°C were also performed for 5000ppm, 10000ppm, and 40000ppm 

sulfate added 4% L treated specimens for comparison purposes. 

5.3.1. Swell Tests at 25⁰C 

Swelling test results for 4% L, 15% SFA and 10% KFA treated specimens with 

different NS and CS concentrations are presented in Figure 5.29, 5.30, and 5.31 

respectively. 

 

 

Figure 5.29. Swell percent for sulfate added 4% L treated specimens 
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Figure 5.30. Swell percent for sulfate added 15% SFA treated specimens 

 

 

Figure 5.31. Swell percent for sulfate added 10% KFA treated specimens 
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Readings were taken for 100 days to see the long-term behavior for 40000ppm NS 

and CS added 15% SFA and 10% KFA added specimens. The swell vs. time graph is 

presented in Figure 5.32. 

 

 

Figure 5.32. Swell vs. time graph for 40000ppm NS and CS added 15% SFA and 10% KFA treated 
specimens 
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Figure 5.33. Swell percent for NS added 15% SFA treated specimens at 10, 25 and 40⁰C 

 

 

Figure 5.34. Swell percent for CS added 15% SFA treated specimens at 10, 25 and 40⁰C 
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Figure 5.35. Swell percent for NS added 10% KFA treated specimens at 10, 25 and 40⁰C 

 

 

Figure 5.36. Swell percent for CS added 10% KFA treated specimens at 10, 25 and 40⁰C 
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5.3.3. Swell Tests at 7 days and 28 days Cured Specimens 

Swelling tests were also performed at 7 days and 28 days cured specimens to see the 

effect of curing. Curing temperature was selected as 25°C. 5000ppm, 10000ppm and 

40000ppm sulfate concentrations were chosen as the representative concentrations 

and tests were performed on these specimens. 

Test results for uncured, 7 days and 28 days cured specimens are drawn together to 

see the effect of curing on swell potential. Test results for 15% SFA and 10% KFA 

treated specimens are presented in Figures 5.37- 5.40. 

 

 

Figure 5.37. Swell percent for NS added 15% SFA treated specimens cured 7 and 28 days at 25⁰C 
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Figure 5.38. Swell percent for CS added 15% SFA treated specimens cured 7 and 28 days at 25⁰C 

 

 

Figure 5.39. Swell percent for NS added 10% KFA treated specimens cured 7 and 28 days at 25⁰C 
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Figure 5.40. Swell percent for CS added 10% KFA treated specimens cured 7 and 28 days at 25⁰C 

 

Swell vs. time graphs for all specimens are presented in Appendix C. 
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0

5

10

15

20

25

30

35

40
Sw

el
l P

ot
en

tia
l (

ΔH
/H

),%

Specimens



 

 
 

128 
 

 

Figure 5.41. UCS of sulfate added 4% L treated specimens 

 

 

Figure 5.42. UCS of sulfate added 15% SFA treated specimens 
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Figure 5.43. UCS of sulfate added 10% KFA treated specimens 
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curing. 
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5.4.2.2. 10% KFA treated specimens 

UCS test results for 7 days cured NS and CS added 10% KFA treated specimens are 

presented in Figure 5.48 and 5.49 respectively. Also test results for 28 days cured 

specimens are presented in Figure 5.50 and 5.51.   
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5.5. Shear Wave Velocity (Vs) Tests 

Vs tests were performed on Specimen A, 15% SFA, 10% KFA treated and 5000ppm, 

10000ppm and 40000ppm NS and CS added fly ash treated specimens by using the 

James Instruments brand V-meter Mark IV.  

The results of the tests are presented in Figure 5.52 and 5.53 for 15% SFA and           

10% KFA treated specimens respectively. The Vs value of Specimen A is also 

presented in both graphs for comparison purposes. 

 

 

Figure 5.52. Vs of sulfate added 15% SFA treated specimens 
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Figure 5.53. Vs of sulfate added 10% KFA treated specimens 

 

5.6. Zeta Potential Tests 
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test results are presented in Figure 5.54 and 5.55 respectively. All the samples have a 

negative zeta potential values and the absolute values are presented in the graph. 
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Figure 5.54. Zeta Potential of the samples 

 

 

Figure 5.55. pH of the samples 
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5.7. SEM  

In this study, SEM analyses were performed at METU Central Laboratory and during 

analysis, QUANTA 400F Field Emission Scanning Microscope was used. The 

samples, chosen for SEM analyses were tabulated in Table 5.2. The aim of performing 

SEM analyses was to determine the probable occurrence of ettringite/thaumasite in 

the samples. 

 

Table 5.2. Samples chosen for SEM analyses 

Sample 
A 

15 % SFA 
10 % KFA 

15 % SFA + 40000ppm NS 
15 % SFA + 40000ppm CS    
10 % KFA + 40000ppm NS 

15 % SFA + 40000ppm NS cured 28 days at 10⁰C 
15 % SFA + 40000ppm NS cured 28 days at 25⁰C 
10 % KFA + 40000ppm NS cured 28 days at 10⁰C 
10 % KFA + 40000ppm NS cured 28 days at 25⁰C 
15 % SFA + 40000ppm CS cured 28 days at 10⁰C  
10% KFA + 40000ppm CS cured 28 days at 10⁰C 

15% SFA + 40000ppm NS cured 6 months at 10⁰C 
 

Cracks developed on the 40000ppm NS added 15% SFA treated sample that was cured 

28 days at 10⁰C for UCS tests. As the chemical reactions are also time dependent,  the 

curing period increased to 6 months for this sample to better understand the 

mechanicsm behind these cracks.  After 6 months curing period besides cracks, crystal 

formation was also observed within the sample. 

SEM analysis were also performed on the crystals (Figure 5.56) that was formed 

within and on the surface of 40000ppm NS added 15% SFA treated sample cured 6 

months at 10⁰C besides the samples presented in Table 5.2. 
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Figure 5.56. Crystal formed within the 40000ppm NS added 15% SFA treated sample cured for 6 
months at 10⁰C 

 

SEM images of the samples are given in Figures 5.57 – 5.65. 

 

   

Figure 5.57. SEM images of (a)- Sample A, (b)-15% SFA treated sample                                       
(magnification factor=20000) 
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Figure 5.58. SEM images of (a)- 10% KFA treated sample, (b)- 40000ppm NS added 10% KFA 
treated sample (magnification factor=20000) 

 

  

Figure 5.59. SEM images of 15% SFA treated sample with (a)-40000ppm NS (b)- 40000ppm CS 
(magnification factor=20000) 
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Figure 5.60. SEM images of 28 days cured 40000ppm NS added 15% SFA treated sample at 10⁰C 
(magnification factor=20000 and 5000) 

 

   

Figure 5.61. SEM images of 28 days cured 40000ppm NS added 15% SFA treated sample at 25⁰C 
(magnification factor=2500 and 20000) 
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Figure 5.62. SEM images of 28 days cured 40000ppm NS added 10% KFA treated samples              
(a)-10⁰C (b)- 25⁰C  (magnification factor=20000 and 10000) 

 

  

Figure 5.63. SEM images of 28 days cured 40000ppm CS added (a)-15% SFA (b)- 10% KFA treated 
sample at 10⁰C (magnification factor= 10000) 
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Figure 5.64. SEM images of 6 months cured 40000ppm NS added 15% SFA treated sample at 10⁰C 
(magnification factor= 8000 and 12000) 

 

  

Figure 5.65. SEM images of crystals observed in 6 months cured 40000ppm NS added 15% SFA 
treated sample at 10⁰C (magnification factor= 800 and 12000) 

 

Also, Energy Dispersive X-Ray (EDX) analyses which gives information about the 

chemical characterization (elements) of a material were performed on the samples. 

The results are presented in Figures 5.66- 5.70. 
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Figure 5.66. EDX diagram of Sample A 
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Figure 5.67. EDX diagram of 15% SFA treated sample 
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Figure 5.68. EDX diagram of 10% KFA treated sample 
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Figure 5.69. EDX diagram of 40000ppm NS added 15% SFA treated sample 
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Figure 5.70. EDX diagram of 40000ppm NS added 15% SFA treated sample cured at 10⁰C for 6 
months 

 

Gold (Au) and palladium (Pd) elements observed in the EDX analyses were due to the 

covering of sample with gold and palladium before the test (Figures 5.66-5.70). 
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5.8. XRD 

XRD analyses were performed to determine the reason behind the occurrence of 

cracks and formation of crystals at 40000ppm NS added 15% SFA treated specimen 

after curing at 10⁰C for 28 days and 6 months respectively (Figure 5.71).  

The analyses were performed on 40000ppm NS added 15% SFA treated specimens 

that were cured at 10°C for 28 days and 6 months. Uncured 15% SFA treated and 

40000ppm NS added 15% SFA treated specimens cured at 25°C for 28 days were also 

exposed to analyses for comparison purposes. Analyses were performed in Central 

Laboratory of METU. 

 

   

Figure 5.71. 40000ppm NS added 15% SFA treated specimens cured at 10⁰C for a,b -28 days, c,d-6 
months 

 

Analyses results are presented in Figures 5.72 –5.74. The results for 28 days cured 

40000ppm NS added 15% SFA treated samples at 10°C and 25°C were almost 

identical, therefore only the result for 10°C is presented. The result for 25°C curing 

temperature is presented in Appendix B.   

d c 
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Figure 5.72. XRD of 15% SFA treated sample 
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Figure 5.73. XRD of 40000ppm NS added 15% SFA treated sample cured at 10⁰C for 28 days 
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Figure 5.74. XRD of 40000ppm NS added 15% SFA treated sample cured at 10⁰C for 6 months  
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CHAPTER 6  

 

6. DISCUSSION ON TEST RESULTS 

 

6.1. Effect of Additives on Specific Gravity (Gs) 

Gs of Sample A, SFA, KFA and L were measured as 2.641, 2.246, 2.579 and 2.500 

respectively. The Gs of Sample A is greater than the additives, therefore, it was 

expected that the addition of calcium-based stabilizers would cause a reduction in Gs 

of the swelling soil. However, the results were different than expected for 10% KFA 

and 4% L treated samples.  The measured and calculated (by mass basis) Gs values 

basis are tabulated in Table 6.1. 

 

Table 6.1. Measured and calculated Gs values for chemically stabilized soil 

Sample 
Gs 

Measured  Calculated  Difference 
4% L 2.714 2.636* 0.078 

15% SFA 2.579 2.589 -0.010 
10% KFA 2.699 2.635 0.064 

*(mass of sample A*Gs of sample A + mass of additive*Gs of additive) / total mass                                                  

= (1*2.641+0.04*2.500)/1.04=2.636 

 

The calculated and measured values for 15% SFA treated sample is as expected. There 

is only a 0.01 difference. The acceptable range of two results for CH type soils is 

presented as 0.03 for the repeated tests by a single operator in ASTM D854. Therefore, 

the difference is in tolerable limits. However, the measured values are 0.064 and 0.078 

unit higher than the calculated ones for 10% KFA and 4% L treated samples 

respectively. The CaO content of SFA, KFA and L are 11.6%, 29.5%, and 83.7% 
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respectively. The increase in Gs for 10% KFA and 4% L treated samples could be due 

to the pozzolanic reactions occurred as a result of the high calcium content of these 

additives. As the calcium content of SFA is considerably lower, an increase in Gs was 

not observed for this additive.  

Same trend was also observed in the studies conducted by Yesilbas (2004), Baytar 

(2005), and As (2012) for the fly ash and lime treated soils. Lime, fly ash with a CaO 

content of 13.25%, and fly ash with a CaO content of 31.45% were used as additives 

respectively in the studies.  The results of the tests and the specific gravity values 

calculated by mass basis are tabulated in Table 6.2. 

 

Table 6.2. Gs values obtained in Yesilbas (2004), Baytar (2005), and As (2012) studies 

Reference Sample Gs 
Measured Calculated Difference 

Yesilbas (2004) 

Expansive Soil 2.64 - - 
Lime 2.76 - - 

1% Lime 2.66 2.64 0.02 
3% Lime 2.67 2.64 0.03 
5% Lime 2.69 2.65 0.04 
7% Lime 2.70 2.65 0.05 
9% Lime 2.72 2.65 0.07 

Baytar (2005) 

Expansive Soil 2.76 - - 
Fly Ash 2.13 - - 

5% Fly Ash 2.74 2.73 0.01 
10% Fly Ash 2.72 2.70 0.02 
15% Fly Ash 2.69 2.67 0.02 
20% Fly Ash 2.66 2.63 0.03 
25% Fly Ash 2.60 2.60 0 

As (2012) 

Expansive Soil 2.64 - - 
Fly Ash 2.56 - - 

5% Fly Ash 2.65 2.64 0.01 
10% Fly Ash 2.66 2.63 0.03 
15% Fly Ash 2.68 2.63 0.05 
20% Fly Ash 2.68 2.62 0.06 
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The Gs of NS and CS are given as 2.7 and 2.32 by the manufacturer.  The effect of the 

addition of different concentrations of NS and CS to Gs values of 4% L, 15% SFA, 

and 10% KFA treated samples could be seen in Table 6.3, 6.4 and 6.5 respectively. 

The measured results are presented with the calculated (by mass basis) ones for all 

samples. 

 

Table 6.3. The measured and calculated (by mass basis) Gs values for sulfate added 4% L treated 

sample 

Sample 

Gs Increase / 
Decrease in 

Gs after 
sulfate 

addition 

Increase / 
Decrease in 

Gs after 
sulfate 

addition 
(%) 

Measured Calculated Difference 

4% L 2.714 - - - - 
4% L + 5000ppm NS 2.702 2.713 -0.011 -0.012 -0.4 

4% L + 10000ppm NS 2.717 2.714 0.003 0.003 0.1 
4% L + 40000ppm NS 2.808 2.713 0.095 0.094 3.5 
4% L + 5000ppm CS 2.699 2.696 0.003 -0.015 -0.6 

4% L + 10000ppm CS 2.701 2.71 -0.009 -0.013 -0.5 
4% L + 40000ppm CS 2.724 2.699 0.025 0.01 0.4 

 

Sulfate addition did not affect the Gs of the 4% L treated sample considerably except 

for 40000ppm NS. This concentration of NS resulted considerable increase (3.5%) in 

Gs of 4% lime treated sample. 
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Table 6.4. The measured and calculated (by mass basis) Gs values for sulfate added 15% SFA treated 

sample 

Sample 

Gs 
Increase / 
Decrease 

in Gs after 
sulfate 

addition 

Increase / 
Decrease 

in Gs 
after 

sulfate 
addition 

(%) 

Measured Calculated Difference 

15% SFA 2.579 - - - - 
15% SFA + 3000ppm NS 2.611 2.579 0.032 0.032 1.2 
15% SFA + 5000ppm NS 2.646 2.580 0.066 0.067 2.6 

15% SFA + 10000ppm NS 2.654 2.580 0.074 0.075 2.9 
15% SFA + 20000ppm NS 2.623 2.581 0.042 0.044 1.7 
15% SFA + 40000ppm NS 2.695 2.583 0.112 0.116 4.5 
15% SFA + 3000ppm CS 2.621 2.578 0.043 0.042 1.6 
15% SFA + 5000ppm CS 2.610 2.578 0.032 0.031 1.2 

15% SFA + 10000ppm CS 2.580 2.577 0.003 0.001 0.0 
15% SFA + 20000ppm CS 2.620 2.575 0.045 0.041 1.6 
15% SFA + 40000ppm CS 2.595 2.570 0.025 0.016 0.6 

 

As can be seen in Table 6.4, the addition of NS resulted an increase in Gs of 15% SFA 

treated sample. The increment generally increased with increasing sulfate 

concentration. The maximum increase was obtained for 40000ppm concentration. The 

increase was probably due to the pozzolanic reactions that occurred as a result of the 

NS addition. 

Gadouri et al. (2017) studied on the effect of NS on the shear strength of clayey soil 

stabilized with lime and natural pozzolans. The results of the study showed that the 

addition of NS up to 2% resulted an increase in strength parameters of the stabilized 

soil. The reason for this increase was explained by the attribution of early pozzolanic 

reactions due to the sodium hydroxide that occurred as a result of the NS addition. 

The addition of CS generally resulted an increase in the Gs value of the fly ash treated 

sample, however the effect is not as much as the NS. 
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Table 6.5. The measured and calculated (by mass basis) Gs values for sulfate added 10% KFA treated 

sample 

Sample 

Gs  
Increase / 
Decrease 

in Gs 
after 

sulfate 
addition  

Increase 
/ 

Decrease 
in Gs 
after 

sulfate 
addition 

(%) 

Measured Calculated  Difference 

10% KFA 2.699  - -   - -  
10% KFA + 3000ppm NS 2.711 2.699 0.012 0.012 0.4 
10% KFA + 5000ppm NS 2.683 2.699 -0.016 -0.016 -0.6 

10% KFA + 10000ppm NS 2.724 2.699 0.025 0.025 0.9 
10% KFA + 20000ppm NS 2.718 2.699 0.019 0.019 0.7 
10% KFA + 40000ppm NS 2.781 2.699 0.082 0.082 3.0 
10% KFA + 3000ppm CS 2.709 2.698 0.011 0.01 0.4 
10% KFA + 5000ppm CS 2.697 2.683 0.014 -0.002 -0.1 
10% KFA + 10000ppm CS 2.687 2.696 -0.009 -0.012 -0.4 
10% KFA + 20000ppm CS 2.711 2.692 0.019 0.012 0.4 
10% KFA + 40000ppm CS 2.670 2.686 -0.016 -0.029 -1.1 

 

The addition of sulfate did not generally alter the Gs of 10% KFA treated samples 

except for 40000ppm NS added sample. Similar to 15% SFA and 4% L treated 

samples, 40000ppm NS resulted in a considerable increase in Gs. The reason for this 

could be the high CaO content of this fly ash. The pozzolanic reactions may proceed 

faster as a result of high lime content and lower concentrations of NS may not affect 

the reaction rates much. 

In conclusion, 10% KFA and 4% L treatment caused an increase in Gs of Sample A, 

whereas a reduction was observed with the addition of 15% SFA.  The addition of 

sulfate did not alter the Gs of 10% KFA and 4% L treated samples except for 

40000ppm NS. This type and concentration of sulfate resulted 0.094 and 0.082 

increase in Gs of the 10% KFA and 4% L treated samples respectively. Addition of 

different concentrations of NS and CS generally caused an increase in Gs of the 15% 

SFA treated sample. The effect of CS was not as much as the NS, and it was nearly 
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ignorable. The effect of NS on Gs of the 15% SFA treated sample generally increased 

with the rise in sulfate concentration. 

6.2. Effect of Additives on LL, PL and PI 

LL, PL, PI of sample A, fly ash and lime treated samples are presented in Table 6.6 

with the percent variation in properties of Sample A after stabilization with additives. 

 

Table 6.6. LL, PL, PI of Sample A, 15% SFA, 10% KFA and 4% L treated samples 

Sample LL (%) PL 
(%) 

PI 
(%) 

Increase / Decrease  after chemical 
treatment (%) 

LL PL PI 
A 111.0 25.0 86.0    

4% L 91.9 39.4 52.5 -17.2 57.6 -39.0 
15% SFA 112.0 32.9 79.1 0.9 31.6 -8.0 
10% KFA 102.8 32.4 70.4 -7.4 29.6 -18.1 

 

LL of Sample A remained nearly same after SFA addition however, KFA and L 

treatment caused 7.4 and 17.2% decrease respectively.  

Zeta potential of Sample A increased from -31.9mV to -15.7mV and -5.4mV with the 

addition of 15% SFA and 10% KFA. An increase in zeta potential value (or decrease 

when absolute value considered) is a sign of cation exchange reactions and a more 

flocculated structure as will be discussed in Section 6.8. Therefore, considering the 

more flocculated structure and substitution of some amount of plastic clayey soil with 

fly ash that consists of non-plastic silt size particles, a decrease in LL was expected 

after fly ash addition.  

Chemical treatment with calcium-based stabilizers affects LL of soils differently 

according to previous studies.  

Nalbantoğlu (2004) studied on the effect of class C fly ash on the stabilization of 

expansive soils. Two different calcareous soils with different mineral compositions 



 

 
 

163 
 

and SFA with a CaO content of 14.80% were used in the study. The soils were 

classified as CH and CL according to USCS. LL of the CH type soil decreased 

however, an increase was observed for CL type soil after fly ash treatment.  

An increase in LL of the soils after class C fly ash treatment was also observed in the 

studies performed by Degirmenci et al. (2007) and Ozdemir (2011). However, 

opposite behavior was observed at the investigations performed by Cokca (2001), Al-

Dahlaki (2007) and Zha et al. (2008), LL of soils decreased after fly ash treatment in 

their studies.  

Bell (1996) studied on the effect of lime treatment on three different soils that 

originated from montmorillonite, kaolinite, and quartz respectively. Lime resulted an 

increase in LL of kaolinite and quartz whereas a decrease was observed for 

montmorillonite.  

Croft (1964) explained the increase in LL for lime treated soils by the modification of 

the interest of clay surface to water due to the alteration originated from the hydroxyl 

ions. The same phenomenon could be responsible for the increase in LL of the 

expansive soil after 15% SFA treatment. 

Reduction in thickness of the double layer of the clay due to the cation exchange 

reaction leads an increase in attraction forces and particle flocculation that results in a 

decrease in liquid limit of the clayey soil after treatment with calcium-based stabilizers 

(Nalbantoglu and Gucbilmez, 2001). The main reason behind the decrease in LL of 

Sample A with the addition of 4% L and 10% KFA is probably this phenomenon.  

An increase in PL of Sample A was observed after treatment with all types of 

additives. 15% SFA and 10% KFA treatment made nearly the same effect and 

approximately 30% increase was observed after fly ash treatment. Maximum increase 

(57.6%) was observed for 4% L treated sample. Chemical treatment resulted in a 

decrease in PI of Sample A. 15% SFA, 10% KFA and 4% L treatment caused 8.0%, 

18.1% and 39.0 reductions in the PI of Sample A. The decrease in PI increased with 
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the increase in the CaO content of the additive since both cation exchange and 

pozzolanic reactions highly depends on the lime content of the additive.  

LL, PL, and PI of the sulfate added 4% L, 15% SFA and 10% KFA  added samples 

are presented in Table 6.7, 6.8 and 6.9 respectively with the percent increase/decrease 

in LL, PL and PI of the chemically treated samples after addition of different sulfate 

concentrations and types. 

 

Table 6.7. LL, PL, PI of the 4% L and sulfate added samples 

Sample LL 
(%) 

PL 
(%) 

PI 
(%) 

Increase / Decrease  after sulfate 
addition (%) 

LL PL PI 
4% L 91.9 39.4 52.5    

4% L + 5000ppm NS 88.9 38.2 50.7 -3.3 -3.0 -3.4 
4% L + 10000ppm NS 86 37.1 48.9 -6.4 -5.8 -6.9 
4% L + 40000ppm NS 75.3 36.2 39.1 -18.1 -8.1 -25.5 
4% L + 5000ppm CS 87.9 40.4 47.5 -4.4 2.5 -9.5 

4% L + 10000ppm CS 83.2 39.6 43.6 -9.5 0.5 -17.0 

4% L + 40000ppm CS 77.9 38 39.9 -15.2 -3.6 -24.0 
 

Addition of both types of sulfates affected the LL of the 4% L treated sample in a 

similar way. LL decreased with the addition of sulfate and the decrease rose with the 

increase in sulfate concentration. LL of the sample decreased by 18.1% and 15.2% 

with the addition of 40000ppm NS and CS respectively.  

PL of the lime treated sample decreased (3% - 8.1%) with NS addition whereas CS 

addition did not alter the PL value considerably. A decrease in PI value was observed 

after sulfate addition. The decrease was increased with the rose in sulfate content for 

both types of sulfates. 40000ppm NS and CS addition made nearly the same effect, 

25.5% and 24% decrease were observed respectively. CS was more effective for lower 

concentrations in reducing the PI and the decrease for 5000ppm and 10000ppm 

concentrations was higher than that of NS.  
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Table 6.8. LL, PL, PI of the 15% SFA and sulfate added samples 

Sample LL (%) PL 
(%) 

PI 
(%) 

Increase / Decrease  after sulfate 
addition (%) 

LL PL PI 
15% SFA 112 32.9 79.1    

15% SFA + 3000ppm NS 108.8 34.9 73.9 -2.9 6.1 -6.6 
15% SFA + 5000ppm NS 107.9 36.3 71.6 -3.7 10.3 -9.5 

15% SFA + 10000ppm NS 106.1 35.0 71.1 -5.3 6.4 -10.1 
15% SFA + 20000ppm NS 104.2  33.7 70.5 -7.0 2.4 -10.9 
15% SFA + 40000ppm NS 86.9 27.9 59.0 -22.4 -15.2 -25.4 
15% SFA + 3000ppm CS 106.1 27.4 78.7 -5.3 -16.7 -0.5 
15% SFA + 5000ppm CS 97.7 34.6 63.1 -12.8 5.2 -20.2 
15% SFA + 10000ppm CS 92.9 33.7 59.2 -17.1 2.4 -25.2 
15% SFA + 20000ppm CS 87.5 33.0 54.5 -21.9 0.3 -31.1 
15% SFA + 40000ppm CS 84.0 34.0 50.0 -25.0 3.3 -36.8 

 

LL of 15% SFA treated sample decreased with the addition of both types of sulfate. 

Addition of 3000ppm, 5000ppm, 10000ppm and 20000ppm NS made nearly the same 

effect although extra slight decrease was observed with an increase of sulfate 

concentration. Among NS added samples, decrease made a peak for 40000ppm 

concentration. The increase of sulfate concentration to 40000ppm resulted in 22.4% 

decrease in LL of 15% SFA treated sample. The decrease rose with the increase in 

sulfate concentration for CS added samples. Although the addition of 40000ppm 

concentration nearly made the same effect for both types of sulfates, the effect of CS 

was higher for other concentrations. PL of 15% SFA treated sample increased with 

the addition of 3000ppm, 5000ppm, 10000ppm and 20000ppm NS, however, increase 

of sulfate concentration to 40000ppm resulted a decrease. PL of the sample decreased 

16.7% with the addition of 3000ppm CS whereas the other concentrations of CS did 

not affect the PL considerably. Similar to LL, PI of the sample decreased with the 

addition of sulfate except for 3000ppm CS. This concentration did not alter the PI of 

the sample. 25.4% decrease in PI was obtained for 40000ppm NS and 6.6-10.9% 

decrease was observed for other NS concentrations. Although the addition of 

3000ppm CS did not alter the PI, other concentrations resulted considerable decrease. 
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The decrease increased with the rise in CS content and 40000ppm sulfate 

concentration caused a 36.7% decrease. 

 

Table 6.9. LL, PL, PI of the 10% KFA and sulfate added samples 

Sample LL 
(%) PL (%) PI (%) 

Increase / Decrease  after sulfate 
addition (%) 

LL PL PI 
10% KFA 102.8 32.4 70.4    

10% KFA + 3000ppm NS 92.8 36.9 55.9 -9.7 13.9 -20.6 
10% KFA + 5000ppm NS 90.7 36.0 54.7 -11.8 11.1 -22.3 

10% KFA + 10000ppm NS 90.1 34.7 55.4 -12.4 7.1 -21.3 
10% KFA + 20000ppm NS 85.0 33.7 51.3 -17.3 4.0 -27.1 
10% KFA + 40000ppm NS 82.1 33.4 48.7 -20.1 3.1 -30.8 
10% KFA + 3000ppm CS 97.8 32.4 65.4 -4.9 0.0 -7.1 
10% KFA + 5000ppm CS 97.3 35.1 62.2 -5.4 8.3 -11.6 
10% KFA + 10000ppm CS 98.2 34.9 63.3 -4.5 7.7 -10.1 
10% KFA + 20000ppm CS 95.9 34.8 61.1 -6.7 7.4 -13.2 
10% KFA + 40000ppm CS 94.5 35.0 59.5 -8.1 8.0 -15.5 

 

LL of 10% KFA treated sample decreased with the addition of both types of sulfates. 

The decrease rose with the increase in sulfate concentration for NS whereas the LL of 

the sample was not affected much from the increase in sulfate concentration for CS 

only slight fluctuations were observed. LL of 10% KFA treated sample decreased by 

approximately 10% after the addition of 3000ppm NS and the decrease reached up to 

20% with the increase in sulfate concentration to 40000ppm.  

A reverse effect in PL was observed with the addition of sulfate when compared with 

LL. PL of samples generally increased with sulfate addition. 3000ppm caused the 

maximum increase among all concentrations for NS and the increase was decreased 

with the rose of sulfate concentration.  Although 3000ppm CS did not alter the PL of 

the sample, other concentrations caused an approximately 8% increase. The increase 

of sulfate concentration to a higher value than the 5000ppm affected the PL in a similar 

way as the 5000ppm did for CS added samples. 
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The PI of the 10% KFA treated sample decreased after addition of both type of 

sulfates. The decrease generally increased with the rose in sulfate concentration and 

maximum reduction was observed for 40000ppm sulfate concentration. The effect of 

addition of NS was higher than that of CS and even addition of 3000ppm NS resulted 

more decrease (20.6%) than 40000ppm CS (15.5%). 

Studies on the effect of sulfate addition on consistency limits of soils treated with 

calcium-based stabilizers are very limited in the literature. 

Kinuthia et al. (1999) studied on the effect of different sulfates on the consistency 

limits of lime treated soil. Kaolinite with a LL of 61% and PI of 29% was selected as 

the main source of clay. 6% lime was selected as optimum lime content and different 

concentrations of CS, NS, K2SO4, MgSO4 were added to the lime treated samples. The 

results of the tests are presented in Figure 6.1. 

 

 

Figure 6.1. Atterberg limits vs. sulfate content for 6% lime treated soil with different metal sulfate 
addition (Kinuthia et al., 1999) 
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The addition of sulfate caused a reduction in LL of lime treated soil. The variation in 

LL was related to the sulfate cations and the monovalent cations (N, K) caused more 

decrease than the divalent cations (Ca, Mg) did. An increase in PL was observed after 

the addition of divalent cations while monovalent cations caused a reduction. PI of the 

lime treated samples decreased after the addition of different concentrations of 

sulfates. At lower sulfate concentrations monovalent cations resulted in more 

reduction and with the increase of sulfate level, the effect of divalent cations increased 

(Kinuthia et al., 1999). The authors also explained the variation in consistency limits 

for lime treated clay with different sulfate addition by the interactions of the clay 

particles that are affected by the process of cation exchange. 

Yılmaz and Civelekoglu (2009) studied on the effect of gypsum on the stabilization 

of swelling clay soils. Na bentonite was used as a swelling soil in the study and 

different quantities of gypsum; 2.5%, 5%, 7.5% and 10% by mass were added to 

bentonite. 

 

 

Figure 6.2. Variation of LL and PI with gypsum content (Yılmaz and Civelekoglu, 2009) 
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A decrease in LL and PI of the samples were observed after addition of gypsum 

(Figure 6.2). The decrease in LL and PI was explained by the substitution of 

monovalent sodium by calcium ions that led to a considerable reduction in diffuse 

double layer thickness by the authors.  

Zeta potential of 15% SFA and 10% KFA treated samples increased (in absolute 

value) after the addition of NS and CS with 10000ppm and 40000ppm concentrations 

(Figure 5.54) which is a sign of the deterioration of the flocculated structure. 

Therefore, the consistency limits were probably affected by the pozzolanic reactions 

besides cation exchange reactions and the effect of pozzolanic reactions were more 

dominant since an overall reduction in PI was observed.  

The increase in zeta potential was less for CS added samples compared to NS added 

samples for SFA treated soil which may have a contribution to the higher decrease in 

PI of the CS added samples in contrast to NS added samples with the same 

concentration.  

Wang et al. (1963) explained the decrease in the plasticity of the lime treated soils by 

the formation of cementitious products which are occurred as a result of the pozzolanic 

reactions. The study performed by Gadouri et al. (2017) showed the beneficiary effect 

of the addition of NS (up to some level) on the shear strength of clayey soil stabilized 

with lime and natural pozzolans as a result of the early pozzolanic reactions. 

To sum up, LL of Sample A remained nearly the same after 15% SFA addition, 

however 10% KFA and 4% L treatment caused a decrease. An increase in PL of 

Sample A was observed after treatment with all types of additives. Chemical treatment 

resulted a reduction in PI of Sample A for all additives. LL and PI of the lime and fly 

ash treated samples decreased with the addition of both type of sulfates. PL of the       

4% L treated sample decreased with NS addition whereas CS addition did not alter the 

PL value considerably. PL of 15% SFA treated sample generally increased with the 

addition of NS however, it was not affected by CS addition considerably except for 
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3000ppm concentration. An increase in PL of 10% KFA treated sample was observed 

after sulfate addition. 

6.3. Effect of Additives on Shrinkage Limit (SL) 

SL of Sample A, 4% L, 15% SFA, and 10% KFA treated samples were found as 

29.5%, 42.5%, 30.1%, and 36.3% respectively. 

Considerable increase in SL had been observed for Sample A after 4% L addition, SL 

of Sample A increased by 44% with lime addition. SL of Sample A remained nearly 

the same after 15% SFA addition, however, 23% increase was obtained after 10% 

KFA treatment. 

Some basic soil-lime reactions are presented in Section 2.5.1.1.2 (Mallela et. al., 

2004). According to these reactions, calcium is one of the main factors that affect the 

pozzolanic reactions.  

Water and temperature are the other leading factors that affect pozzolanic reactions. 

Water is needed for hydration and the occurrence of pozzolanic reaction and 

temperature affects the rate of reactions. Higher temperatures (greater than 25-30°C.) 

cause an increase in the rate of reaction whereas the lower temperature results in the 

slow proceeding of reactions (Robinson and Thagesen, 2004). 

Water, temperature and CaO content are the three important factors affecting the 

reactions for chemically stabilized soils. Samples were prepared at a water content 

greater than LL and dried at 105°C. A combination of these three factors for 10% KFA 

treated samples resulted in the rapid settling of the sample which caused less volume 

change. However, considerably low CaO content of the SFA was probably not 

sufficient in increasing the rate of reactions.  

Considerable increase in SL of Sample A after lime addition also supports the 

importance of CaO content in pozzolanic reactions.  
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SL of sulfate added 4% L, 15% SFA and 10% KFA treated samples are presented in 

Table 6.10, 6.11, and 6.12 respectively with the percent increase/decrease in the 

shrinkage limit of stabilized samples after the addition of sulfate. 

 

Table 6.10. SL of sulfate added 4% L treated samples 

Sample SL (%) Increase / Decrease in SL after 
sulfate addition (%) 

4% L 42.5   
4% L + 5000ppm NS 41.6 -2.1 

4% L + 10000ppm NS 40.1 -5.6 
4% L + 40000ppm NS 37.5 -11.8 
4% L + 5000ppm CS 42.9 0.9 

4% L + 10000ppm CS 42.9 0.9 
4% L + 40000ppm CS 41.9 -1.4 

 

CS addition had not altered the shrinkage limit of 4% L treated sample. Although 

5000ppm and 10000ppm NS slightly affected the SL of 4% lime treated soil, an 

increase of sulfate concentration to 40000ppm resulted in a decrease of 12% in SL of 

lime treated soil which could be due to the probable ettringite formation. 

 

Table 6.11. SL of sulfate added 15% SFA treated samples 

Sample SL (%) Increase / Decrease in SL after 
sulfate addition (%) 

15% SFA 30.1  

15% SFA + 3000ppm NS 30.4 1.0 
15% SFA + 5000ppm NS 30.6 1.7 

15% SFA + 10000ppm NS 32.6 8.3 
15% SFA + 20000ppm NS 31.5 4.7 
15% SFA + 40000ppm NS 31.6 5.0 
15% SFA + 3000ppm CS 31.1 3.3 
15% SFA + 5000ppm CS 31.2 3.7 
15% SFA + 10000ppm CS 32.1 6.6 
15% SFA + 20000ppm CS 31.6 5.0 
15% SFA + 40000ppm CS 32.8 9.0 
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SL limit of 15% SFA treated sample slightly changed after the addition of different 

concentrations of NS and CS. Maximum variation was observed for 40000ppm CS 

added sample, this sulfate type and concentration resulted 9% increase in SL of 15% 

SFA treated sample. 

Table 6.12. SL of sulfate added 10% KFA treated samples 

Sample SL (%) Increase / Decrease in SL after 
sulfate addition (%) 

10% KFA 36.3   
10% KFA + 3000ppm NS 34.7 -4.4 
10% KFA + 5000ppm NS 35 -3.6 

10% KFA + 10000ppm NS 37.1 2.2 
10% KFA + 20000ppm NS 36.6 0.8 
10% KFA + 40000ppm NS 36.4 0.3 
10% KFA + 3000ppm CS 36.9 1.7 
10% KFA + 5000ppm CS 36.4 0.3 

10% KFA + 10000ppm CS 38.3 5.5 
10% KFA + 20000ppm CS 37.8 4.1 
10% KFA + 40000ppm CS 38.9 7.2 

 

Similar to 15% SFA ash treated sample, SL of 10% KFA treated sample slightly 

changed after the addition of different concentrations of NS and CS. Maximum 

variation was observed for 40000ppm CS added sample, this sulfate type and 

concentration resulted 7.2% increase in SL of 10% KFA treated sample. 

In conclusion, SL of Sample A remained nearly the same after 15% SFA addition, 

however considerable increase was observed after 10% KFA and 4% L treatment. SL 

of 15% SFA and 10% KFA treated sample slightly changed after the addition of 

different concentrations of NS and CS. CS addition had not altered the SL of 4% L 

treated sample. Although 5000ppm and 10000ppm NS slightly affected the SL of             

4% L treated sample, an increase of sulfate concentration to 40000ppm resulted in a 

decrease in SL. 
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6.4. Effect of Additives on Grain Size Distribution 

Hydrometer tests were performed according to ASTM D422 method but with a slight 

modification as previously described in Section 4.5.6. Silt, clay and total fine content 

of the sulfate added 4% L, 15% SFA and 10% KFA treated samples are presented in 

Table 6.13, 6.14, and 6.15 respectively. The values for Sample A are also presented 

in each table for comparison purposes. 

 

Table 6.13. Grain size distribution for Sample A, 4% L treated, and sulfate added samples 

Sample Fine Content 
(%) 

Silt Content 
(%) 

Clay Content 
(%) 

 A 99.76 34.13 65.63 
4% L 99.40 42.63 56.77 

4% L + 5000ppm NS 99.37 42.12 57.25 

4% L + 10000ppm NS 99.43 42.38 57.05 

4% L + 40000ppm NS 99.22 44.33 54.89 
4% L + 5000ppm CS 99.31 39.14 60.17 

4% L + 10000ppm CS 99.2 42.72 56.48 
4% L + 40000ppm CS 99.44 38.39 61.05 

 

The addition of lime made the same effect with class C fly ashes on the grain size 

distribution of Sample A. Decrease in clay content and increase in silt content was 

observed which resulted in the shifting of grain size distribution curve of Sample A to 

coarser side. This could be due to the flocculation of clay particles after addition of 

calcium-based stabilizer. Sulfate addition did not affect the grain size distribution of 

4% lime treated sample considerably.  

There is an anomaly in the grain size distribution curve of 40000ppm CS added sample 

compared to other concentrations (Figure 5.20). This is due to the fact that 40000ppm 

CS added sample hardened and expand. The hydrometer test photo for 40000ppm CS 

added 4% lime treated is presented in Figure 6.3. 
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Figure 6.3. Hydrometer view of 40000ppm CS added 4% L treated sample 

 

Table 6.14. Grain size distribution for Sample A, 15% SFA treated and sulfate added samples 

Sample Fine Content 
(%) 

Silt Content 
(%) 

Clay Content 
(%) 

 A 99.76 34.13 65.63 
15% SFA 97.28 48.70 48.58 

15% SFA + 3000ppm NS 96.07 47.42 48.65 

15% SFA + 5000ppm NS 95.94 48.62 47.32 

15% SFA + 10000ppm NS 95.68 45.98 49.70 

15% SFA + 20000ppm NS 95.87 48.46 47.41 

15% SFA + 40000ppm NS 96.06 45.76 50.3 

15% SFA + 3000ppm CS 96.01 44.95 51.06 

15% SFA + 5000ppm CS 96.24 46.34 49.9 

15% SFA + 10000ppm CS 95.97 46.32 49.65 

15% SFA + 20000ppm CS 96.30 43.8 52.50 

15% SFA + 40000ppm CS 96.46 43.88 52.58 
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The grain size distribution of Sample A shifted to the coarser side after addition of 

15% SFA. This is an expected result since fly ashes mostly consist of silt size particles. 

The addition of calcium-based stabilizers causes flocculation of the clay particles. This 

could be the secondary effect in decreasing clay content and increasing the silt content 

of Sample A after fly ash addition. The addition of different concentrations of NS and 

CS did not affect the grain size distribution of 15% SFA treated sample considerably, 

only slight fluctuations observed in silt and clay content.  

 

Table 6.15. Grain size distribution for Sample A, 10% KFA treated and sulfate added samples 

Sample Fine Content 
(%) 

Silt Content 
(%) 

Clay Content 
(%) 

 A 99.76 34.13 65.63 
10% KFA 98.24 39.94 58.30 

10% KFA + 3000ppm NS 97.17 42.33 54.84 

10% KFA + 5000ppm NS 97.21 46.59 50.62 

10% KFA + 10000ppm NS 98.26 42.70 55.56 

10% KFA + 20000ppm NS 97.64 43.84 53.8 

10% KFA + 40000ppm NS 97.37 36.34 61.03 

10% KFA + 3000ppm CS 98.3 40.93 57.37 

10% KFA + 5000ppm CS 97.57 42.03 55.54 

10% KFA + 10000ppm CS 97.07 39.56 57.51 

10% KFA + 20000ppm CS 97.05 37.70 59.35 

10% KFA + 40000ppm CS 97.24 39.35 57.89 

 

The grain size distribution of Sample A shifted to the coarser side after addition of 

10% KFA similar to 15% SFA treated sample. Although total fine content did not alter 

much, a slight fluctuation in silt and clay content of the sample was observed after 

sulfate addition. However, the changes are ignorable. An anomaly was observed in the 

grain size distribution curve of 40000ppm CS added sample compared to other 

concentrations similar to 40000ppm CS added 4% L treated sample (Figure 5.24). 
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In conclusion, the grain size distribution of Sample A shifted to the coarser side after 

addition of 15% SFA, 10% KFA and 4% L. The addition of different concentrations 

of NS and CS did not affect the grain size distribution of fly ash and lime treated 

samples considerably, only slight fluctuations observed in silt and clay content. 

Anomalies were observed at the grain size distribution curves of 40000ppm CS added 

10% KFA and 4% L treated samples. This was thought to be due to the low solubility 

of gypsum 2.5 g/L. Although water used in compaction procedure of specimens 

(24.5%) is not enough for all CS to dissolve, high amount of water used in hydrometer 

analyses allowed to dissolve all CS and caused ettringite related reactions. 

6.5. Effect of Additives on Swell Percentage 

6.5.1. Effect of Additives on Swell Percentage of Specimen A 

The effect of addition of different concentrations of two different fly ashes (5%, 10%, 

15%, and 20%) and lime (2%, 3%, 4%, and 5%) was investigated during the study. 

The swell potential of the specimens with different type and concentration of additives 

are presented in Table 6.16 with the percent variation in swell potential of specimen 

A. The additives are non-plastic materials, therefore some of the reduction in swell 

potential was due to the replacement of swelling soil with non-swelling material. This 

reduction was calculated by the percent mass of the additive in the total mixture as a 

rough estimation. The remaining swell decrease considered to be due to the chemical 

reactions. The share of each effect on total decrease was also presented in Table 6.16.   
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Table 6.16. Swell percent for fly ash and lime treated expansive soil 

Specimen Swell Percent, 
ΔH/H (%) 

Increase / Decrease in Swell Potential after fly ash 
and lime addition (%) 

total 
due to replacement 

of non-swelling 
material 

due to chemical 
reactions 

A 112.9  -  - -  
2% L 38.5 -65.9 -2.0 -63.9 
3% L 24.8 -78.0 -2.9 -75.1 
4% L 25.5 -77.4 -3.8 -73.6 
5% L 26.2 -76.8 -4.8 -72.0 

5% SFA 55.3 -51.0 -4.8 -46.2 
10% SFA 36.3 -67.8 -9.1 -58.7 
15% SFA 31.2 -72.4 -13.0 -59.4 
20% SFA 28.0 -75.2 -16.7 -58.5 
5% KFA 24.5 -78.3 -4.8 -73.5 

10% KFA 26.5 -76.5 -9.1 -67.4 
15% KFA 33.2 -70.6 -13.0 -57.6 
20% KFA 34.5 -69.4 -16.7 -52.7 

 

The swell potential of Specimen A decreased with lime addition. 2% L decreased 

swell potential by 65.9%, increasing the lime content to 3% caused further reduction 

in swell percent. Swell percent of 3%, 4% and 5% L treated samples were very close 

to each other, this could be due to the carbonation reactions. Although 3% L was the 

optimum lime content, 4% L was chosen as optimum lime content to make the CaO 

content higher and to be able to see the ettringite effect better.  

Addition of SFA to the Specimen A decreased the swell potential considerably, the 

decrease of swell potential increased with the increase in fly ash content. However, 

further increase of fly ash content from 10% did not affect the swell potential when 

the net decreases that are considered to occur due to chemical reactions, are taken into 

account. 10%, 15% and 20% fly ash content made nearly the same effect in terms of 

net decreases. Therefore, it can be stated that optimum fly ash content for SFA is 10%. 
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The calcium content of the additive is an important factor for sulfate bearing soils, 

therefore 15% was chosen as optimum SFA content for this study with the aim of 

increasing calcium content in the mixture. 

Similar effect with SFA was observed after the addition of KFA to the Specimen A. 

Swell potential considerably decreased with the addition of fly ash. Maximum 

reduction was observed for 5% fly ash content and a further increase in fly ash amount 

increased the swell potential. This could be the result of the high SO3 content of the 

KFA. In terms of the total decrease in swell potential 5% and 10% fly ash addition 

nearly made the same effect although a slight increase was observed when the 

concentration increased from 5% to 10%.  As in SFA, to make the calcium content in 

the mixture high, 10% fly ash was chosen as the optimum value. 

Although all additives resulted in a decrease in the swell potential of expansive soil, 

it can be stated that the beneficiary effect of KFA and lime was higher than that of 

SFA according to the percent decreases in swell potential for 5% concentrations. It 

was due to the relatively low calcium content of SFA compared to other additives 

since both short term and long-term chemical reactions are dependent on the calcium 

content. As the calcium content of lime (83.7%) is higher than KFA (29.5%), it was 

expected that lime would result in more decrease in swell potential than the KFA for 

the same concentration. However, the results were not as expected, their effects were 

nearly same, addition of 5% L and 5% KFA caused 76.8% and 78.3% decrease in 

swell potential of Specimen A. This was probably due to the carbonation reactions 

that occur when the excessive amount of calcium exists at the environment as 

previously discussed for 5% L and self- pozzolanic properties of class C fly ashes.    

6.5.2. Effect of Sulfate on Swell Potential of Chemically Treated Soils 

Primary tests were performed on 5000ppm, 10000ppm and 40000ppm NS and CS 

added 4% L treated specimens to see the effect of sulfate on swelling soil treated with 

calcium-based stabilizers. Then main tests were performed on NS and CS added            

15% SFA and 10% KFA treated specimens. 3000ppm, 5000ppm, 10000ppm, 
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20000ppm and 40000ppm sulfate concentrations were used. Since temperature is one 

of the main factors affecting the ettringite formations, tests were performed at a 

constant temperature of 25°C.  

Test results are tabulated in Table 6.17, 6.18 and 6.19 with the percent 

decrease/increases in the swell percentage of chemically treated specimens after the 

addition of different sulfate concentrations for 4% L, 15% SFA and 10% KFA treated 

specimens respectively. 

Table 6.17. Swell percent for sulfate added 4% L treated specimens 

Specimen Swell Percent, ΔH/H (%) 
Decrease / Increase in Swell 

Potential after sulfate 
addition (%) 

4% L 25.5   
4% L + 5000ppm NS 26.4 3.5 

4% L + 10000ppm NS 29.8 16.9 
4% L + 40000ppm NS 27.9 9.4 
4% L + 5000ppm CS 28.1 10.2 

4% L + 10000ppm CS 31.8 24.7 
4% L + 40000ppm CS 29.5 15.7 

 

Swell percentage of 4% L treated specimen generally increased after addition of 

different concentrations of sulfate except for 5000ppm NS concentration, for this 

concentration it remained nearly same only a 3.5% increase had been observed. 

Addition of 10000ppm and 40000ppm NS resulted in 16.9 and 9.4% increase in swell 

potential respectively. 

The addition of CS affected swell potential more than that of NS. 10.2%, 24.7%, and 

15.7% increase in the swell potential of 4% lime treated specimen had been observed 

after the addition of 5000ppm, 10000ppm and 40000ppm sulfate concentrations.  

For both sulfate type, 10000ppm sulfate concentration affected the swell potential 

more considerably. 
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Table 6.18. Swell percent for sulfate added 15% SFA treated specimens 

Specimen Swell Percent, 
ΔH/H (%) 

Decrease in Swell Potential after 
sulfate addition (%) 

15% SFA 31.2   

15% SFA + 3000ppm NS 30.6 -1.9 

15% SFA + 5000ppm NS 28.8 -7.7 

15% SFA + 10000ppm NS 25.6 -17.9 

15% SFA + 20000ppm NS 25.1 -19.6 

15% SFA + 40000ppm NS 17.7 -43.3 

15% SFA + 3000ppm CS 27.0 -13.5 

15% SFA + 5000ppm CS 23.3 -25.3 

15% SFA + 10000ppm CS 24.1 -22.8 

15% SFA + 20000ppm CS 22.5 -27.9 

15% SFA + 40000ppm CS 20.4 -34.6 
 

Swell potential of 15% SFA treated specimen decreased with the addition of both 

types of sulfate except for 3000ppm NS. The swelling potential of the specimen nearly 

remained same for this concentration of NS however, further increase in sulfate 

concentration resulted a decrease in swell potential. 5000ppm NS caused 7.7% 

reduction and a decrease in the swell potential increased with the increase in NS 

concentration. 

5000ppm, 10000ppm and 20000ppm CS addition made nearly the same effect, 

however, increase of sulfate concentration to 40000ppm further decreased the swell 

potential.  

The beneficiary effect of sulfate addition in decreasing the swell potential was higher 

for CS than that of NS up to 20000ppm sulfate concentration. When the sulfate 

concentration was increased to 40000ppm, the maximum reduction was observed for 

NS added specimen. Swell percent of 15% SFA treated specimen decreased by 43.3% 

and 34.6% with the addition of 40000ppm NS and CS respectively. 
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Table 6.19. Swell percent for sulfate added 10% KFA treated specimens 

Specimen Swell Percent, ΔH/H (%) 
Decrease/ Increase in Swell 

Potential after sulfate 
addition (%) 

10% KFA 26.5   
10% KFA + 3000ppm NS 28.5 7.5 
10% KFA + 5000ppm NS 27.5 3.8 

10% KFA + 10000ppm NS 29.4 10.9 
10% KFA + 20000ppm NS 28.9 9.1 
10% KFA + 40000ppm NS 24.6 -7.2 
10% KFA + 3000ppm CS 27.8 4.9 
10% KFA + 5000ppm CS 25.7 -3.0 
10% KFA + 10000ppm CS 27.3 3.0 
10% KFA + 20000ppm CS 25.8 -2.6 
10% KFA + 40000ppm CS 26.4 -0.4 

 

The swell potential of 10% KFA treated specimen slightly increased up to 20000ppm 

sulfate concentration with the addition of NS. 3000ppm, 5000ppm, 10000ppm and 

20000ppm caused 7.5%, 3.8%, 10.9% and 9.1% increase in swell potential 

respectively however 40000ppm sulfate addition caused 7.2% reduction in swell 

potential of fly ash treated specimen.  

The swell potential of the specimen remained nearly the same or slightly change with 

the addition of CS.  The swell potential of 10% KFA changed by 2.6-4.9% with the 

addition of 3000ppm to 20000ppm concentrations and remained the same for 

40000ppm concentration of CS. 

Sulfate addition affected the fly ash and lime treated specimens differently. Although 

a general increase was observed in the swell potential of 4% L treated specimen, the 

swell potential of 15% SFA treated specimen decreased considerably with the addition 

of both types of sulfates. Swell potential of 10% KFA treated specimen was not 

affected much from the sulfate addition especially for CS. The variation in the effect 

of sulfate was probably due to the CaO content of the additives, as ettringite formation 

highly depends on calcium exists in the environment. The rate and amount of ettringite 
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formation generally increase with the increase in calcium content. Also, the high 

sulfate content of KFA had probably adverse effect on swell properties. 

40000ppm CS and NS added fly ash treated specimens that were exposed to 100 days 

testing period showed that any significant change had not been observed in swell 

potential in long term (Figure 5.32). 

6.5.3. Swell Tests at 10°C and 40°C 

Swelling tests were also performed at 10°C and 40°C to see the effect of temperature 

on swell properties. 5000ppm, 10000ppm and 40000ppm sulfate concentrations were 

chosen as the representative concentrations and tests were performed on these 

specimens. 

Test results are tabulated in Table 6.20 and 6.21 for 15% SFA and 10% KFA treated 

specimens respectively with the percent decrease/increases in the swell percentage of 

fly ash treated specimen and sulfate added fly ash treated specimens at 10°C and 40°C 

compared to 25°C. 
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Table 6.20. Swell percent for sulfate added 15% SFA treated specimens at 10°C, 25°C and 40°C 

Specimen Temperature Swell Percent, 
ΔH/H (%) 

Percent Increase / 
Decrease in swell 

percent with respect to 
25°C 

15% SFA 
10°C 36.3 16.3 
25°C 31.2   
40°C 30.2 -3.2 

15% SFA + 5000ppm NS 
10°C 31.9 10.8 

25°C 28.8   
40°C 28.7 -0.3 

15% SFA + 10000ppm NS 

10°C 28.4 10.9 

25°C 25.6   

40°C 28.4 10.9 

15% SFA + 40000ppm NS 
10°C 24 35.6 
25°C 17.7   
40°C 19.8 11.9 

15% SFA + 5000ppm CS 
10°C 27.6 18.5 
25°C 23.3   
40°C 23.8 2.1 

15% SFA + 10000ppm CS 

10°C 25.7 6.6 

25°C 24.1   

40°C 23.1 -4.1 

15% SFA + 40000ppm CS 

10°C 22.5 10.3 
25°C 20.4   

40°C 22.5 10.3 

 

Swell potential of 15% SFA treated specimen and the sulfate added specimens 

increased with the decrease of temperature from 25°C to 10°C. 16.3% increase was 

observed for 15% SFA treated specimen. The highest increase (35.6%) had been 

observed for 40000ppm NS added specimen within the sulfate added specimens that 

provided the maximum beneficiary effect in reducing the swell potential of fly ash 

treated specimen at 25°C. Decreasing the temperature made nearly the same effect in 

remaining sulfate added specimens, an average increase of approximately 10% had 

been observed in the swell potential of the aforementioned specimens. 
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Swell potential of 15% SFA treated specimen changed slightly with the increase of 

temperature from 25°C to 40°C. 3.2% decrease in swell potential had been observed 

for this specimen which was ignorable. The increase of temperature from 25°C to 

40°C also caused a slight fluctuation (0.3-4.1%) in swell potential of 5000ppm NS, 

5000ppm CS and 10000ppm CS added specimens. Rise in temperature also caused an 

approximately 10% increase in the swell potential of 10000ppm NS, 40000ppm NS 

and 40000ppm CS added specimens. It could be stated that the increase of temperature 

from 25°C to 40°C did not cause a dramatic change in the swell potential of the 

specimens, only a slight increase/decrease had been observed. These could be the 

result of the fact that 25°C is sufficient for most of the chemical reactions to occur and 

further increase of temperature does not affect the result much also small increases 

(10%) in swell potential of 10000ppm NS, 40000ppm NS, and 40000ppm CS could 

be a sign of ettringite formation.   

Cation exchange, flocculation, pozzolanic reactions, and carbonation are the leading 

mechanisms that result improvement of engineering properties of soils when clayey 

soils are mixed with lime in an aqueous medium (Little, 1995; West and Carder, 1997; 

Al-Rawas, 2005). One of the main factors affecting the rate of reactions is 

temperature. The rate of reactions increases with the rise in temperature (Robinson 

and Thagesen, 2004).  

The study on the effect of curing time and temperature on the qu of lime and fly ash 

treated soil that was performed by Beeghly (2003) showed the importance of 

temperature on the rate of chemical reactions. The results of the study were 

summarized in Table 6.21.  
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Table 6.21. Change in qu according to curing conditions (Beeghly, 2003) 

Specimen 
Curing Conditions qu 

(kPa) Time Temperature 

4% L 

+ 

8% FA 

3 day 50°C 1517 

7 day 40°C 1241 

28 day 22°C 1172 

56 day 22°C 1379 

 

Both rise in curing time and temperature caused an increase in the strength. Soil that 

had no sulfate concentration was used during the study of Beeghly (2003). 

Temperature is also the major cause of swelling in kaolinite or montmorillonite 

mixtures under sulfate environments, and the rate of ettringite formation and swelling 

would be greater during summer (Rajasekaran, 2005). 

Therefore, the increase in swell potential at 10°C could be explained by the decrease 

in the rate of beneficial chemical reactions at lower temperatures that results in higher 

swelling percentages. 
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Table 6.22. Swell percent for sulfate added 10% KFA treated specimens at 10°C, 25°C and 40°C 

Specimen Temperature Swell Percent, 
ΔH/H (%) 

Percent Increase / Decrease 
in swell percent with respect 

to 25°C 

10% KFA 
10°C 29.6 11.7 

25°C 26.5   
40°C 28.5 7.5 

10% KFA + 5000ppm NS 

10°C 31.7 15.3 

25°C 27.5   

40°C 27.2 -1.1 

10% KFA + 10000ppm NS 

10°C 33.7 14.6 
25°C 29.4   

40°C 27.8 -5.8 

10% KFA + 40000ppm NS 
10°C 29.6 20.3 
25°C 24.6   
40°C 26.6 8.1 

10% KFA + 5000ppm CS 
10°C 29.3 14.0 
25°C 25.7   
40°C 28.7 11.7 

10% KFA + 10000ppm CS 

10°C 29.2 7.0 
25°C 27.3   

40°C 26.1 -4.4 

10% KFA + 40000ppm CS 
10°C 27.7 4.9 
25°C 26.4   
40°C 24.7 -6.4 

 

A similar trend with 15% SFA treated specimens had been observed with 10% KFA 

treated specimens. Swell potential of specimen increased with the decrease of 

temperature from 25°C to 10°C. 11.7% increase in swell potential was observed for 

10% KFA treated specimen. The swell potential of NS added specimens were affected 

more than the CS added ones from the temperature decrease. Swell potential of 

5000ppm, 10000ppm and 40000ppm NS added specimens increased by 15.3%, 14.6% 

and 20.3% respectively. However, swell potential of 5000ppm, 10000ppm and 

40000ppm CS added specimens increased by 14.0%, 7.0% and 4.9% respectively. 
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Swell potential of 10% KFA treated specimen increased by 7.5% with the increase of 

temperature from 25°C to 40°C. This could be due to the high sulfate content of this 

fly ash. A slight decrease in swell potential had been observed for 5000ppm NS, 

10000ppm NS, 10000ppm CS, and 40000ppm CS added specimens. Swell percentage 

of these specimen decreased by 1.1% - 6.4% with temperature increase. However, the 

swell potential of 40000ppm NS and 5000ppm CS added specimens increased by 8.1% 

and 11.7% respectively. 

All specimens affected more from the temperature decrease than the increase. 

6.5.4. Swell Tests for 7 days and 28 days Cured Specimens 

Swelling tests were also performed at 7 days and 28 days cured specimens to see the 

effect of curing. The curing temperature was chosen as 25°C. 5000ppm, 10000ppm 

and 40000ppm sulfate concentrations were chosen as the representative 

concentrations and tests were performed on these specimens. 

Test results are tabulated in Table 6.23 and 6.24 for 15% SFA and 10% KFA treated 

specimens respectively with the percent decrease/increases in the swell percentage of 

fly ash treated specimen and sulfate added fly ash treated specimens after curing. 

Percent decrease/increases in swell percentage are also tabulated for the increase of 

curing period from 7 days to 28 days. 
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Table 6.23. Swell percent for sulfate added 15% SFA treated specimens cured at 25°C for 7 and 28 

days 

Specimen Curing 
Period 

Swell Percent, 
ΔH/H (%) 

Percent 
Increase / 

Decrease in 
Swell Percent  
after curing 

(%) 

Percent Increase / 
Decrease in Swell 

Percent  after 
increase in curing 
period from 7 days 

to 28 days (%) 

15% SFA 

0 31.2     
7 28.7 -8.0   

28 26.4 -15.4 -8.0 

15% SFA + 5000ppm NS 

0 28.8     
7 25.3 -12.2   

28 27.5 -4.5 8.7 

15% SFA + 10000ppm NS 
0 25.6     
7 21.2 -17.2   

28 21.5 -16.0 1.4 

15% SFA + 40000ppm NS 
0 17.7     
7 19.3 9.0   

28 19.7 11.3 2.1 

15% SFA + 5000ppm CS 

0 23.3     
7 22.8 -2.1   

28 22.8 -2.1 0.0 

15% SFA + 10000ppm CS 

0 24.1     
7 20.4 -15.4   

28 21.4 -11.2 4.9 

15% SFA + 40000ppm CS 

0 20.4     
7 19.6 -3.9   

28 20.2 -1.0 3.1 

 

As can be seen in Table 6.23, the swell potential of the 15% SFA treated specimen 

decreased by 8% after curing 7 days at 25⁰C. The increase of curing time from 7 days 

to 28 days resulted in a further decrease in swell potential. Swell potential of 15% SFA 

treated specimen decreased by 15.4% after 28 days curing period. 

Swell potential of sulfate added specimens except for 5000ppm CS, 40000ppm CS 

and 40000ppm NS added specimens decreased after curing 7 days at 25⁰C. However, 
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swell potential of 40000ppm NS added specimen increased by 9% after 7 days curing 

period and that of 5000ppm CS and 40000ppm CS specimens nearly remained the 

same.  

A similar trend was observed for 28 days curing period for all sulfate added specimens 

with the 7 days one. Increase of curing period from 7 days to 28 days did not affect 

the swell potential of sulfate added specimens considerably, therefore it could be 

stated that 7 days curing period was sufficient for completion of most of the reactions 

for sulfate added specimens. 

The decrease of the swell potential with curing could be explained by the pozzolanic 

reactions which are time and temperature-dependent chemical reactions. 

The beneficiary effect of curing had been observed by many researchers such as Cokca 

(2001), Nalbantoglu and Gucbilmez (2001), Ansary et al., (2003), on reducing the 

swell potential for fly ash treated specimens. Cokca (2001) attributed the decrease in 

swelling potential due to curing to the time-dependent pozzolanic and self-hardening 

properties (formation of cementitious compounds) of fly ashes. 

An increase in the swell potential of the 40000ppm NS added specimens could be due 

to the probable ettringite formation. 
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Table 6.24. Swell percent for sulfate added 10% KFA treated specimens cured at 25°C for 7 and 28 

days 

Specimen Curing 
Period 

Swell 
Percent, 

ΔH/H (%) 

Percent Increase / 
Decrease in Swell 

Percent  after 
curing (%) 

Percent Increase / 
Decrease in Swell 
Percent  after an 
increase in curing 

period from 7 days to 
28 days (%) 

10% KFA 
0 26.5     

7 26.4 -0.4   
28 25.0 -5.7 -5.3 

10% KFA + 5000ppm NS 
0 27.5     

7 26.8 -2.5   
28 26.9 -2.2 0.4 

10% KFA + 10000ppm NS 
0 29.4     

7 26.9 -8.5   
28 26.4 -10.2 -1.9 

10% KFA + 40000ppm NS 
0 24.6     
7 21.9 -11.0   
28 23.2 -5.7 5.9 

10% KFA + 5000ppm CS 
0 25.7     
7 25.3 -1.6   
28 24.7 -3.9 -2.4 

10% KFA + 10000ppm CS 
0 27.3     

7 25.7 -5.9   
28 24.0 -12.1 -6.6 

10% KFA + 40000ppm CS 
0 26.4     

7 24.3 -8.0   
28 21.8 -17.4 -10.3 

 

Swell potential of 10% KFA treated specimen remained nearly the same after 7 days 

curing period, this could be the result of the high sulfate content of the KFA. However, 

a 5.7% reduction in swell potential had been observed for this specimen after 28 days 

curing period. 

The swell potential of all the sulfate added specimens decreased after 7 and 28 days 

curing periods however, the decrease was ignorable for 5000ppm sulfate 
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concentrations. Swell potential of 10000ppm NS added specimen remained nearly the 

same when the curing time increased from 7 days to 28 days, however, a slight 

increase in swell potential had been observed for 28 days cured 40000ppm NS added 

sample compared to 7 days curing condition.  

The swell potential of 10000ppm and 40000ppm CS added specimens decreased by 

5.9% and 8% respectively after 7 days curing period. An increase in curing time to 28 

days resulted in a further decrease in the swell potential of these specimens and the 

total decrease in swell potential reached up to 12.1% and 17.4% respectively. 

The results of the swelling tests could be summarized as presented below; 

• 4% L, 15% SFA and 10% KFA addition resulted the decrease of swelling 

potential of Sample A approximately to one fourth of its initial value. 

• Sulfate addition affected the swell potential of the fly ash and lime treated 

specimens differently. Although not dramatic, a general increase was observed 

in the swell potential of 4% L treated specimen after sulfate addition. The swell 

potential of 15% SFA treated specimen decreased considerably with the 

addition of both types of sulfates. Swell potential of 10% KFA treated 

specimen was not affected much from the sulfate addition, especially for CS.  

• The reduction of temperature from 25°C to 10°C caused an increase in the 

swell potential of fly ash treated and sulfate added fly ash treated specimens. 

The highest increase had been observed for 40000ppm NS added specimen 

within the sulfate added specimens for both 15% SFA and 10% KFA treated 

specimens. 

• The increase of temperature from 25°C to 40°C did not generally affect the 

swell potential of 15% SFA treated specimen and the specimens with low 

concentrations of sulfate (5000ppm NS, 5000ppm CS, and 10000ppm CS). 

The rise in temperature caused an approximately 10% increase in the swell 

potential of 10000ppm NS, 40000ppm NS, and 40000ppm CS added 

specimens. 
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• A slight increase in swell potential of 10% KFA treated specimen was 

observed with the increase of temperature from 25°C to 40°C. The sulfate 

added 10% KFA treated specimens were not affected much from the 

temperature increase except for 40000ppm NS and 5000ppm CS. Average 

increase of 10% was observed in the swell potential of these two specimens.  

• Swelling potential of all specimens affected more from the temperature 

decrease than the increase.  

• Curing had a beneficiary effect in reducing the swell potential of 15% SFA 

treated specimen. The swell potential of sulfate added specimens remained 

nearly the same or slightly decreased after 7 days curing period except for 

40000ppm NS. A slight increase in swell percent was observed for this 

concentration of NS. Although the rise in curing period affected the 15% SFA 

treated specimen positively, sulfate added specimens were not generally 

affected by the increase in the curing period. 

• Swell potential of 10% KFA treated specimen was not affected considerably 

from the curing, however swell potential of sulfate added specimens generally 

decreased after 7 days curing period. An increase in curing period did not 

affect the sulfate added specimens except for 10000ppm and 40000ppm CS. 

Further reduction in swell potential was provided for these two specimens with 

the rise of the curing period from 7 days to 28 days. 

6.6.  Effect of Additives on Strength 

6.6.1. Effect of Additives on Strength of Specimen A 

The effect of addition of 4% L, 15% SFA and 10% KFA were investigated during the 

study. The qu of the specimens with different types and concentrations of additives are 

presented in Table 6.25 with the percent variation in qu of specimen A. 
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Table 6.25. qu  for Specimen A, fly ash and lime treated soils 

Specimen qu (kPa) Increase / Decrease in qu after fly ash 
and lime addition  (%) 

A 595.3   
4% L 914.6 53.6 

15% SFA 595.9 0.1 
10% KFA 762.4 28.1 

 

qu of Specimen A remained nearly the same after 15% SFA treatment. However, 

addition of 10% KFA and 4% L resulted 28.1% and 53.6% increase in qu of Specimen 

A. Lime resulted the maximum increase in qu with it’s highest CaO content and SFA 

that had considerably low calcium content did not affect the qu of the specimen A since 

the chemical reactions causing the strength increase in soils that are treated with 

calcium-based stabilizers are directly related to the calcium content. Besides chemical 

reactions, the sample preparation method has also effect on qu of the specimens. 

Therefore, to be able to see the effect, two methodologies were used in soil + water 

mixing. The first method was named as Sieved and in this method, all the samples 

were sieved through #30 and #16 sieves. This was the selected procedure used during 

the study. The second method was called as Non-Sieved, in this method materials were 

mixed with water, and the mixture was slightly crushed but not sieved, it was only 

mixed thoroughly. In both methods, samples were waited at least one hour at the 

desiccator after mixing with water before compaction. Dry sample preparation and 

compaction procedures were the same for both methods. The tests were performed on 

Specimen A, 15% SFA and 10% KFA treated specimens. 

The photos of Specimen A and 10% KFA treated specimens prepared by Sieved and 

Non-Sieved Method are presented in Figure 6.4  
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Figure 6.4. Photos of specimens a- Specimen A (sieved), b- Specimen A (non-sieved), c- 10% KFA 
treated soil (sieved), d-10% KFA treated soil (non-sieved) 

 

As can be seen from the figure, non-sieved specimens showed a more heterogeneous 

structure. The darker parts of the specimens were due to the higher water content of 

the particles at these parts.  

Results of the qu tests were presented in Figure 6.5, 6.6 and 6.7 for Specimen A, 15% 

SFA and 10% KFA ash treated specimens accordingly. 

 

a b 

c d 
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Figure 6.5. qu test results for Specimen A 

 

 

Figure 6.6. qu test results for 15% SFA treated specimen 
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Figure 6.7. qu test results for 10% KFA treated specimen 

 

Results of the qu tests for the specimens prepared by two different methods are 

summarized in Table 6.26. 

 

Table 6.26. qu for sieved and non-sieved specimens 

Specimen 
Average qu (kPa) 

Sieved Non-Sieved 

A 595.3 633.0 

15% SFA 595.9 746.5 

10% KFA 762.4 846.4 
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Specimens that were prepared by non-sieved method had higher strengths than sieved 

ones. This could be results of the fact that in the sieved method, the mixture was 

crushed and sieved through #30 sieve and this could affect the flocculation of the 

particles and could cause a more dispersed structure for fly ash treated specimens. 

Chemical stabilization consists of pulverization of soil, spreading additive, water 

addition, mixing and compaction steps (National Lime Association, 2004). The soil-

additive mixture is not sieved at field application, however sieved method was chosen 

in this study to be able to obtain more homogenous specimens. 

6.6.2. Effect of Sulfate on Strength of Chemically Treated Soils 

Primary tests were performed on 5000ppm, 10000ppm and 40000ppm NS and CS 

added 4% L treated specimens to see the effect of sulfate on soil treated with calcium-

based stabilizers. Then main tests were performed on NS and CS added 15% SFA and 

10% KFA treated specimens. 3000ppm, 5000ppm, 10000ppm, 20000ppm and 

40000ppm sulfate concentrations were used. Since temperature is one of the main 

factors affecting the ettringite formations, specimen preparations and tests were 

performed at a constant temperature of approximately 25°C.  

Test results are tabulated in Table 6.27, 6.28 and 6.29 with the percent 

decrease/increases in qu of chemically treated specimens after the addition of different 

sulfate concentrations for 4% L, 15% SFA and 10% KFA treated specimens 

respectively. 
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Table 6.27. qu for sulfate added 4% L treated specimens 

Specimen qu (kPa) Increase / Decrease in qu 
after sulfate addition (%) 

4% L 914.6   
4% L + 5000ppm NS 999.1 9.2 
4% L + 10000ppm NS 931.6 1.9 
4% L + 40000ppm NS 661.9 -27.6 
4% L + 5000ppm CS 951.3 4.0 

4% L + 10000ppm CS 1014.1 10.9 
4% L + 40000ppm CS 1021.1 11.6 

 

Strength values of 4% L treated specimen generally slightly increased or remained 

nearly the same after addition of both types of sulfates at different concentrations 

except for 40000ppm NS. 27.6% decrease in qu observed for this sulfate concentration 

which was thought to be a probable cause of ettringite formation. 10000ppm NS and 

5000ppm CS did not affect the strength values considerably and addition of 5000ppm 

NS, 10000ppm CS and 40000ppm CS resulted an average increase of 10% in qu of           

4% L treated soil. 

 

Table 6.28. qu for sulfate added 15% SFA treated specimens 

Specimen qu (kPa) Increase / Decrease in qu after 
sulfate addition (%) 

15% SFA 595.9   
15% SFA + 3000ppm NS 613 2.9 
15% SFA + 5000ppm NS 582 -2.3 

15% SFA + 10000ppm NS 551.7 -7.4 
15% SFA + 20000ppm NS 539.1 -9.5 
15% SFA + 40000ppm NS 456.1 -23.5 
15% SFA + 3000ppm CS 646 8.4 
15% SFA + 5000ppm CS 671.5 12.7 

15% SFA + 10000ppm CS 605.9 1.7 
15% SFA + 20000ppm CS 606.4 1.8 
15% SFA + 40000ppm CS 578 -3.0 
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qu of 15% SFA treated specimen remained nearly the same after addition of 3000ppm 

and 5000ppm NS. However further increase in sulfate content resulted in a decrease 

in qu values. The reduction increased with the increase in sulfate content, qu values of 

15% SFA treated specimen decreased by 7.4%, 9.5% and 23.5% respectively with the 

addition of 10000ppm, 20000ppm and 40000ppm NS respectively.  

Although the addition of 3000ppm and 5000ppm CS slightly increased (8.4% and 

12.7%) the qu of 15% SFA treated specimen, it remained nearly the same for 

10000ppm, 20000ppm and 40000ppm sulfate concentrations. Therefore, it could be 

stated that qu of 15% SFA treated specimen did not alter much with the addition of CS 

generally. 

 

Table 6.29. qu for sulfate added 10% KFA treated specimens 

Specimen qu (kPa) 
Decrease/ Increase in Swell 

Potential after sulfate addition 
(%) 

10% KFA 762.4   
10% KFA + 3000ppm NS 703.8 -7.7 
10% KFA + 5000ppm NS 705.4 -7.5 

10% KFA + 10000ppm NS 683.9 -10.3 
10% KFA + 20000ppm NS 658.4 -13.6 
10% KFA + 40000ppm NS 583.9 -23.4 
10% KFA + 3000ppm CS 775.4 1.7 
10% KFA + 5000ppm CS 759.8 -0.3 

10% KFA + 10000ppm CS 744.9 -2.3 
10% KFA + 20000ppm CS 776.2 1.8 
10% KFA + 40000ppm CS 733.4 -3.8 

 

A similar trend with 15% SFA treated specimen had been observed for 10% KFA 

treated specimen after sulfate addition. qu values decreased with the addition of NS. 

An increase in sulfate content affected the strength values negatively and the qu values 

generally decreased further with the increase in sulfate content.  The qu values of the 

specimen decreased by 7.7%, 7.5%, 10.3%, 13.6% and 23.4% after addition of 
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3000ppm, 5000ppm, 10000ppm, 20000ppm and 40000ppm NS respectively. 

However, CS addition did not affect the strength of the specimen considerably. 

Variation was only between 0.3-3.8% after addition of 3000ppm to 40000ppm sulfate 

concentration.  Therefore, it could be stated that qu of 10% KFA treated specimen was 

not generally affected much from the addition of CS. 

6.6.3. Effect of Curing Time and Temperature on Strength of Sulfate Added Fly 

Ash Treated Specimens 

qu tests were also performed on 7 days and 28 days cured specimens. The specimens 

were cured at 10°C, 25°C and 40°C to see the effect of temperature besides curing 

period on strength. 5000ppm, 10000ppm and 40000ppm sulfate concentrations were 

chosen as the representative concentrations and tests were performed on these 

specimens. 

6.6.3.1. Sulfate Added 15% SFA Treated Specimens 

UCS test results for NS and CS added 15% SFA treated specimens after curing at 

10°C, 25°C and 40°C for 7 days and 28 days are presented in Table 6.30 and 6.31. 

Test results are presented with the uncured condition to see the effect of curing. 

Percent decrease/increases in strength values are also presented in the table which is 

calculated based on 3 different reference points namely; 

1. qu of each uncured specimen is taken as reference point 

2. qu of 15% SFA treated specimen is taken as reference point 

3. qu of 15% SFA treated specimen cured 7 or 28 days at 10°C, 25°C and 40°C 

are taken as reference for the sulfate added specimens that are cured at the 

same temperature. 
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Table 6.30. Average qu for sulfate added 15% SFA treated specimens after 7days curing                          

at 10, 25 and 40°C 

Specimen 
Curing 
Period 
(days) 

Temperature qu, 
(kPa) 

% Increase / 
Decrease in qu 

after curing for 
each specimen 

% Increase / 
Decrease in qu of 

15% SFA 
treated specimen 

% Increase / Decrease 
in qu of 7 days cured 

15% SFA treated 
specimens after sulfate 

addition in different 
temperatures 

15% SFA 

0 25°C 595.9    

7 

10°C 640.1 7.4 7.4  

25°C 711.2 19.3 19.3  

40°C 773.4 29.8 29.8  

15% SFA + 
5000ppm 

NS 

0 25°C 582  -2.3  

7 

10°C 622.9 7.0 4.5 -2.7 

25°C 709.7 21.9 19.1 -0.2 

40°C 831.3 42.8 39.5 7.5 

15% SFA + 
10000ppm 

NS 

0 25°C 551.7  -7.4  

7 

10°C 622.9 12.9 4.5 -2.7 

25°C 684.9 24.1 14.9 -3.7 

40°C 816.3 48.0 37.0 5.5 

15% SFA + 
40000ppm 

NS 

0 25°C 456.1  -23.5  

7 

10°C 378.2 -17.1 -36.5 -40.9 

25°C 580.6 27.3 -2.6 -18.4 

40°C 638.5 40.0 7.1 -17.4 

15% SFA + 
5000ppm 

CS 

0 25°C 575.2  -3.5  

7 

10°C 634 10.2 6.4 -1.0 

25°C 661.7 15.0 11.0 -7.0 

40°C 772.2 34.2 29.6 -0.2 

15% SFA + 
10000ppm 

CS 

0 25°C 605.9  1.7  

7 

10°C 623 2.8 4.5 -2.7 

25°C 717 18.3 20.3 0.8 

40°C 750.6 23.9 26.0 -2.9 

15% SFA + 
40000ppm 

CS 

0 25°C 578  -3.0  

7 

10°C 602.9 4.3 1.2 -5.8 

25°C 699.4 21.0 17.4 -1.7 

40°C 781.4 35.2 31.1 1.0 
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When the qu of each specimen in uncured condition is taken as reference point, 

following results are obtained; 

The qu of 15% SFA treated specimen increased with the curing for all temperatures. 

An increase in strength increased with the rise in temperature. 10°C, 25°C and 40°C 

curing temperatures resulted in 7.4%, 19.3% and 29.8% increase respectively in the 

strength of 15% SFA treated specimens. 

The qu of all sulfate added specimens except for 40000ppm NS added specimen 

increased (2.8-12.9%) after curing at 10°C. However, 17.1% reduction was observed 

in the strength of 40000ppm NS added specimen after curing 7 days at 10°C.  

qu of all sulfate added specimens increased when the curing temperature increased to 

25°C. The percent increase was higher than that of 10°C. The qu of the 5000ppm, 

10000ppm and 40000ppm NS added specimens increased by 21.9%, 24.1% and 

27.3% respectively after curing at 25°C. An increase of 15.0%, 18.3% and 21.0% in 

qu was observed for 5000ppm, 10000ppm and 40000ppm CS added specimens. The 

percent increase in qu values increased with the rise in sulfate concentrations for both 

sulfate types. 

40°C curing temperature affected the strengths of the specimens in a similar way with 

25°C, the strength values of all sulfate added specimen increased after 7 days curing 

at that temperature. The percent increases were higher than that of 25°C. The percent 

increases of NS treated specimens were very close to each other, strength values 

increased by approximately 40%. The qu values of the CS added specimens increased 

by 34.2%, 23.9% and 35.2% respectively for 5000ppm, 10000ppm and 40000ppm 

sulfate concentrations.  
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When the qu of 15% SFA treated specimen in uncured condition is taken as a reference 

point, the following results are obtained; 

The qu of 15% SFA treated specimen increased after addition of sulfate and exposed 

to curing except for 40000ppm NS added specimens and increase of curing 

temperature resulted in further increase in strength. The qu of 15% SFA treated 

specimen increased by 1.2-6.4% after the addition of sulfates and cured 7 days at 10°C. 

The increase in strength reaches to 11.0-20.3% when the curing temperature increased 

to 25°C and 22.5-39.5% for 40°C curing temperature. The beneficiary effect of 

5000ppm and 10000ppm NS was higher than CS added specimens for 40°C.  

However, a 36.5% decrease in qu was observed for the specimen after 40000ppm NS 

addition and curing at 10°C. When the curing temperature increased to 25°C, the 

decrease in qu value reduced only to 2.6% which was ignorable. Further increasing of 

curing temperature to 40°C resulted 7.1% increase in strength value. Therefore, it 

could be stated that for the temperatures around 10°C, addition of 40000ppm NS 

caused a decrease in strength values and when the temperatures increased above 25°C, 

although the strength values did not decrease, beneficiary effect of curing was lost and 

the strength values of the specimen remained nearly the same.  

When the qu of 15% SFA treated specimen cured 7 days at different temperatures are 

taken as the reference point for the sulfate added specimens cured at the same 

temperature, following results are obtained; 

The addition of sulfate did not affect the qu values of cured specimens of 15% SFA 

except for 40000ppm NS considerably. As can be seen from Table 6.30, the absolute 

variation in strength values varied between 0.2 and 7.5%.  The decrease in qu of 7 days 

cured specimens at 10, 25 and 40°C after 40000ppm NS addition was 40.9%, 18.4%, 

and 17.4% respectively.   
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Table 6.31. Average qu for sulfate added 15% SFA treated specimens after 28 days curing                          

at 10, 25 and 40°C 

Specimen 
Curing 
Period 
(days) 

Temperature qu, 
(kPa) 

% Increase / 
Decrease in qu 

after curing for 
each specimen 

% Increase / 
Decrease in 
qu of 15% 

SFA treated 
specimen 

% Increase / Decrease in 
qu of 28 days cured 15% 
SFA treated specimens 
after sulfate addition in 
different temperatures 

15% SFA 

0 25°C 595.9       

28 
10°C 655.5 10.0 10.0   
25°C 737.7 23.8 23.8   
40°C 868.5 45.7 45.7   

15% SFA + 
5000ppm 

NS 

0 25°C 582   -2.3   

28 
10°C 664 14.1 11.4 1.3 
25°C 720.1 23.7 20.8 -2.4 
40°C 813.4 39.8 36.5 -6.3 

15% SFA + 
10000ppm 

NS 

0 25°C 551.7   -7.4   

28 
10°C 718.6 30.3 20.6 9.6 
25°C 743.8 34.8 24.8 0.8 
40°C 807.3 46.3 35.5 -7.0 

15% SFA + 
40000ppm 

NS 

0 25°C 456.1   -23.5   

28 
10°C 317 -30.5 -46.8 -51.6 
25°C 616.1 35.1 3.4 -16.5 
40°C 641.3 40.6 7.6 -26.2 

15% SFA + 
5000ppm 

CS 

0 25°C 575.2   -3.5   

28 
10°C 621.7 8.1 4.3 -5.2 
25°C 720.4 25.2 20.9 -2.3 
40°C 816.4 41.9 37.0 -6.0 

15% SFA + 
10000ppm 

CS 

0 25°C 605.9   1.7   

28 
10°C 709.5 17.1 19.1 8.2 
25°C 724.1 19.5 21.5 -1.8 
40°C 840.9 38.8 41.1 -3.2 

15% SFA + 
40000ppm 

CS 

0 25°C 578   -3.0   

28 
10°C 692.4 19.8 16.2 5.6 
25°C 722.3 25.0 21.2 -2.1 
40°C 868.8 50.3 45.8 0.0 

 

When the qu of each specimen in uncured condition is taken as a reference point, the 

following results are obtained; 

The qu of 15% SFA increased after curing for 28 days. The increase in strength value 

rose with an increase in temperature. The percent increase values were 10.0%, 23.8% 

and 45.7% for 10°C, 25°C and 40°C respectively. 



 

 
 

205 
 

A similar trend with 15% SFA treated specimen was obtained for sulfate added 

specimens except for 40000ppm NS concentration cured at 10°C. The qu of the 

5000ppm and 10000ppm NS added specimen increased by 14.1% and 30.3% after 

curing 28 days at 10°C and the qu values increased by 23.7% and 34.8% for 25°C and 

39.8% and 46.3% for 40°C. 

The increase in qu for 5000ppm, 10000ppm and 40000ppm CS added specimens were 

8.1%, 17.1%, 19.8% for 10°C, 25.2%, 19.5% and 25% for 25°C and 41.9%, 38.8% 

and 50.3% for 40°C respectively.  

Curing at 10°C for 28 days resulted a 30.5% decrease in qu of 40000ppm NS added 

15% SFA treated specimen. The decrease in this specimen was due to cracks that were 

formed after the curing period. Although the qu of the specimen decreased for curing 

temperature of 10°C, a similar trend with other sulfate concentrations had been 

observed for this specimen when the curing temperature increased to 25°C and 40°C, 

the qu of this specimen increased by 35.1% and 40.6% respectively for the 

aforementioned temperatures. 

 

    

Figure 6.8. 40000ppm NS added 15% SFA treated specimen after 28 days curing at 10°C 

Cracks 
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When the qu of 15% SFA treated specimen in the uncured condition is taken as a 

reference point, the following results are obtained; 

The qu of 15% SFA treated specimen increased after addition of sulfate and exposed 

to curing except for 40000ppm NS added specimens, increase of curing temperature 

results further increase in strength.  

The qu of 15% SFA treated specimen increased by 4.3-20.6% after the addition of 

sulfates and cured 28 days at 10°C. The increase in strength reaches to 20.8-24.8% 

when the curing temperature increased to 25°C and 35.5-45.8% for 40°C curing 

temperature. 

However, a 46.8% decrease in qu is observed for the specimen after 40000ppm NS 

addition and curing at 10°C. When the curing temperature increased to 25°C, the 

decrease in qu value reduced to 3.4% which was ignorable. Further increasing of 

curing temperature to 40°C resulted 7.6% increase in strength. Therefore, similar to 7 

days curing condition, it could be stated that for the temperatures around 10°C, 

addition of 40000ppm NS caused a decrease in strength values and when the 

temperatures increased above 25°C, although the strength values did not decrease, 

beneficiary effect of curing was lost and the strength values of the specimen remained 

nearly the same.  

When the qu of 15% SFA treated specimen cured 28 days at different temperatures are 

taken as the reference point for the sulfate added specimens cured at the same 

temperature, following results are obtained; 

The addition of sulfate did not affect the qu values of cured specimens of 15% SFA 

except for 40000ppm NS considerably. As can be seen from Table 6.31, the absolute 

variation in strength values varies between 0.0 and 9.6%.  The decrease in 28 days 

cured specimen of 15% SFA at 10, 25 and 40°C after 40000ppm NS addition is 51.6%, 

16.5% and 26.2% respectively. 
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Test results for 7 days and 28 days cured specimens are presented in Table 6.32 with 

the percent decrease/increase in strength of 15% SFA treated specimen and sulfate 

added fly ash treated specimens with the rise of curing period from 7 days to 28 days. 

 

Table 6.32. Average qu for sulfate added 15% SFA treated specimens after 7 and 28 days curing                          

at 10, 25 and 40°C 

Specimen Temperature 
qu, (kPa) Percent Increase / 

Decrease in qu after 
increase in curing 

period (%) 
7 days 
curing 

28 days 
curing 

15% SFA 
10°C 640.1 655.5 2.4 
25°C 711.2 737.7 3.7 
40°C 773.4 868.5 12.3 

15% SFA + 5000ppm 
NS 

10°C 622.9 664 6.6 
25°C 709.7 720.1 1.5 
40°C 831.3 813.4 -2.2 

15% SFA + 10000ppm 
NS 

10°C 622.9 718.6 15.4 
25°C 684.9 743.8 8.6 
40°C 816.3 807.3 -1.1 

15% SFA + 40000ppm 
NS 

10°C 378.2 317 -16.2 
25°C 580.6 616.1 6.1 
40°C 638.5 641.3 0.4 

15% SFA + 5000ppm 
CS 

10°C 634 621.7 -1.9 
25°C 661.7 720.4 8.9 
40°C 772.2 816.4 5.7 

15% SFA + 10000ppm 
CS 

10°C 623 709.5 13.9 
25°C 717 724.1 1.0 
40°C 750.6 840.9 12.0 

15% SFA + 40000ppm 
CS 

10°C 602.9 692.4 14.8 
25°C 699.4 722.3 3.3 
40°C 781.4 868.8 11.2 

 

For 15% SFA treated specimen the increase of curing time from 7 days to 28 days, did 

not affect the strength values considerably for 10°C and 25°C, the variation was 2.4% 

and 3.7%. However, when the curing temperature increased to 40°C, the obtained qu 

values were 12.3% higher for 28 days cured specimen that of 7 days cured one. 
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The qu value of 40000ppm NS added specimen cured 28 days at 10°C decreased by 

16.2% compared to the 7 days cured one, however for 25°C the strength value 

increased by 6.1% when the curing time increased from 7 days to 28 days and the 

strength values were nearly same for 7 days and 28 days cured specimens at 40°C. 

The further decrease of the strength value for the specimen cured at 10°C with the rise 

in curing time was the result of the increase in the deterioration of the structure due to 

chemical reactions.  

For 5000ppm and 10000ppm NS added specimens, a similar trend with 40000ppm 

concentration was observed for curing temperatures of 25°C and 40°C, strength values 

remained nearly the same or slightly increased when the curing time increased from 7 

days to 28 days. These could be the result of the fact that most of the pozzolanic 

reactions are completed within 7 days. Also, for 10°C curing temperature the strength 

value of 5000ppm NS added specimen increased by 6.6% with the increase of curing 

time from 7 days to 28 days and 15.4% increase was observed for 10000ppm NS added 

specimen.  

The strength values for 5000ppm CS added specimen was not affected much from the 

increase of curing time from 7 days to 28 days. Although 8.9% increase was obtained 

for 25°C, strength values were not altered for 10°C and 40°C.  

A similar behavior was observed for 10000ppm and 40000ppm CS added specimen. 

The strength values remained nearly the same for 25°C and it increased by 13.9% and 

14.8% for 10°C and 12.0% and 19.0% for 40°C respectively with the increase of 

curing time from 7 days to 28 days. 

6.6.3.2. Sulfate Added 10% KFA Treated Specimens 

UCS test results for NS and CS added 10% KFA treated specimens after curing at 

10°C, 25°C and 40°C for 7 days and 28 days are presented in Table 6.33 and 6.34. 

Test results are presented with the uncured condition to see the effect of curing. 

Percent decrease/increases in strength values are also presented in the table which are 

calculated based on 3 different reference points namely; 
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1. qu of each uncured specimen is taken as the reference point 

2. qu of 10% KFA treated specimen is taken as the reference point 

3. qu of 10% KFA treated specimen cured 7 or 28 days at 10, 25 and 40°C are 

taken as reference for the sulfate added specimens that are cured at the same 

temperature. 

 

Table 6.33. Average qu for sulfate added 10% KFA treated specimens after 7 days curing                          

at 10, 25 and 40°C 

Specimen 
Curing 
Period 
(days) 

Temperature qu, 
(kPa) 

% Increase / 
Decrease in 

qu after 
curing for 

each 
specimen 

% Increase / 
Decrease in 
qu of 10% 

KFA treated 
specimen 

% Increase / 
Decrease in qu of 7 

days cured 10% KFA 
treated specimens 

after sulfate addition 
in different 

temperatures 

10% KFA 

0 25°C 762.4       

7 
10°C 780.7 2.4 2.4   
25°C 776.9 1.9 1.9   
40°C 861.1 12.9 12.9   

10% KFA 
+ 5000ppm 

NS 

0 25°C 705.4   -7.5   

7 
10°C 793.9 12.5 4.1 1.7 
25°C 771.4 9.4 1.2 -0.7 
40°C 892.3 26.5 17.0 3.6 

10% KFA 
+ 

10000ppm 
NS 

0 25°C 683.9   -10.3   

7 
10°C 809.1 18.3 6.1 3.6 
25°C 804.4 17.6 5.5 3.5 
40°C 847.8 24.0 11.2 -1.5 

10% KFA 
+ 

40000ppm 
NS 

0 25°C 583.9   -23.4   

7 
10°C 560 -4.1 -26.5 -28.3 
25°C 744 27.4 -2.4 -4.2 
40°C 766.6 31.3 0.6 -11.0 

10% KFA 
+ 5000ppm 

CS 

0 25°C 759.8   -0.3   

7 
10°C 776.2 2.2 1.8 -0.6 
25°C 782.2 2.9 2.6 0.7 
40°C 864.4 13.8 13.4 0.4 

10% KFA 
+ 

10000ppm 
CS 

0 25°C 744.9   -2.3   

7 
10°C 819.9 10.1 7.5 5.0 
25°C 816.7 9.6 7.1 5.1 
40°C 898.7 20.6 17.9 4.4 

10% KFA 
+ 

40000ppm 
CS 

0 25°C 733.4   -3.8   

7 
10°C 783.6 6.8 2.8 0.4 
25°C 778.3 6.1 2.1 0.2 
40°C 860.4 17.3 12.9 -0.1 
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When the qu of each specimen in the uncured condition is taken as a reference point, 

the following results are obtained; 

The qu of the 10% KFA treated soil remained nearly the same after curing for 7 days 

at 10°C and 25 °C, however increasing the curing temperature to 40°C caused a 12.9% 

increase in the strength of the specimen.  

For 5000ppm and 10000ppm NS added specimen, the curing at 10°C and 25°C made 

nearly the same effect and an average increase of 11% and 18% compared to the 

uncured condition was obtained for 5000ppm and 10000ppm respectively. Further 

increase of temperature to 40°C increased the beneficiary effect and the strength 

values of the specimens with 5000ppm and 10000ppm sulfate concentrations 

increased by 26.5% and 24.0%. 

Curing at 10°C resulted in a slight decrease in qu of 40000ppm NS added specimen 

compared to non-cured conditions. This was a similar behavior as observed for 15% 

SFA treated specimen however, the effect was not that much. The increase of the 

curing temperature to 25°C and 40°C, turned the behavior similar to the other 

concentrations and 27.4% and 31.3% increase in strength was observed respectively. 

Curing at 10°C and 25°C made the same effect for CS added specimens, an average 

increase of approximately 2.5%, 10% and 6.5% in strength was observed for 

5000ppm, 10000ppm and 40000ppm sulfate concentrations respectively. However, 

rising of curing temperature to 40°C resulted in a further increase in strength of these 

specimens and 13.8%, 20.6% and 17.3% increase in strength values were observed for 

these specimens accordingly.  

When the qu of 10% KFA treated specimen in the uncured condition is taken reference 

point, the following results are obtained; 

The qu of 10% KFA treated specimen remained nearly the same for 5000ppm and 

10000ppm NS concentrations after being cured 7 days at 10°C and 25°C. However, 
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increasing the curing temperature to 40°C resulted in 17.0% and 11.2% increase 

respectively in qu of uncured 10% KFA treated specimen.  

Addition of 40000ppm NS to 10% KFA treated specimen resulted a decrease of 26.5% 

in qu after curing 7 days at 10°C, however when the curing temperature increased to 

25°C the decrease in qu reduced to 2.4% which was ignorable. The qu of the fly ash 

treated specimen did not alter after the addition of 40000ppm NS and cured 7 days at 

40°C.  

The qu of the 10% KFA treated specimens remained nearly the same after the addition 

of 5000ppm, 10000ppm and 40000ppm CS and cured 7 days at 10°C and 25°C, 

percent increase in strength varying between 1.8-7.5% had been observed. However, 

increasing curing temperature to 40°C resulted in 13.4%, 17.9% and 12.9% increase 

in strength value of the 10% KFA treated specimen respectively for 5000ppm, 

10000ppm and 40000ppm concentrations. 

When the qu of 10% KFA treated specimen cured 7 days at different temperatures are 

taken as the reference point for the sulfate added specimens cured at the same 

temperature, following results are obtained; 

The addition of sulfate did not affect the qu values of cured specimens of 10% KFA 

except for 40000ppm NS that was cured at 10°C and 40°C. As can be seen from Table 

6.33, the absolute variation in strength values varies between 0.1 and 5.1%.  The 

decrease in 7 days cured specimens at 10°C and 40°C after 40000ppm NS addition is 

28.3% and 11.0% respectively.  
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Table 6.34. Average qu for sulfate added 10% KFA treated specimens after 28 days curing                          

at 10, 25 and 40°C 

Specimen 
Curing 
Period 
(days) 

Temperature qu, 
(kPa) 

% Increase 
/ Decrease 
in qu after 
curing for 

each 
specimen 

% Increase / 
Decrease in qu 
of 10% KFA 

treated 
specimen 

% Increase / Decrease in qu 
of 28 days cured 10% KFA 

treated specimens after 
sulfate addition in different 

temperatures 

10% KFA 

0 25°C 762.4       

28 
10°C 813.5 6.7 6.7   
25°C 805.1 5.6 5.6   
40°C 1100.6 44.4 44.4   

10% KFA 
+ 5000ppm 

NS 

0 25°C 705.4   -7.5   

28 
10°C 818.4 16.0 7.3 0.6 
25°C 866.9 22.9 13.7 7.7 
40°C 921.6 30.6 20.9 -16.3 

10% KFA 
+ 

10000ppm 
NS 

0 25°C 683.9   -10.3   

28 
10°C 815.4 19.2 7.0 0.2 
25°C 898.3 31.3 17.8 11.6 
40°C 933.8 36.5 22.5 -15.2 

10% KFA 
+ 

40000ppm 
NS 

0 25°C 583.9   -23.4   

28 
10°C 562.1 -3.7 -26.3 -30.9 
25°C 785.1 34.5 3.0 -2.5 
40°C 815.8 39.7 7.0 -25.9 

10% KFA 
+ 5000ppm 

CS 

0 25°C 759.8   -0.3   

28 
10°C 847.8 11.6 11.2 4.2 
25°C 882.2 16.1 15.7 9.6 
40°C 1013.5 33.4 32.9 -7.9 

10% KFA 
+ 

10000ppm 
CS 

0 25°C 744.9   -2.3   

28 
10°C 851 14.2 11.6 4.6 
25°C 888.3 19.3 16.5 10.3 
40°C 997.5 33.9 30.8 -9.4 

10% KFA 
+ 

40000ppm 
CS 

0 25°C 733.4   -3.8   

28 
10°C 867 18.2 13.7 6.6 
25°C 861.3 17.4 13.0 7.0 
40°C 1061.6 44.8 39.2 -3.5 

 

When the qu of each specimen in the uncured condition is taken as a reference point, 

the following results are obtained; 

The qu of the 10% KFA treated soil remained nearly the same after curing 28 days at 

10°C and 25°C, however, the rise of the curing temperature to 40°C caused a 44.4% 

increase in qu of the specimen.  
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Strength values increased after curing for 5000ppm and 10000ppm NS added 

specimens and the increase in strength increased with the rise in curing temperature. 

The strength value of the 5000ppm NS added specimen increased by 16.0%, 22.9%, 

and 30.6% respectively for 10°C, 25°C and 40°C curing temperatures. The increase 

was 19.2%, 31.3% and 36.5% for the same curing temperatures for 10000ppm NS 

added specimen.  

Curing at 10°C resulted in a slight decrease in qu of 40000ppm NS added specimen 

compared to non-cured conditions. This resulted from the little cracks that were 

formed due to chemical reactions (Figure 6.9). When the curing temperature increased 

to 25°C and 40°C, the trend turned similar to other concentrations and the strength 

value increased with curing. The increase is 34.5% and 39.7% for 25°C and 40°C 

respectively.  

 

    

Figure 6.9. 40000ppm NS added 10% KFA treated specimen after 28 days curing at 10°C 

 

The strength values of CS added specimens increased with curing and the increase in 

strength values generally increased with the rise in both sulfate concentration and 

temperature. 

Crack 
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When the qu of 10% KFA treated specimen in the uncured condition is taken as a 

reference point, the following results are obtained; 

Addition of 5000ppm and 10000ppm NS made the same effect on 10% KFA treated 

specimen after cured for 28 days at different temperatures. 5000ppm and 10000ppm 

sulfate addition resulted in an increase of 7.3 and 7.0% for 10°C, 13.7 and 17.8% for 

25°C and 20.9 and 22.5 % for 40°C curing temperatures respectively. 

Addition of 40000ppm NS to 10% KFA treated specimen resulted in a decrease of 

26.3% in qu after curing 28 days at 10°C however, 3% and 7% increase in strength 

was observed when the curing temperature increased to 25°C and 40°C. 

Addition of 5000ppm, 10000ppm and 40000ppm CS made the same effect on 10% 

KFA treated specimen after cured for 28 days at different temperatures. Average 

increase of 12%, 15% and 34% in strength was observed for 10°C, 25°C and 40°C 

curing temperatures respectively after addition of different concentrations of CS.  

When the qu of 10% KFA treated specimen cured 28 days at different temperatures 

are taken as the reference point for the sulfate added specimens cured at the same 

temperature, following results are obtained; 

Addition of 5000ppm and 10000ppm NS did not alter the strength of the 10% KFA, 

however, a 30.9% decrease in strength was observed after the addition of 40000ppm 

NS for curing temperature of 10°C. Addition of 5000ppm, 10000ppm and 40000ppm 

CS resulted in an increase of 4.2%, 4.6%, and 6.6% respectively on the strength of 

10% KFA treated specimen that was cured 28 days at 10°C. 

The addition of both sulfate type in different concentrations resulted in a slight 

increase on the qu of 10% KFA treated specimen that was cured 28 days at 25°C except 

for 40000ppm NS concentrations, an increase of 7-11.6% in strength was observed 

after addition of sulfate for that specimens. 40000ppm NS did not affect the strength 

of the fly ash treated specimen considerably for the curing temperature of 25°C. 
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The addition of both sulfate type in different concentrations resulted in a decrease in 

the qu of 10% KFA treated specimen that was cured 28 days at 40°C. The effect of NS 

addition was higher than that of CS. Addition of 5000ppm, 10000ppm and 40000ppm 

NS resulted a decrease of 16.3%, 15.2%, and 25.9%, and same concentrations of CS 

resulted in a decrease of 7.9 %, 9.4%, and 3.5% respectively on the strength of the fly 

ash treated specimen that was cured 28 days at 40°C. 

Test results for 7 days and 28 days cured specimens are presented in Table 6.35 with 

the percent decrease/increase in strength of 10% KFA treated specimen and sulfate 

added fly ash treated specimens with the rise of curing period from 7 days to 28 days. 
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Table 6.35. Average qu for sulfate added 10% KFA treated specimens after 7 and 28 days curing                          

at 10, 25 and 40°C 

Specimen Temperature 
qu, (kPa) Percent Increase / 

Decrease in qu after 
increase in curing period 

(%) 
7 days 
curing 

28 days 
curing 

10% KFA 
10°C 780.7 813.5 4.2 
25°C 776.9 805.1 3.6 
40°C 861.1 1100.6 27.8 

10% KFA + 5000ppm 
NS 

10°C 793.9 818.4 3.1 
25°C 771.4 866.9 12.4 
40°C 892.3 921.6 3.3 

10% KFA + 10000ppm 
NS 

10°C 809.1 815.4 0.8 
25°C 804.4 898.3 11.7 
40°C 847.8 933.8 10.1 

10% KFA + 40000ppm 
NS 

10°C 560 562.1 0.4 
25°C 744 785.1 5.5 
40°C 766.6 815.8 6.4 

10% KFA + 5000ppm 
CS 

10°C 776.2 847.8 9.2 
25°C 782.2 882.2 12.8 
40°C 864.4 1013.5 17.2 

10% KFA + 10000ppm 
CS 

10°C 819.9 851 3.8 
25°C 816.7 888.3 8.8 
40°C 898.7 997.5 11.0 

10% KFA + 40000ppm 
CS 

10°C 783.6 867 10.6 
25°C 778.3 861.3 10.7 
40°C 860.4 1061.6 23.4 

 

Increase of curing period did not affect the qu of the 10% KFA treated specimen 

considerably for curing temperatures of 10°C and 25°C, an average increase of only 

4% increase was observed. However, the effect of curing time increased with the 

increase in temperature to 40°C. The strength of 7 days cured specimen increased by 

27.8% when the curing period was increased to 28 days. 

The strength values of CS added specimens generally increased further with the rise 

of curing period for all curing temperatures however the effect of curing period was 

higher for 40°C. 
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Increasing the curing period from 7 days to 28 days for curing temperature of 10°C 

did not alter the strength values of the NS added specimens considerably. However, 

for 25°C curing temperature, the strength values increased by 12.4%, 11.7%, and 5.5% 

for the 5000ppm, 10000ppm and 40000ppm sulfate concentrations respectively with 

the increase of curing period from 7 days to 28 days. A similar trend had been observed 

when the curing temperature increased to 40°C. The strength values increased by 

3.3%, 10.1% and 6.4% for these concentrations when the curing period increased from 

7 to 28 days.  

The cracks of 40000ppm NS added specimen became visible when the curing period 

increased from 7 days to 28 days for 10°C. Therefore, to determine the reason behind 

the cracks and strength decrease, the curing period of specimens were increased for 

40000ppm NS added 15% SFA and 10% KFA treated specimens. 40000ppm NS 

added 4% L was also exposed to curing for comparison purposes. 

Views of the specimens with different curing times are presented in Figure 6.10, 6.11 

and 6.12 for 15% SFA, 10% KFA and 4% L treated specimens respectively. 

 

    

Figure 6.10. 40000ppm NS added 15% SFA treated specimen cured at 10°C for a- 28 days, b- 6 
months 

Cracks a b 
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Figure 6.11. 40000ppm NS added 10% KFA treated specimen cured at 10°C for a- 28 days,                         
b- 3 months, c- 9 months 

 

Crack 
b b 
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Figure 6.12. 40000ppm NS added 4% L treated specimen cured at 10°C for a- 4 months, b- 9 months 

 

As can be seen in Figure 6.10, 6.11 and 6.12, with the increase in curing periods the 

cracks increased and also crystals formed within and at the surface of the specimens.  

The same specimens were also cured at 40°C for 6 months, however, any cracks did 

not occur on the surface of the specimens as can be seen in Figure 6.13. 

 

 

 

a 

b 



 

 
 

220 
 

    

Figure 6.13. 40000ppm NS added a-10% KFA, b-4% L, c-15% SFA treated specimen cured at 40°C 
for 6 months 

 

Soil that contains high amount of water-soluble sulfates shows an expansive event 

similar to that of frost heave and expansive clays.  These soils expand due to the drop 

in daytime temperatures at night. The daytime temperature which is approximately 

32.2⁰C decreases under 4.4⁰C at night. This expansion resulted in damages in 

lightweight structures, roads, etc. This phenomenon called salt heave in the literature 

and cause vertical expansion independent of the shrinking and swelling characteristics 

of clayey soils. The swelling of some soils that are located at the surface in arid- areas 

mainly occurs as a result of the properties of NS and probably different water-soluble 

salts. Only soils that contain NS show expansive characteristics, not all soils. Soils 

with 5000ppm NS concentration may swell more than the ones with up to or higher 

than 100000ppm concentration. Some soils that contain high amount of NS exhibit 

very low expansion (Blaser and Scharer, 1969). 

Two main characteristics of soils that contain NS are listed as follows by Blaser and 

Scharer (1969); 

• The salt is deposited on the ground surface as a result of the evaporation of the 

moisture in the soil that contains NS in hot weather.  

a b c 
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• The moisture in the soil that contains NS results occurrence of crystals, an 

increase in soil volume and expansion when the ambient temperatures decrease 

to the low levels.  

Two characteristics of NS that induce soil expansion is presented below (Blaser and 

Scharer,1969); 

• The NS in solution shows a tendency to link H2O when the temperature falls 

below 32°C. The NS forms the solid phase that is known as mirabilite (Na2SO4 

10H20) by binding 10H20 molecules. The solid phase of NS dissolves in its 

own water when the temperatures increase during high humidity seasons and 

reach the surface with the help of capillary action. 

• A high amount of NS exists in the moisture of the soil when the temperature 

exceeds 32°C. The temperature decrease causes a reduction in solubility of NS 

and an increase in hydration. The expansion of soil crystals against the 

structure of the soil is observed during this process.  

Morphology of the NS crystals varies according to the humidity of the environment 

and pore size of the material. Pore size also affects the size and growth of the crystals. 

Crystal morphology of NS is presented in Figure 6.14 (Xusheng, et al., 2017).  

Although mirabilite generally has a needle-like structure (Figure 6.14a), anhydrous 

NS (thenardite) which is formed by the transformation from mirabilite with the 

reaching of temperature to 32.4°C, still exhibits needle-like branches (Figure 6.14b).  

Anhydrous NS turns into a form that likes powder when the soil containing NS 

exposed to wetting-drying cycles (Figure 6.14c). The shapes of the salt crystals in 

solution and in the soil are different than each other. The crystals that exist in soils are 

generally too small to be seen by naked eyes and SEM is used for their observation. 

The shape of salt crystals, including some forms of mirabilite, that take part in NS 

solutions can be visible by naked eyes due to their larger size (Figure 6.14f). 
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Figure 6.14. Crystal morphology of sodium sulfate (Xusheng et al., 2017) 

 

Powder like form of NS that is observed in soils that are exposed to cycling wetting-

drying was also observed on the 40000ppm NS added 10% KFA treated specimen that 

was cured at 40°C for 28 days. This specimen was waited at room temperature after 

exposing to qu tests.  Since the specimens were prepared by mixing water, drying these 

specimens made the same effect with cyclic wetting-drying cycles (Figure 6.15). 
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Figure 6.15. Views form powdered of NS, a- study of Xusheng et al., 2017, b- this study (dry form of 
40000ppm NS Added 10% KFA treated specimen cured at 40°C for 28 days.) 

 

The crystals formed at 40000ppm NS added specimens that were cured at 10°C were 

determined as thenardite from the SEM and XRD analyses performed on 40000ppm 

NS added 15% SFA treated specimen that was cured 10°C for 6 months. Also, 

ettringite was also observed within this specimen. The detailed evaluations of SEM 

and XRD results are presented in Section 6.9 and 6.10 respectively.  Ettringite was 

also observed in 40000ppm NS added 15% SFA treated specimen that was cured 10°C 

for 28 days but with a lower intensity. Therefore, it could be stated that the combined 

effect of ettringite formation and salt expansion resulted in the decrease in strength 

and cracks, however, major contribution belongs to salt expansion which considered 

to be occurred by the formation of thenardite at lower temperatures. 

Curing temperature and period have an important effect on the rate of pozzolanic 

reactions. The rate of reactions increases with the increase in temperature and time 

(Ruff, 1965 and Wild et al., 1986). Wild et. al. (1986) studied on the effect of curing 

time and temperature on the strength of lime treated soils. They used red-marl and 

different lime compositions in their studies and performed UCS tests on specimens 

cured at 3 different temperatures namely; 25 °C, 50°C and 75°C up to 24 weeks. 

a b 
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At the end of their study, they found a marked increase in the rate of strength 

development with increasing curing time and temperatures. The results of the tests for 

25°C and 75°C are presented in Figure 6.16 and 6.17 accordingly. 

 

 

Figure 6.16. UCS against curing time for soil-lime cylinders of various compositions cured in a moist 
environment at 25°C (Wild et al., 1986) 

 

 

Figure 6.17. UCS against curing time for soil-lime cylinders of various compositions cured in a moist 
environment at 75°C (Wild et al., 1986) 
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In our study maximum strength values were obtained for the specimens that were 

cured at 40°C. This is probably due to the increase in the rate of pozzolanic reactions 

with increasing temperature which are the dominant chemical reactions that satisfy the 

strength increase in chemically stabilized soils by means of production of cementing 

products. 

Also, the beneficiary effect of CS (gypsum) was also observed in the previous studies 

performed on both untreated soils and soils treated with calcium-based stabilizers.  

Wild (1998) studied the effect of curing on gypsum added lime and GBFS (granulated 

blast furnace slag) treated specimens. Industrial kaolinite was used as a source of 

kaolinite with LL=61%, and PI=29%. Lime and GBFS were used as additives. 

The specimens prepared for qu tests were cured for 7 and 28 days at 30°C and 100% 

relative humidity. 

Different lime (L), slag (S) and gypsum (G) contents were used. Control soil was 

prepared with the addition of 6% lime to kaolinite. The level of gypsum used was 2, 

4 and 6% by weight which was approximately equivalent to approximately 1, 2 and 

3% by mass of SO3. 

The results of the tests are presented in Figure 6.18. 
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Figure 6.18. qu vs. gypsum content for kaolinite- lime- GBFS mixtures moist cured at 30°C and 100% 
relative humidity at a- 7 days, b- 28 days (Wild, 1998) 

 

The author summarizes the results as below; 

The strength generally increased for gypsum added specimen after a curing period of 

7 days. The strength increase rose with the increase in replacement of lime with GBFS. 

The addition of gypsum increased not only the rate of pozzolanic reactions between 

lime and kaolinite but also hydration of slag accelerated more effectively. An increase 

in the curing period generally resulted further increase in strength of gypsum added 
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specimens, but this time strength increase was greater for low replacement levels and 

the improvement decreased when the lime was substituted with slag.  

The accelerating effect of the addition of gypsum on the GBFS hydration was not 

observed for 28 days since the strength of the specimen with 1:5 lime to GBFS ratio 

was not affected by sulfate addition. However, a considerable increase in strength was 

observed for the 28 days cured specimen with 6:0 lime to GBFS ratio after the addition 

of sulfate.  If the specimen consisted only GBFS, strength increase was not observed 

after the addition of sulfate which was a sign that gypsum could accelerate the 

hydration of slag if lime activated the GBFS. The authors stated that the optimum 

sulfite content for 7 days cured specimens were 1% and the strength increase was 

mainly due to the increase in the rate of hydration reactions of GBFS. Sulfate had no 

considerable effect of the specimen that was prepared by using only lime and cured 

for 7 days.  However, the strength of 28 days cured lime treated specimen increased 

considerably with the increase of sulfite level from 0% SO3 to 2% SO3. This increase 

was explained by the contribution of reaction products of gypsum-clay-lime reactions 

to strength at later periods.    

Yılmaz and Civelekoglu (2009) studied on the effect of gypsum on the stabilization 

of swelling clay soils. Bentonite was used as a swelling soil in the study and different 

quantities of gypsum; 2.5%, 5%, 7.5% and 10% by mass were added to bentonite. 

Besides Atterberg limits and free swell tests, qu tests were performed on treated and 

untreated specimens, after a curing period of 7 days. qu test results are presented in 

Figure 6.19. 
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Figure 6.19. Variation of UCS with gypsum content (Yılmaz and Civelekoglu, 2009) 

 

Researchers did not directly explain the reason for the increase in strength with the 

addition of gypsum. But they explained the stabilization with gypsum by the 

modification of cation exchange capacity of the bentonite after the addition of gypsum, 

and the substitution of replaceable monovalent ions of bentonite by the calcium ion. 

The study performed by Gadouri et al. (2017) showed the beneficiary effect of the 

addition of NS (up to some level) on the shear strength of clayey soil stabilized with 

lime and natural pozzolans as a result of the early pozzolanic reactions. 

The results of the unconfined compressive strength tests could be summarized as 

presented below; 

• Addition of 10% KFA and 4% L resulted an increase in the strength of 

Specimen A and it remained nearly the same after 15% SFA treatment.  

• The strength of uncured fly ash and lime treated specimens was generally 

affected negatively from NS addition and the maximum reduction was 

observed for 40000ppm concentration. CS addition had no significant effect 

on the strength properties of specimens treated with calcium-based stabilizers.  



 

 
 

229 
 

• The strength of 15% SFA treated specimen and sulfate added specimens 

increased after curing except for 40000ppm NS. The rise increased with the 

increase in temperature and maximum increase was obtained for 40°C. 

Strength reduction was observed for 40000ppm NS added specimen that was 

cured at 10°C, however the strength of the specimen increased with the rise of 

curing temperature to 25°C and 40°C similar to other concentrations. The 

strength of the uncured 15% SFA treated specimen increased after the addition 

of sulfates and exposed to curing except for 40000ppm NS added specimens. 

The strength of 40000ppm NS added specimen decreased after curing at 10°C 

and remained nearly the same for the curing temperatures of 25°C and 40°C 

which means that the beneficiary effect of curing was lost after addition of 

40000ppm NS.  The strength of sulfate added specimens generally increased 

or remained nearly the same after the rise of curing period from 7 days to 28 

days except for 40000ppm NS added specimen cured at 10°C. The strength of 

this specimen further decreased with the increase of curing period. 

• The strength of 10% KFA treated specimen remained the same for the curing 

temperatures of 10°C and 25°C and an increase was observed with the rise of 

curing temperature to 40°C. The increase of curing period did not affect the qu 

of the 10% KFA treated specimen for the curing temperatures of 10°C and 

25°C, however beneficial effect increased with the rise of curing period for 

40°C. The strength of the sulfate added specimens increased except for 

40000ppm NS added specimen after curing. The strength increase was 

approximately the same for curing temperatures of 10°C and 25°C and an 

additional increase was observed with the rise of temperature to 40°C. Similar 

to 15% SFA treated specimen, strength reduction was observed for 40000ppm 

NS added specimen that was cured at 10°C, however the strength of specimen 

increased with the rise of curing temperature to 25°C and 40°C. The strength 

of the uncured 10% KFA treated specimen remained same after addition of 

sulfates and exposed to 7 days curing at 10°C and 25°C except for 40000ppm 

NS, however an increase in strength was observed with the rising of curing 
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temperature to 40°C. The strength of 40000ppm NS added specimen decreased 

after curing at 10°C and remained nearly the same for the curing temperatures 

of 25°C and 40°C. The strength values of CS added 10% KFA treated 

specimens generally increased further with the rise of curing period for all 

curing temperatures however, the effect of curing period was higher for 40°C. 

The strength values of the NS added specimens were not affected by the 

increase of curing period for 10°C, however a slight increase was observed for 

the curing temperatures of 25°C and 40°C. 

6.7. Effect of Additives on Shear Wave Velocity 

Vs is a valuable parameter that could be used for the estimation of the many other 

geotechnical parameters with the help of the correlations suggested in the literature by 

different researchers. 

Shear wave velocity tests were performed on Specimen A, 15% SFA, 10% KFA 

treated specimens and 5000ppm, 10000ppm and 40000ppm NS and CS added fly ash 

treated specimens to see both the effect of fly ash addition on swelling soil and effect 

of sulfate addition on fly ash treated specimens.  

Also, the correlations between the undrained shear strength (cu) and Vs given in the 

literature are used to calculate the Vs values for comparison purposes. The used 

correlations are given in Table 6.36. 

 

Table 6.36. Correlations between cu and Vs 

Reference Correlation 

Dickenson (1994)  Vs=23.cu
0.475 

Yun et al. (2006) Vs=19.4.cu
0.36 

Levesques et al. (2007) Vs= cu (1/1.59). 7.93 

Likitlersuang and Kyaw, 2010) Vs=(cu/Pa)0.372. 187 

         Pa= Atmospheric Pressure 
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cu values could be estimated from the qu test results as follows; 

                                                               cu≈qu/2                                                      (6.1) 

Vs values that are calculated using the correlations given in Table 6.36 and cu values 

are presented in Table 6.37 with the Vs of the specimens that are directly determined 

from the laboratory tests. 

The graphical representation of the results is also presented in Figures 6.20 and 6.21 

for 15% SFA and 10% KFA treated specimens respectively. 
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The Vs of 15% SFA treated specimen decreased with NS addition and the decrease 

increased with increasing sulfate concentration. This is similar behavior that was also 

observed in qu tests. Although the strength of the 15% SFA treated specimen remained 

nearly the same after the addition of different concentrations of CS, decrease in Vs of 

15% SFA treated specimen was observed with CS addition. 

Vs of 10% KFA treated specimen was not affected from the sulfate addition 

considerably, similar behavior was also observed in strength tests after CS addition, 

whereas strength of the specimen decreased with NS addition. 

The equations recommended by Levesques et al. (2007) and Likitlersuang and Kyaw 

(2010) generally give closer results to laboratory measurements whereas the equations 

proposed by Dickenson (1994) and Yun et al. (2006) gives higher and lower Vs values 

respectively. cu is equal to qu/2 for fully saturated clays and as the specimens are not 

fully saturated, this may also affect the values found by using the correlations. 

6.8. Effect of Additives on Zeta Potential 

Zeta potential is one of the most important factors that affect the swelling potential of 

soils. Also, if chemical stabilization results cation exchange reaction in soils, 

electrokinetic properties including zeta potential may change (Arasan and Akbulut, 

2010). Clays have generally negative zeta potential value (Kaya and Yukselen, 2005). 

Zeta potential tests were performed on Sample A, 15% SFA, 10% KFA treated 

samples and 10000ppm and 40000ppm NS and CS added fly ash treated samples  to 

see both the effect of fly ash addition on swelling soil and effect of sulfate addition on 

fly ash treated samples in terms of cation exchange reactions.  pH tests were also 

performed since zeta potential highly depends on pH values. 

Zeta potential and pH values of Sample A and fly ash treated samples are presented in 

Table 6.38 with the variation in the values of Sample A after fly ash addition. 
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Table 6.38. Results of pH and zeta potential tests for Sample A and fly ash treated samples 

Sample  pH Zeta Potential 
(mV) 

Increase / Decrease after fly ash 
addition in 

pH Zeta Potential (mV) 
A 8.88 -31.9     

15% SFA 11.59 -15.7 2.71 16.2 
10% KFA 11.88 -5.4 3.00 26.5 

 

The results for sulfate added fly ash treated samples are presented in Table 6.39. 

 

Table 6.39. Results of pH and zeta potential tests for sulfate added fly ash treated samples 

Sample  pH Zeta Potential 
(mV) 

Percent Increase / Decrease 
after sulfate addition in 

pH Zeta Potential 
(mV) 

15% SFA 11.59 -15.7     
15% SFA + 10000ppm NS 11.47 -30.6 -0.12 -14.9 
15% SFA + 40000ppm NS 11.51 -29.9 -0.08 -14.2 
15% SFA + 10000ppm CS 11.41 -21.9 -0.18 -6.2 
15% SFA + 40000ppm CS 11.20 -19.2 -0.39 -3.5 

10% KFA 11.88 -5.4     
10% KFA + 10000ppmNS 11.91 -19.8 0.03 -14.4 
10% KFA + 40000ppm NS 11.90 -22 0.02 -16.6 
10% KFA + 10000ppm CS 11.81 -17.1 -0.07 -11.7 
10% KFA + 40000ppm CS 11.72 -16.6 -0.16 -11.2 

 

The zeta potential values of the samples are entered to the Figure 6.22 that shows the 

variation in aggregation/dispersion level depending on the average zeta potential value 

prepared by Yong et al. (2012) to see the effect of fly ash and sulfates. 
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Figure 6.22. The variation in aggregation/ dispersion level of the samples according to zeta potential 
values (Yong et al., 2012) 

 

Cation exchange, flocculation, pozzolanic reactions, and carbonation are the leading 

mechanisms that result improvement of engineering properties of soils when clayey 

soils are mixed with lime in an aqueous medium (Little, 1995; West and Carder, 1997; 
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Al-Rawas, 2005). Cation exchange and flocculation are the rapid reactions that occur 

immediately with the mixing of soil and lime (Mallela et. al., 2004). Ca2+ ions, 

released from lime replace with Na+, K+ and H+ ions that exist in the soil. Replacement 

of univalent ions with calcium ions results in an increase in the attraction between soil 

particles (Mallela et al., 2004).  Flocs are formed when the soil particles come closer 

to each other as a result of the attraction and cation exchange.  

As can be seen in Table 6.38, Zeta potential of Sample A increased with the addition 

of fly ashes. Although the concentration of SFA used higher than that of KFA, 10% 

KFA treatment caused more increase than 15% SFA. This was an expected result since 

the cation exchange reactions are depended on Ca2+ content, the CaO content of KFA 

(29.5%) is higher than that of SFA (11.6%).  Fly ash addition caused a more 

flocculated structure as can be seen in Figure 6.22. 

As the zeta potential of Sample A increased after the addition of fly ashes, it could be 

stated that besides pozzolanic reactions, cation exchange reactions are also effective 

on the stabilization mechanism. An increase in pH value of swelling soil was also 

observed after adding both types of fly ash. 

The decrease in zeta potential was observed for 15% SFA and 10% KFA treated 

samples after the addition of both types of sulfate (Table 6.39). The effect of NS was 

higher than that of CS and NS resulted in more reduction in zeta potential values. This 

could be probably due to the cations of sulfate, Na is monovalent and Ca is divalent 

cation which directly affects the cation exchange reactions.  

The addition of NS caused approximately the same amount of decrease in zeta 

potential values of both fly ash treated samples however percent decrease was much 

higher for 10% KFA treated sample. 

It could be stated that the addition of sulfates adversely affected the fly ash treated 

samples since comparatively more dispersed structure was obtained. This could be 

due to the probable ettringite formation since CS addition with divalent Ca cation also 

resulted a decrease in zeta potential.   
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In conclusion, an absolute reduction in the zeta potential of Sample A was observed 

after 15% SFA and 10% KFA treatment. The effect of 10% KFA was higher. Zeta 

potential of 15% SFA and 10% KFA treated samples increased (in absolute value) 

after the addition of NS and CS with 10000ppm and 40000ppm concentrations. 

6.9. SEM 

It could be seen from Figure 5.57a that Sample A has a plate-like microstructure which 

means that the dominant clay mineral that forms the sample is kaolinite. This is a 

foregone conclusion as Sample A is formed artificially as containing 85% kaolinite 

and 15% bentonite.  

For the 15% SFA treated sample, fly ash particles could be observed in the sample 

(Figure 5.57b), however, fly ash particles could not be observed in 10% KFA treated 

sample this could be result of the fact that the fly ash ratio in 10% KFA is less and soil 

and the hydration products may coat the surface of fly ash (Figure 5.58a).   

For 15% SFA treated samples with 40000ppm NS and 40000ppm CS concentrations 

and 10% KFA treated sample with 40000ppm NS concentration, fly ash could be 

easily observed within the sample (Figure 5.58b and 5.59). However, any ettringite 

formations had not been observed within the uncured sulfate added samples.  

Ettringite has a needle-like structure. Typical SEM view of ettringite is presented in 

Figure 6.23. 
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Figure 6.23. SEM micrograph of ettringite needles demonstrating porous volume                    
(Cardenas et al., 2011) 

 

A probable ettringite/thaumasite formation was only observed for the 40000ppm NS 

added 15% SFA treated sample cured for 28 days cured at 10⁰C (Figure 5.60).    

Although ettringite formation was determined by the XRD method for 40000ppm NS 

added 15% SFA treated sample cured at 25⁰C for 28 days, any sign of ettringite 

formation was not observed from SEM analyses for the same sample (Figure 5.61). 

This could be due to the fact that only the surface of the samples could be investigated 

by the help of the SEM. So, this method gives better results for perfectly homogenous 

materials. However, our samples are not perfectly homogenous and 

ettringite/thaumasite crystals were probably not occurred in every part of the sample. 

Therefore, the determination of ettringite /thaumasite crystals will be a little bit chance 

by this method. 

Buttress et al. (2015) studied on the effect of sulfate on two different lime stabilized 

clayey soils. The clay content of both soils was the same (60%), however, the clay 

minerals were different. One of the soils contained kaolinite whereas the other 

contained montmorillonite. At the end of the study, it was found out that ettringite 

crystals that were formed in the soil containing kaolinite were very small and it was 
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very difficult to detect with XRD and SEM analyses whereas ettringite crystals that 

were formed within the soil containing montmorillonite were relatively very large and 

easily detectable by the analyses. Since Sample A comprised mostly kaolinite this 

phenomenon may result in not observing ettringite crystals in the sulfate added 

samples. 

Thenardite mineral (NS) that was observed in SEM images of 40000ppm NS added 

15% SFA treated sample cured for 6 months at 10⁰C was not observed on the same 

sample that was cured at the same temperature but with a duration of 28 days. So, it 

could be stated that the occurrence of this mineral is time-dependent. The analysis 

results are coherent with XRD in terms of detecting thenardite formation. Thenardite 

was also observed on the 6 months cured sample on XRD analyses whereas it was not 

observed for 28 days cured sample. 

SEM views of the thenardite were presented in Figure 6.24 with the ones that were 

observed in the study performed by Rodriquez-Navarro et al. (2000). 
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Figure 6.24. SEM views of thenardite a- this study, b- study performed by Rodriques- Navarro et al. 
(2000)  

 

Gold (Au) and palladium (Pd) elements observed in the EDX analyses were due to the 

covering of sample with gold and palladium before the test (Figures 5.66-5.70).              

S (Sulfur) had been observed not only in NS and CS added samples but also in 10% 

KFA treated sample (Figure 5.68). This is due to the fact that this fly ash contains high 

amount of SO3 (14.6%). 

Thenardite with a chemical formula of NS was also detected in EDX analyses on the 

40000ppm NS added 15% SFA treated sample cured for 6 months at 10⁰C as 

considering the atomic percentages existing in Figure 5.70. The probable ettringite 

a b 

a b 
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formation that was observed in SEM analyses of 40000ppm NS added 15% SFA 

treated sample cured for 28 days at 10⁰C could not be supported by the EDX since the 

device could not be able to directly focus on the formed structure. 

In conclusion, ettringite/thaumasite formation could not be directly observed in SEM 

analyses. This might be due to the fact that our samples are not perfectly homogenous, 

ettringite/thaumasite crystals were probably not occurred in every part of the sample 

and only the surface of the sample could be detected by SEM. Thenardite mineral was 

observed in SEM images of 40000ppm NS added 15% SFA treated sample cured for 

6 months at 10⁰C and the existence of thenardite was also supported by EDX. 

6.10. XRD 

The analyses were performed on 40000ppm NS added 15% SFA treated samples that 

were cured at 10°C for 28 days and 6 months. Uncured 15% SFA treated sample and 

40000ppm NS added 15% SFA treated sample cured at 25°C for 28 days were also 

exposed to analyses for comparison purposes.  

The METU Central laboratory uses a program that includes a library of probable 2θ 

(deg) and d (A) for several materials to interpret the XRD patterns.  

The main material within the uncured 15% SFA treated sample was found as kaolinite 

and sign of ettringite formation was not observed. The results for 28 days cured 

40000ppm NS added 15% SFA treated samples at 10°C and 25°C were nearly 

identical and the sign of ettringite formation was observed for both samples. When the 

curing period increased from 28 days to 6 months for the sample cured at 10°C, 

thenardite formation was observed besides ettringite which are the crystals that were 

seen clearly by naked eyes on the samples. 

XRD pattern of different phases of the thenardite is presented in Figure 6.25 

(Rodriquez-Navarro et al., 2000). 
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Figure 6.25. XRD pattern of different phases of thenardite (phases III and V)                                   
(Rodriquez- Navarro et al., 2000) 

 

Hunter (1988) presents the chemical formula of ettringite and thaumasite as follows; 

Ettringite →    Ca6(Al(OH)6)2. (SO4)3. 26H2O                                                          (6.2) 

Once ettringite has nucleated, it continues to grow and when the temperature decreases 

below 15°C, ettringite is transformed into thaumasite. 

Thaumasite→   Ca6(Si(OH)6)2. (SO4)2. (CO3)2. 24H2O                                         (6.3) 

Formation of thaumasite was expected instead of ettringite for the samples that were 

cured at 10°C as the ettringite turns into thaumasite when the temperature falls below 

15°C. 

XRD patterns of ettringite and thaumasite are very similar especially for the low angle-

high intensity lines due to the similarity between the crystallographic structure of these 

two minerals (Collepardi, 1999). As the thaumasite or ettringite existed in small 

amounts in the sample, it was very difficult to determine them in XRD analyses due 

to the resolution of the X-ray equipment. This may result in small shifts of 2θ (deg) 
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values compared to the ones given in the literature also thaumasite may form instead 

of ettringite for the sample cured at 10°C. 

Analyses results for 40000ppm NS added 15% SFA treated samples that were cured 

at 10°C for 28 days and 6 months are presented in Figures 6.26 and 6.27 respectively. 

 

 

Figure 6.26. XRD analyses of 40000ppm NS added 15% SFA treated sample after 28 days curing at 
10°C 
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Figure 6.27. XRD analyses of 40000ppm NS added 15% SFA treated sample after 6 months curing at 
10°C 

 

Analyses results are drawn together and presented in Figure 6.28 to see difference in 

the amount of ettringite formed. 
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Figure 6.28. XRD analyses of uncured 15% SFA treated sample and 40000ppm NS added 15% SFA 
treated samples cured at 10°C for 28 days and 6 months and cured at 25°C for 28 days 

 

As can be seen from Figure 6.28, intensity of the major ettringite peak increased with 

the increase of curing day from 28 days to 6 months for 10°C which is a sign of the 

rise in the ettringite formation. Also, a slight increase was observed when the 

temperature decreased from 25°C to 10°C.  

Strength reduction of the 40000ppm NS added samples that were cured at 10°C was 

probably due to the combined effect of thaumasite/ettringite and thenardite 

formations.  
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In conclusion, sign of ettringite formation was observed for 40000ppm NS added 15% 

SFA treated specimens in XRD analyses. The intensity of the peaks increased with the 

decrease of curing temperature and an increase in curing period. Thenardite was also 

observed besides ettringite within the 40000ppm NS added 15% SFA treated 

specimen that was cured at 10°C for 6 months. 
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CHAPTER 7  

 

7. CONCLUSIONS 

 

This study aims to investigate the behavior of class C fly ashes beside lime that is used 

with sulfate bearing soils, attract attention to ettringite induced heave problems in 

Turkey and investigate the suitability of usage of high sulfate class C fly ashes in 

clayey soil stabilization. Lime was used for comparison purposes during the study.  

In this study, when the index properties are considered it was seen that sulfate addition 

had a beneficiary effect in reducing the plasticity of fly ash and lime treated soils. 

Sulfate addition affected the swell potential of each treated specimen differently. 

Swell potential of 15% SFA treated specimen was affected positively from sulfate 

addition and a reduction was observed. Although not dramatic, a general increase was 

observed in the swell potential of 4% L treated specimen after sulfate addition. Swell 

potential of 10% KFA treated specimen was not affected much from the sulfate 

addition, especially for CS.  The strength of uncured fly ash and lime treated 

specimens was generally affected negatively from NS addition and the maximum 

reduction was observed for 40000ppm concentration. CS addition had no significant 

effect on the strength properties of specimens treated with calcium-based stabilizers. 

The temperature had an important effect on both swell and strength properties of 

sulfate added specimens. The rate of beneficial chemical reactions generally slowed 

down with the decrease of temperature from 25°C to 10°C and an opposite behavior 

was observed with the increase of temperature to 40°C. Curing had an important effect 

on increasing the strength of specimens.  

One of the most important aim of this study is to investigate the behavior of class C 

fly ashes beside lime that is used with sulfate bearing soils. Although similar effect 

was observed in terms of physical and mechanical properties, the effect of sulfate 
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differed in terms of swelling properties. The swelling potential of 4% L treated 

specimen affected adversely from sulfate addition, however beneficiary effect was 

observed for SFA treated specimen with a low calcium and sulfate content. Therefore, 

it could be stated that class C fly ashes with low calcium and sulfate content could be 

chosen instead of lime in stabilization of sulfate-bearing soils. 

The most important finding of this study was the dramatic decrease in strength of 

40000ppm NS added fly ash treated specimens that were cured at 10°C as a result of 

the salination and ettringite formation. This concentration of NS also caused the 

reduction of the beneficiary effect of curing in higher temperatures. Although the 

strength values of the specimens treated with different calcium-based stabilizers 

generally reacted similarly, the swelling properties showed completely different 

behavior. Therefore, stating certain risk levels of sulfate for sulfate-bearing soils 

treated with calcium-based stabilizers will not be meaningful as the behavior affected 

by many factors besides sulfate level such as calcium content of additives, temperature 

of the environment, water content, chemical and physical properties of soils, type of 

sulfate etc.  

The other aim of this study is to investigate the suitability of usage of high sulfate 

class C fly ashes in clayey soil stabilization. In this study, the beneficiary effect of 

10% KFA was higher than the 15% SFA in terms of physical, swelling and strength 

properties. Although KFA has higher sulfate content, which prevents the usage of it 

in concrete production according to ASTM C-618, it was more satisfactory in 

improving the soil properties and no adverse effect was observed although a higher 

concentration than the required one was used. The usage of this type of fly ashes will 

be beneficial in reducing the environmental problems related to the deposition of fly 

ashes. Therefore, it could be stated that high sulfate class C fly ashes could be used in 

clayey soil stabilization according to test results. 

Also, it was found out from this study that both class C fly ash and lime were not 

sufficient in preventing the salt heave problem. 
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The swelling associated problems could be solved by taking drainage precautions. 

However, strength reduction in 40000ppm NS added specimens cured at 10⁰C 

occurred with it’s own mixing and compaction water not by taking extra water from 

environment and drainage will not be helpful for the prevention of the strength 

reduction problems.   

It should not be forgotten that these findings are valid for this specific soil, calcium-

based stabilizers and applied conditions and it could also be seen from the previous 

studies that each soil reacted differently to the addition of calcium-based stabilizers 

and sulfates. However, the findings of this study could be used as a guideline for the 

soils with similar chemical and physical properties with Sample A.  

Required laboratory tests should be applied according to project criteria before 

application of the chemical treatment in sulfate-bearing soils by also considering the 

environmental factors such as temperature variation. Firstly, the sulfate level of the 

soil should be determined. All the tests should be performed by using the water that 

will be used in real site application not by using distilled water. As water is a probable 

sulfate source, the sulfate content of the water should also be determined. The 

properties of the additive are important factors in soil stabilization, therefore the 

laboratory tests should also be performed on the selected additive. Great attention 

should be paid especially in case of using class C fly ash as the properties of fly ashes 

depend on many factors such as coal source, boiler and emission control, etc., and 

even the properties of the fly ash produced in the same power plant may vary. The 

seasonal variation of soil temperature with depth should be measured if possible. 

Otherwise, previous studies should be used if available. The laboratory tests should 

be performed at different temperatures as reflecting the real site conditions.  In case 

of observing adverse effect in any of the physical, mechanical, and swelling properties, 

different methods like mellowing, double application, using GBFS, class F fly ash, 

etc. should be selected by considering the project criteria like economy and duration. 
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Recommendations for Future Researches 

In this investigation, the studies were mainly focused on the effect of sulfates on an 

expansive soil treated with two different class C fly ashes. Therefore, to better estimate 

the behavior of the sulfate bearing soils treated with class C fly ashes, the tests could 

be performed on different soils that have different physical and chemical properties 

treated with the same fly ashes since physical and chemical properties of the soil have 

also a major influence in ettringite related problems. Cyclic swell-shrink tests could 

also be performed on samples to determine the long-term behavior by reflecting the 

moisture content variation in the soils occurs at the site as a result of the seasonal 

temperature variation, rainfalls, etc. 

Also, studies could be focused on the methods for preventing salination problems 

since this topic did not attract much attention and in this study, it was found out that 

chemical stabilization was not effective in preventing these problems. Also, for all soil 

mechanics tests, the effect of temperatures especially the lower ones on the soil 

properties should be investigated carefully, since generally the tests are performed at 

room temperature that will not be satisfactory at reflecting the real site conditions. 
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APPENDICES 

 

A. CHEMICAL ANALYSES REPORTS 

Chemical compositions of Sample A, SFA and KFA were determined by XRF method 

in Central Laboratory of METU and that of lime was provided from the producer. The 

results are presented in Figure A.1- A.4. The results for the lime are also presented in 

Table A.1. 

 

 

Figure A.1. Chemical analyses report of Sample A (Central Laboratory of METU, Report No. 16544)  
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Figure A.2. Chemical analyses report of SFA (Central Laboratory of METU, Report No. 16916)  
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Figure A.3. Chemical analyses report of KFA (Central Laboratory of METU, Report No. 16916)  
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Figure A.4. Chemical analyses report of lime (BASTAS Cement Factory) 
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Table A.1. Chemical Analyses results for lime (BASTAS Cement Factory) 

Item Unit Limit Value 
(TS EN 459-1) Analyses Result 

CaO + MgO % ≥ 70 86.43 

MgO % ≤ 5 2.75 

SO3 % ≤ 2 0.66 

CO2 % ≤ 12 9.23 

Active Lime % ≥ 55 76.42 

Volume invariance mm ≤ 20 1.00 

Part retaining on 90 µm sieve % ≤ 7 6.30 

Part retaining on 200 µm sieve % ≤ 2 1.60 

Free water % ≤ 2 1.04 

Penetration mm 10- 50 22.00 

Amount of air % ≤ 12 1.70 
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B. XRD RESULTS 

The results for 28 days cured 40000ppm NS added 15% SFA treated samples at 10°C 

and 25°C were nearly identical, the results are presented in Figure B.1.    

 

 

 

 

 

 

 

Figure B.1. XRD for 40000ppm NS added 15% SFA cured 28 days at 10⁰C and 25⁰C 
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C. SWELL VERSUS TIME GRAPHS 

Swell vs. time graphs for SFA, KFA, L treated specimens, sulfate added 4% L, 15% 

SFA and 10% KFA treated specimens, sulfate added 15% SFA and 10% KFA treated 

specimens at 10⁰C and 40⁰C, 7 days and 28 days cured sulfate added 15% SFA and 

10% KFA treated specimens are presented in Figures C.1 to C.17. 

 

 

Figure C.1. Swell vs. time graphs for specimen A and lime treated specimens 
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Figure C.2. Swell vs. time graphs for specimen A and SFA treated specimens 

 

 

Figure C.3. Swell vs. time graphs for specimen A and KFA treated specimens 
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Figure C.4. Swell vs. time graphs for NS added 4% L treated specimens 

 

 

Figure C.5. Swell vs. time graphs for CS added 4% L treated specimens 
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Figure C.6. Swell vs. time graphs for NS added 15% SFA treated specimens 

 

 

Figure C.7. Swell vs. time graphs for CS added 15% SFA treated specimens 
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Figure C.8. Swell vs. time graphs for NS added 10% KFA treated specimens 

 

 

Figure C.9. Swell vs. time graphs for CS added 10% KFA treated specimens 
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Figure C.10. Swell vs. time graphs for NS added 15% SFA treated specimens at 10⁰C and 40⁰C 

 

 

Figure C.11. Swell vs. time graphs for CS added 15% SFA treated specimens at 10⁰C and 40⁰C 
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Figure C.12. Swell vs. time graphs for NS added 10% KFA treated specimens at 10⁰C and 40⁰C 

 

 

Figure C.13. Swell vs. time graphs for CS added 10% KFA treated specimens at 10⁰C and 40⁰C 
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Figure C.14. Swell vs. time graphs for NS added 15% SFA treated specimens cured for 7 and 28 days  

 

 

Figure C.15. Swell vs. time graphs for CS added 15% SFA treated specimens cured for 7 and 28 days 
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Figure C.16. Swell vs. time graphs for NS added 10% KFA treated specimens cured for                      
7 and 28 days 

 

 

Figure C.17. Swell vs. time graphs for CS added 10% KFA treated specimens cured for 7 and 28 days 
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